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A B S T R A C T

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD), the most toxic congener of dioxins, is a persistent and ubiquitous
environmental contaminant. Although the immunotoxic effects of TCDD have been reported, the mechanisms
underlying these effects are still unclear. In this study, we have determined the toxic effects of TCDD on thy-
mocytes and splenic T cells with in vitro cell culture systems. Magnetically isolated mouse splenic Th cells, Treg
cells and the mixed spleen lymphocytes (SLC) were cultured and treated with TCDD and the differentiation of
CD4 Th cells was determined by flow cytometery. Our results showed that different concentrations of TCDD
caused immunotoxic effects through different toxicological mechanisms in both the purified mouse splenic Th
cells and the mixed SLC. The low dose exposure to TCDD triggered regulatory effects in the immune system,
while the high dose TCDD exposure resulted in severe immune toxicity. Notably, a decline of Treg subset was
observed, suggesting an imbalanced immune regulation by TCDD treatment, as well as a possible decrease of
TCDD’s indirect effects on bystander immune cells. Our CD4 Th subset co-culture experiments showed that
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TCDD-induced pathobiology depended on immune cell balance, suggesting that cytokine-induced micro-
environments further modulated toxic effects associated with TCDD exposure.

1. Introduction

2, 3,7,8-Tetrachloodibenzo-p-dioxin (TCDD), formed as an unin-
tentional byproduct of organic synthesis and incomplete combustion,
(Sorg, 2013) is the most potent compound among the polychlorinated
dibenzo-p-dioxins. TCDD attracted widespread attention in the 1970’s
when it was discovered to be a contaminant in the herbicide, Agent
Orange, and was shown to cause birth defects in rodents (York and
Mick, 2008). It continues to be a concern because of its widespread
distribution in the environment, persistence in the food chain, and
toxicity. Previous studies showed that acute exposure to TCDD results
in a variety of human health problems, including immune dysfunction
(such as inflammatory autoimmune diseases), neurological pathologies,
abnormal development, diabetes, and carcinogenesis (Hankinson,
2005; Luch, 2005).

TCDD can induce a variety of adverse biological and physiological
reactions, including immunotoxicity in mammals, e.g., thymus atrophy
and suppression of antibody production and cytotoxic T cells activation
(Kerkvliet, 2002). The mechanisms through which TCDD alters the
immune response and promotes immunotoxicity are still not well un-
derstood. Many studies have demonstrated that TCDD can impair the
immune system, modulate the Th effector cells and other immune cells
directly or indirectly through affecting the production of cytokines from
the immune cells (Chighizola and Meroni, 2012; Quintana, 2013;
Tomar and Kerkvliet, 1991). Singh et al. (2008) have shown that TCDD
mediates toxicity through activation of the AhR (Singh et al., 2008).
The AhR signaling pathway plays an important role in modulating the
progression of inflammatory autoimmune diseases (Hao and Whitelaw,
2013; Podechard et al., 2008; Veldhoen et al., 2008), especially for Th
cell-mediated inflammation (Esser, 2009a; Quintana et al., 2008).

The AhR gene has been shown to be highly conserved throughout
evolution, which provides evidence of the fundamental importance of
AhR in biological systems (Esser et al., 2009b; Veldhoen et al., 2008;
Lin et al., 2001; Esser et al., 2009b; Quintana et al., 2008). In mice, for
instance, targeted disruption of the AhR caused an incomplete