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ABSTRACT

Multiple sclerosis (MS) is an autoimmune neurodegenerative disorder, characterized by demyelination of neurons in the
central nervous system. To investigate the pathogenicity of various T cell types in MS, especially IFN-c- or IL-17-producing
CD4þ cells (TH1 or TH17 cells, respectively), the mouse model, experimental autoimmune encephalomyelitis (EAE), is
commonly used. One method by which EAE is induced is immunization with myelin oligodendrocyte glycoprotein (MOG)
peptide (MOG35-55) followed by subsequent injections of pertussis toxin (PTX) as an adjuvant. We have an interest in the
mechanisms by which EAE occurs in the absence of PTX because it induces a milder disease state more consistent with
autoimmune disease onset and PTX inactivates Gi/o protein-coupled receptors, many of which contribute to immune
homeostasis. Another receptor that plays a role in immune homeostasis is the aryl hydrocarbon receptor (AHR). In fact, the
environmental contaminant 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) has been shown to attenuate EAE pathogenesis by
affecting CD4þT and regulatory T (Treg) cells in an AHR-dependent manner. However, many of these studies have been
conducted with an acute high dose TCDD. Thus, the goal of this work was to investigate the modulation of MOG-specific
immune responses with subchronic low dose TCDD (0.1–1.0 lg/kg/d for 12 days) in EAE without PTX. The results
demonstrate that subchronic, low dose exposure of TCDD attenuates the immune responses in EAE development in the
absence of PTX, which is due in part to suppression of MOG-specific IL-17A and IFN-c responses.
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Multiple sclerosis (MS) is a demyelinating inflammatory dis-
order of the central nervous system (Lassmann, 2010), charac-
terized by loss of vision, imbalance of mobility, cognition
impairment, and paralysis (Legroux and Arbour, 2015). Many
studies have determined that the infiltration of CD4þ IFN-
cþ (TH1) and CD4þ IL-17þ (TH17) lymphocytes against myelin
self-antigens plays a crucial role in MS pathogenesis (Fletcher
et al., 2010). The mechanisms by which these T cells become ac-
tive is not clear, but it has been suggested that MS incidence can

be affected by viral infections, smoking, sunlight (Koch et al.,
2013), and various ligands of aryl hydrocarbon receptor (AHR),
especially 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) and 6-for-
mylindolo(3,2-b)carbazole (FICZ) (Duarte et al., 2013; Quintana
et al., 2008).

Although both TCDD and FICZ are both AHR agonists, TCDD
is a halogenated aromatic hydrocarbon, a widespread and per-
sistent environmental contaminant (Van den Berg et al., 1998),
whereas FICZ is a tryptophan-derived photoproduct that acts as
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an endogenous AHR agonist (Rannug et al., 1987). Initial studies
demonstrated that they exhibited opposite effects in experimen-
tal autoimmune encephalomyelitis (EAE): TCDD potently sup-
pressed, while FICZ exacerbated, disease (Quintana et al., 2008;
Veldhoen et al., 2008). Specifically, AHR activation by TCDD
showed that the proportion of forkhead box P3þ (FOXP3þ) Treg
cells was increased whereas those of TH1 and TH17 cells were sig-
nificantly decreased (Quintana et al., 2008). In contrast, FICZ did
not increase the number of CD4þFOXP4þTreg cells, and the
numbers of CD4þ IL-17Aþand CD4þ IL-22þT cells were increased,
thereby EAE pathogenesis was exacerbated (Veldhoen et al.,
2008). More recent studies have demonstrated that FICZ can at-
tenuate disease if administered systemically (Duarte et al., 2013),
as opposed to being delivered locally in the antigen emulsion
(Veldhoen et al., 2008). The study by Duarte et al. (2013) also dem-
onstrated that if TCDD was administered after EAE disease initi-
ation, it was not effective in suppressing EAE. Together these
results suggest that the influence of AHR agonist exposure on
EAE disease incidence is not yet understood.

Thus, the goal of our study was to determine the effect of
low level TCDD exposure on myelin oligodendrocyte glycopro-
tein (MOG)-induced T cell responses. In several previous re-
ports, TCDD was administered intraperitoneally at 1 mg/mouse
(Duarte et al., 2013; Quintana et al., 2008), but we administered
TCDD orally at 0.1 or 1.0 mg/kg/d for 12 days for a cumulative
TCDD dosage of 0.024–0.24 mg/mouse. Moreover, we induced
EAE with MOG peptide in the absence of pertussis toxin (PTX),
which we believe more closely mimics MS it results in less se-
vere disease, similar to an early diagnosis in MS. Despite the
modest clinical signs, MOG-specific immune responses were
readily detectable in the spleen and were modulated by TCDD.
Specifically, splenocytes (SPLCs) were analyzed for T-cell sub-
sets including Treg, CD4þ, CD8þ, and cd TCRþ cells.

MATERIALS AND METHODS
Mice

Female C57BL/6 mice were obtained from Harlan Laboratories
(Indianapolis, Indiana) at 5–8 weeks of age. Animal experiments
and maintenance were approved by Mississippi State University
Institutional Animal Care and Use Committee according to
AAALAC guidelines. All animals were housed 3–5 to a cage and
maintained in a sterile, temperature (22 6 1 �C) and light con-
trolled (12-h light: 12-h dark) room, and provided with food and
water ad libitum.

EAE Induction, TCDD Administration and Clinical
Assessment

Mice were immunized with 100 lg of mouse MOG peptide
(MOG35-55, MEVGWYRSPFSRVVHLYRNGK, Biosynthesis,
Lewisville, Texas) emulsified in complete Freund’s adjuvant
(CFA, Sigma, Saint Louis, Missouri) supplemented with 4 mg/ml
heat-killed Mycobacterium tuberculosis H37Ra (HKMT, BD
Biosciences, Detroit, Michigan). Prepared MOG emulsion was in-
jected on 4 flanks of the mice (2 shoulders and 2 hips at 25 ll
each). TCDD (AccuStandard, New Haven, Connecticut) was dis-
solved in corn oil (CO, Sigma) to make a stock solution and the
stock was further diluted with CO before administration. From
the first day postimmunization, mice were administered CO or
TCDD (0.1 or 1 lg/kg/d) for 12 days by oral gavage, which allowed
for examination of subchronic TCDD exposure in the time pre-
ceding clinical signs. The body weight and clinical score of mice

were recorded at least every 2 days. The EAE clinical signs were
observed and recorded as follows: 0, healthy; 1, flaccid tail; 2, im-
paired righting reflex and/or gait; 3, partial hind limb paralysis; 4,
total hind limb paralysis. Mice were not allowed to progress be-
yond a clinical score of 4 at any time. Results are averaged or are
representative from 2 to 4 separate experiments as noted in the
figure legends. The data obtained at end-stage disease are
denoted as ‘late’, typically necropsied on day 18 (about 25% of
EAEþCO mice reached a clinical score of 4 before day 18 and
were necropsied at that time and analyzed with the rest of the
day 18 samples). All data obtained “early” were from mice nec-
ropsied on day 3; thus mice only received TCDD on days 1–2 after
EAE immunization on day 0 for the day 3 timepoint.

RNA Isolation and cDNA Synthesis

One lobe of liver or half of the spleen was collected and stored
in 1 ml TRI reagent (Sigma-Aldrich) at �80 �C until use. Samples
were allowed to thaw on ice, homogenized, then 0.2 ml 1-
bromo-3-chloropropane (Sigma-Aldrich) was added, and mixed
thoroughly for 15 s. After incubation for 15 min at room tem-
perature (RT), samples were centrifuged (12 000 � g, 5 min, 4 �C)
to break the aqueous and organic phases. The clear top aqueous
layer was transferred to a fresh tube and RNA was precipitated
with 0.5 ml isopropanol. Samples were mixed and incubated for
10 min at RT, centrifuged (12 000 � g, 10 min, 4 �C) and the super-
natant discarded. The collected pellet was then applied to the
SV Total RNA Isolation System (Promega, Madison, Wisconsin)
according to the manufacturer’s instructions. Isolated RNA was
quantified and adjusted to same quantity for whole samples by
using molecular biology grade water (DNase, RNase, and prote-
ase-free, Corning Life Sciences, Manassas, Virginia). To synthe-
size complementary DNA (cDNA), high capacity cDNA Reverse
Transcription Kit (Applied Biosynthesis, Foster City, California)
was used. Samples were run on a thermal cycler (25 �C for
10 min, 37 �C for 120 min, 85 �C for 10 s, then hold at 4 �C) and
synthesized cDNA was stored at �20 �C until analysis of quanti-
tative real time-polymerase chain reaction (qRT-PCR).

qRT-PCR Analysis

Synthesized cDNA (8 ll) was mixed with 32 ll primer mix solu-
tion (8 ll water, 2 ll 18s rRNA primer [probe dye VIC-MGB], 2 ll of
20 � Taqman primer/probe set [Mm 00487218_m1 Cyp1a1,
Applied Biosystems, Foster City, California], and 20 ll of 2 �
Taqman Universal Master Mix [Applied Biosystems]). To remove
bubbles, PCR strips were centrifuged at 100 � g for 10 s. Cyp1a1
mRNA expression was analyzed with an Mx3005p qPCR system
(Agilent Technologies, Santa Clara, California). Data were ana-
lyzed by the DDCt method with 18s rRNA as the endogenous ref-
erence (Livak and Schmittgen, 2001; Thellin et al., 1999). mRNA
expression levels were expressed as fold change.

SPLC isolation and MOG peptide restimulation

The spleen was placed in a 6-well plate and mechanically dis-
rupted in 1 ml of serum-free 1 � Roswell Park Memorial
Institute (RPMI) 1640 media (Gibco, Grand Island, New York). To
remove the insoluble tissue, the solution was allowed to settle
and the supernatant containing the single cells was collected.
Cells were centrifuged at 400 � g for 5 min at RT. The SPLC pellet
was resuspended in 1 ml culture media and counted on a
Coulter Counter (Beckman Coulter, Indianapolis, Indiana) in the
presence of Zapoglobin to lyse red blood cells. For T-cell culture,
1 � RPMI 1640 supplemented with 2% bovine calf serum
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(HyClone, Logan, Utah), 29.8 mM sodium bicarbonate (NaHCO3),
100 U penicillin/ml (Gibco), 100 lg streptomycin/ml (Gibco), and
50 lM 2-b-mercaptoethanol (2-ME, Gibco) was used. Isolated
SPLCs were seeded at a density of 1 � 106 cells/well in 48-well
plates and incubated in a humidified atmosphere at 5% CO2 and
37 �C. After 30 min, cells were untreated or restimulated with
100 lg/ml MOG peptide for overnight. The following day, the
supernatants were collected for enzyme-linked immunosorbent
assays to quantify the cytokine production and MOG peptide-
restimulated cells were resuspended in 5 lg/ml brefeldin A
(BioLegend, San Diego, California)-containing RPMI without
serum for 4 h for flow cytometry analysis.

Flow Cytometry and Gating Strategy

Cell surface marker staining
Treg cells were stained on the day of necropsy, but intracellular
cytokines from T cells were stained after overnight restimula-
tion with MOG peptide. Cell staining was performed in 12 �
75 mm tubes (BD Falcon, Franklin Lakes, New Jersey). Cells were
washed once with 1 � PBS, centrifuged at 500 � g for 5 min at
RT, and the supernatant was discarded. Then they were incu-
bated with Fixable Viability Dye eFluor 780 (FVD, eBiosciences,
San Diego, California) for 30 min at 4 �C to collect live cells via
negative fluorescence intensity of FVD. After washing the cells
with 1 � PBS and fluorescence-activated cell sorting (FACS) buf-
fer (Hank’s Balanced Salt Solution containing 1% bovine serum
albumin [BSA], pH 7.3) once each, cells were treated with mouse
Fc block (purified antimouse CD16/CD32, clone 2.4G2, BD
Biosciences) for 15 min at RT to avoid nonspecific binding fol-
lowed by labeling with the fluorescently conjugated antibodies
for surface markers in the dark for 30 min at RT. The antibodies
used for staining of cell surface markers are as follows (all anti-
bodies were purchased from BioLegend except where noted):
Treg cells, PE/Cy7 anti-CD4 (clone GK1.5) and FITC anti-CD25
(clone PC61.5, eBioscience); T cells, PE/Cy5 anti-CD4 (clone
GK1.5), PE/Cy7 anti-CD8a (clone 53-6.7), and FITC anti-TCRcd

(clone GL3). These antibodies were delivered in 50 ll of FACS
buffer. Cells were washed with FACS buffer and fixed using
Cytofix (BD Biosciences). After 15 min, fixed cells were washed
with FACS buffer and stored at 4 �C until intracellular staining.
Treg cells were immediately fixed and permeabilized using
FOXP3 staining kit (eBioscience).

Intracellular marker staining
After cell surface staining, cells were washed once with perme-
abilization buffer. Then they were incubated with 50 ll perme-
abilization buffer for 15 min at RT followed by antibody labeling
for 1 h in the dark. Cells were washed with 1 ml permeabil-
ization buffer and resuspended in 400 ll FACS buffer for flow
cytometry analysis. Cells were analyzed the same day as intra-
cellular staining. The antibodies used for intracellular markers
staining are as follows (all antibodies were purchased from
BioLegend except where noted): Treg cells, APC anti-FOXP3
(clone FJK-16S, eBioscience); T cells, APC anti-IL-17A (clone
TC11-18H10), PE eFluor 610 anti-IFN-c (clone XMG1.2). These
antibodies were delivered in 50 ll permeabilization buffer.

Flow Cytometry Analysis

Stained cells were acquired on FACSAria III (BD Biosciences) and
data analysis was performed using FlowJo (FlowJo, LLC,
Ashland, Oregon) software. Dead cells were excluded using high
fluorescence intensity of FVD and forward scatter

characteristics. To identify the cell types, additional gating was
created for Treg cells (CD25 and FOXP3 within CD4) and T cells
(IL-17A and IFN-c within CD4, CD8, or TCRcd). TCRcd population
was gated from the CD4 and CD8 double negative population as
to avoid double reporting any cytokine production from CD4þor
CD8þ since TCRcd expression in SPLC can be low. Bead controls
were prepared for compensation, and fluorescence minus one
cell controls were used to establish the gating for every fluoro-
chrome in the staining mixture.

Enzyme-Linked Immunosorbent Assay

For quantification of extracellular cytokines (IL-17A, IFN-c, IL-6,
and IL-2), plates were coated with 0.5–1 lg/ml purified antibod-
ies against IL-17A (clone TC11-18H10.1, BioLegend), IFN-c (clone
AN-18, BioLegend), IL-6 (clone MP5-20F3, BioLegend), or IL-2
(clone JES6-1A12, BioLegend) in coating buffer (0.1 M carbonate-
biocarbonate buffer, pH 9.6). After an overnight incubation at
4 �C, the plate was washed with 0.05% Tween-20 in PBS (pH 7.4)
and deionized water 3 times each. The plate was blocked with
3% BSA-containing PBS for 1 h at RT. After washing the plate,
serum or T-cell culture supernatants were added to wells and
incubated for 1 h. After another wash, plate was incubated with
0.5–1 lg/ml biotin-conjugated antibodies against IL-17A (clone
TC11-8H4, BioLegend), IFN-c (clone R4-6A2, BioLegend), IL-6
(clone MP5-32C11, BioLegend), or IL-2 (clone JES6-5H4,
BioLegend) for 1 h. Then the plate was washed and treated with
100 ll of Avidin-conjugated with horseradish peroxidase (HRP-
Avidin; 1:500 dilution in 3% BSA-containing PBS, BioLegend) in
the dark. After 1 h, unbound HRP-Avidin was removed by plate
washing, and 3,305,50-tetramethylbenzidine substrate set
(BioLegend) was used for blue color development. To stop the
color development, 100 ll of 2 N sulfuric acid (H2SO4) was added
for endpoint assay (optical density at 450 nm) by a microplate
reader (SpectraMax M5, Molecular Devices, Sunnyvale,
California). To generate a standard curve for cytokine quantifi-
cation, recombinant standards for IL-17A, IFN-c, IL-6, or IL-2
were obtained from BioLegend.

Immunohistochemistry in the Spinal Cord

Spinal columns were fixed in 10% normal buffered formalin.
Spinal cords were dissected then paraffin-embedded. 5-mm sec-
tions of the lumbar enlargement were stained with hematoxylin
and eosin (H&E) or luxol fast blue to assess inflammation or de-
myelination, respectively. The degree of inflammation was
scored blindly by 2 separate individuals on a scale from 1 to 4
using 3 images at 40� of different sections from each mouse.
Inflammation scores were averaged from the 2 individuals and
a regression analysis was performed to determine the correl-
ation between inflammation score and clinical score.

Statistical Analysis

Statistical analysis was performed using GraphPad Prism 6
(GraphPad software). Percent and fold change data were trans-
formed prior to ANOVA analysis. Comparisons were calculated
by 1- or 2-way ANOVA followed by a post hoc test for multiple
comparisons. One-way ANOVA was conducted when evaluating
TCDD’s effect in EAE only and typically Dunnett’s post hoc test
was performed using EAEþCO as the comparison group (eg, dis-
ease onset and area under the curve clinical score). Two-way
ANOVA was performed when comparing TCDD’s effect in saline
(SAL) versus EAE mice and Tukey’s multiple comparison test
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was used as the post hoc test. In all cases, the level of signifi-
cance was defined as P< 0.05.

RESULTS
Cyp1a1 mRNA Expression in Spleen and Liver

To confirm effective TCDD delivery following oral gavage,
Cyp1a1 mRNA expression was assessed in the liver and spleen.
As seen in Figure 1, Cyp1a1 expression was robustly induced in
liver after only 2 days of dosing and the high expression level
was maintained through end-stage disease even though TCDD
dosing had been discontinued 6 days earlier. EAE disease induc-
tion did not alter Cyp1a1 expression. Cyp1a1 mRNA expression
in the spleen was not significantly increased at any time (data
not shown).

Clinical Signs during EAE Development

The clinical signs of CO-administered EAE mice (EAEþCO) first
appeared at day 14, and reached a peak level around day 18.
Although some mice progressed to dual hind limb paralysis
(clinical score 4), most mice only exhibited loss of tail tone and
awkward gait by day 18 (clinical score 0.5–1.5). SAL-injected
mice, even those treated with TCDD, exhibited no clinical symp-
toms. TCDD at both 0.1 and 1.0 mg/kg/d exhibited modest reduc-
tion of EAE-induced clinical signs and statistically significant
delay in disease onset (Table 1). Mice also experienced weight
loss that correlated with clinical signs. Thus, EAE þ CO and EAE
þ 0.1 mg/kg/d TCDD produced modest weight gain, which was
due in part to some animals losing weight, but the weight of
EAE mice treated with 1.0 mg/kg/d TCDD was similar to SAL-
treated mice (Table 1). Spinal cord inflammation and demyelin-
ation was assessed by H&E and luxol fast blue staining, respect-
ively, and demonstrated increased inflammation and damage
to the white matter tracts in response to EAE þ CO, which was
reduced in response to EAE þ TCDD 1.0 mg/kg/d (Figure 2). A lin-
ear regression analysis of inflammation score and clinical score
resulted in a R2 value of 0.8517.

Assessment of TCDD Effect on Splenic Treg and
T-Cell Subsets

The first T-cell population that was evaluated in the spleen was
CD4þCD25þ FOXP3þTreg cells in order to determine the gener-
ation of Treg cells in response to TCDD in this lower dose range.
Tregs were assessed at both early and late disease stages. At
day 3, the Treg proportion was not changed by EAE, nor was it
altered by the higher dose of TCDD (Figure 3A). However, Treg

cells were significantly increased by 0.1 and 1.0 mg/kg/d TCDD
compared with EAEþCO by day 18 (Figure 3B). This TCDD effect
is consistent with other reports in which increased Treg cells is
related to TCDD-induced inhibition of EAE (Quintana et al.,
2008).

Next, the responses of various T cells after restimulation
with 100 lg/ml MOG were determined at day 18. All splenic
T-cell populations (CD4þ, CD8þand cdþT cells) were reduced in
EAE mice. Neither dose of TCDD significantly affected the T-cell
proportions, although there was a trend toward suppression of
the cdþT-cell population (Figure 4A). Within the CD4þT-cell
population, the proportion of IL-17Aþ IFN-c� (TH17) and
IL-17A�IFN-cþ (TH1) cells were slightly increased in EAE þ CO as
compared with SAL-treated mice, indicating antigen specificity.
TCDD suppressed TH1 cells regardless of disease in a dose-de-
pendent manner (Figure 4B). Although there was no significant
elevation of IL-17A or IFN-c in the CD8þpopulation in response
to MOG restimulation in EAE mice, TCDD did suppress the IL-
17Aþ IFN-c� population in CD8þT cells (Figure 4C). In cdþT cells,
EAE induction significantly induced the IL-17Aþ IFN-c� popula-
tion, which was suppressed by TCDD especially in the absence
of disease (Figure 4D). It should be noted that while TCDD con-
sistently suppressed intracellular IFN-c in CD4þ cells, the effects
on IL-17A were more variable across our studies. For instance,
we observed no effect of TCDD on intracellular IL-17A in
CD8þ cells in one of our studies, but in this study, TCDD sup-
pressed the IL-17Aþ IFN-c� population in CD8þT cells. Together,
these data suggest that intracellular IFN-c is a more sensitive
target of suppression of TCDD as compared with intracellular
IL-17A.

Quantification of Various Cytokine Production
in Serum and Supernatants

TCDD produced no significant effect on circulating IL-17A levels
in serum, but produced a modest effect on circulating IFN-c
(Figure 5). Despite the variability of TCDD’s effects on IL-17A,
TCDD consistently and robustly suppressed IL-17A release from
MOG-stimulated SPLC at end-stage disease (Figure 6). Moreover,
TCDD also significantly reduced the production of MOG-specific
IFN-c, IL-6, and IL-2 (Figure 6). No significant cytokine produc-
tion was induced in the absence of MOG (data not shown), nor
did TCDD induce any cytokine release in SAL-treated mice.

DISCUSSION

The mechanisms by which MS occurs are not understood but
have been associated with previous bacterial, parasitic, or viral
infections, exposure to UV radiation, smoking or other environ-
mental contaminant exposure (Koch et al., 2013). In the case of
EAE following exposure to AHR ligands, the data have been in-
consistent thus far. Early studies in which AHR was identified
as a critical regulator of TH17 cells in the EAE model demon-
strated that a single high dose of TCDD administered at disease
initiation (Quintana et al., 2008) or 2 injections 1 day prior and
on the day of immunization (Hanieh and Alzahrani, 2013) atte-
nuated EAE clinical scores concomitant with inhibition of IL-17
and IFN-c in CD4þT cells and an increase in CD4þFOXP3þTregs.
On the other hand, FICZ administered as a systemic high dose
(Quintana et al., 2008) or as a local lower dose (Veldhoen et al.,
2008) exacerbated EAE. It was shown in the latter case that FICZ
increased the number of CD4þ IL-17þ cells but decreased
CD4þFOXP3þ cells (Veldhoen et al., 2008). Additional studies
demonstrated that TCDD at lower doses (Quintana et al., 2008)

FIG. 1. Cyp1a1 mRNA expression in early and late stages of pathogenic progres-

sion. Total RNA was isolated from liver (n� 3) and qRT-PCR was used to assess

Cyp1a1 mRNA levels. Data are expressed as mean 6 SD. Letters indicate statis-

tical significance at P< .05. a, different from SALþCO at day 3; b, different from

SALþCO at day 18; c, different as compared with same group at day 3; d, differ-

ent as compared with SALþ0.1 at day 18. 0.1 and 1.0 denote mg/kg/d TCDD.
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or administered after EAE initiation (Duarte et al., 2013) pro-
duced no effect on EAE clinical score, and that FICZ adminis-
tered systemically can attenuate EAE (Duarte et al., 2013). Thus,
the role of AHR ligation in EAE incidence and severity is not yet
understood.

In this study, we examined splenic MOG-specific T cell re-
sponses following low dose, subchronic TCDD administration in
EAE without PTX. This model more closely mimics the contribu-
tion that environmental contaminants make to MS incidence
because TCDD was administered at low doses orally, the most

TABLE 1. EAE Disease Course

Group Incidencea Onsetb % BW Dc End Clinical Scored AUC Clinical Scoree

SAL þ CO 0/12 N/A 6.2 6 4.2 0 N/A
SAL þ 0.1 0/4 N/A 12.5 6 5.2 0 N/A
SAL þ 1.0 0/4 N/A 9.6 6 3.6 0 N/A
EAE þ CO 11/12 15.0 6 1.5 2.5 6 13.0 1.4 6 1.5 4.0 6 3.9
EAE þ 0.1 3/4 15.5 6 2.4 0.8 6 17.2 1.8 6 2.1 3.0 6 2.9
EAE þ 1.0 6/12 17.9 6 1.3* 12.2 6 8.7 0.5 6 1.1 1.3 6 3.0

aIndicated by a minimum clinical score of 0.5 at any time.
bMean onset day 6 SD; mice with no disease incidence are excluded.
cBW, body weight; D, change; calculated as ([day 1 BW-necropsy BW]/day 1 BW) � 100; mean change 6 SD; some animals lost weight in the EAE/CO and EAE/0.1 groups,

resulting in a smaller % BW D that was still positive.
dMean clinical score at necropsy 6 SD.
eAUC, area under the curve for clinical score calculated for individual animals; mean AUC 6 SD.

*P < .05 as compared with EAE/CO.

FIG. 2. TCDD reduces spinal cord inflammation and demyelination. Micrographs of H&E (A–C) and luxol fast blue staining (D–I) in the ventral lumbosacral spinal cord

are shown of representative sections from SALþCO (10�-A,D; 40�-G), EAEþCO (10�-B,E; 40�-H), and EAEþ 1.0 (10�-C,F; 40�-I) mice. Inflammatory infiltrates (arrow)

in the H&E-stained sections and white matter damage (arrow head) in the luxol fast blue-stained sections are obvious in an EAEþCO mouse that had a clinic score of 4

(B,E,H), but absent in the SALþCO mice (A,D,G). No noticeable inflammation was observed in the EAEþ1.0 mice (C,F,I). A linear regression analysis of inflammation

score and clinical score resulted in a R2 value of 0.8517. 1.0 denotes mg/kg/d TCDD. Bar¼200 mm.
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likely human exposure paradigm. In addition, we avoid PTX in
our EAE model because it allows us to examine the contribution
that TCDD makes to a milder disease state, mimicking autoim-
mune disease onset. PTX also disrupts immune homeostasis at
EAE initiation though inhibition of Gi/o protein-coupled recep-
tors and induces TH17 cells in the spleen and lymph nodes
(Hofstetter et al., 2007). Since AHR also regulates TH17 cells
(Quintana et al., 2008; Veldhoen et al., 2008), our model allows us
to examine the effect of TCDD on IL-17A-producing cells with-
out this potential confound. As a biomarker of exposure, Cyp1a1
levels were measured in spleen and liver early and late in dis-
ease. Consistent with other studies in which TCDD was seques-
tered in the liver (Santostefano et al., 1998), Cyp1a1 was robustly
induced in the liver, but not in the spleen. However, splenic
T-cell function was still altered.

Specifically, CD4þ CD25þ FOXP3þ T cells were induced in the
spleen by both doses of TCDD late in disease, consistent with
other reports that TCDD induces Tregs (Funatake et al., 2005).
Importantly, TCDD produced no effect on Tregs in the absence
of disease, confirming that Treg induction is one mechanism by
which TCDD produced modest reductions in EAE clinical scores.

CD4 þ IFN-cþ cells were also consistent targets of suppression
by TCDD, and there was a suggestion that TCDD could attenuate
IFN-c in CD8þT cells. MOG-induced IFN-c production from SPLC

was also significantly suppressed. When compared with other
studies in which CD8þT cell responses have been studied
(Wheeler et al., 2014), the TCDD-induced CD8þeffects are mod-
est. This could be a result of TCDD dose or tissue. For instance,
the number of CD8 þ IFN-cþT cells from mediastinal lymph
nodes was significantly decreased when mice were infected
with influenza A virus after administration with 10 lg TCDD/kg
(Wheeler et al., 2014).

In our model the effects on IL-17A were variable. For in-
stance, intracellular IL-17A appeared to be sensitive to suppres-
sion by TCDD in EAE, but this was not observed consistently
across studies. However, IL-17A release from SPLC was consist-
ently suppressed suggesting TCDD affects IL-17A release, but
not necessarily IL-17A production. Alternatively, it is possible
the kinetics for intracellular versus released IL-17A are different
and TCDD’s effects are time-dependent. Finally, the model does
induce mild clinical disease; however, even in EAE mice with no
clinical score at necropsy exhibited MOG-specific induction of
intracellular and released cytokines so we do not believe the
mild disease course contributes to variability in the TCDD effect.
There was a possibility that TCDD would induce IL-17A produc-
tion since it has been shown to be critical for TH17 induction
(Quintana et al., 2008; Veldhoen et al., 2008), but we did not ob-
serve significant induction of IL-17A as evaluated by

FIG. 3. Increased CD4þCD25þ FOXP3þTreg cells by TCDD at the late stage. (A) SPLCs were stained for CD4, CD25 and FOXP3 at early and late stages and analyzed the

same day. Dot plots are representative of at least 3 individual mice per group. (B) The proportion of CD4þCD25þ FOXP3þTreg cells at late stage (n¼ 4). Data are mean 6

SD. *P< .05 as compared with EAEþCO. 0.1 and 1.0 denote mg/kg/d TCDD.
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intracellular staining, circulating in serum, or secreted by MOG
peptide-restimulated SPLC.

There was also a modest effect by TCDD on cd TCRþT cells.
There was modest suppression of the proportion of cd

TCRþ expression in disease and by TCDD. It should be empha-
sized that especially because cd TCRþT cells are low in the
spleen, these populations were obtained by gating off the
CD4�CD8� population to avoid picking up CD4 or CD8 T cells
near the negative side of the gate. EAE induced significant
IL-17A production in cd TCRþT cells, but there was modest
modulation by TCDD.

MOG-specific IL-2 and IL-6 cytokine production was also
suppressed by TCDD. These cytokines were not evaluated by
flow cytometry and therefore, it is not clear which cell type(s)
were affected. IL-2 is produced by mainly T cells, natural killer
and dendritic cells (DCs) (Almeida et al., 2006; Malek, 2008;
Setoguchi et al., 2005), while IL-6 is mainly produced by macro-
phages during acute inflammation and by T cells during chronic
inflammation (Naugler and Karin, 2008). Recently, there have
been some reports about the role of DC in EAE or anti-inflam-
matory TCDD effect. For instance, Duarte et al. (2013) deter-
mined that the immunosuppressive effect of TCDD depends on

FIG. 4. Modulation of CD4þ, CD8þ, and cd TCRþ splenic T-cell populations by TCDD at the late stage. SPLC (n¼4) were cultured overnight with 100 lg/ml MOG peptide

after which cells were stained for various T-cell populations, (A) T-cell proportions; (B) CD4þ, (C) CD8þ, and (D) cd TCRþ cells. Cells were gated on live lymphocytes. In

addition, cd TCRþ cells were gated off the CD4�CD8� population. Data are mean 6 SD. *P< .05 as compared with EAEþCO within the population as defined on the x-

axis. 0.1 and 1.0 denote mg/kg/d TCDD.

FIG. 5. Effect of TCDD on circulating IL-17A and IFN-c in serum. Serum was collected from mice (n�4) at the late stage and analyzed for cytokine production (A) IL-17A;

(B) IFN-c. Data are mean 6 SD and no statistical significance was detected. 0.1 and 1.0 denote mg/kg/d TCDD.
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AHR activation, not only in T cells, but also in DC. Also,
an endogenous AHR ligand 2-(10H-indole-30-carbonyl)-thiazole-
4-carboxylic acid methyl ester significantly inhibited mRNA ex-
pression of various cytokines including IL-6 in EAE-induced
splenic DC (Quintana et al., 2010), and our results demonstrate
the effect of low dose TCDD on IL-2 and IL-6-producing cells.

Overall, these results demonstrate that subchronic low dose
TCDD alters splenic T cell responses to MOG in EAE without
PTX. The primary mechanisms by which TCDD attenuated EAE
involved splenic Treg induction and inhibition of IFN-c produc-
tion. The results are in contrast with a recent study in which de-
velopmental exposure of low dose TCDD to pups via lactation in
an autoimmune model exacerbated autoimmune symptoms
(Boule et al., 2015). However, TCDD exposure during develop-
ment as opposed to adulthood has been shown to produce dif-
fering effects on T-cell function, including IFN-c (Hogaboam
et al., 2008; Vorderstrasse et al., 2004). Thus, future studies could
focus on developmental exposures of different AHR ligands and
lymphocyte function in target tissues, such as brain or spinal
cord. The strength of these studies is that they demonstrate
that subchronic low dose TCDD suppressed splenic T-cell IFN-c
production and induced splenic Tregs in a model of mild (or
early onset) MS.
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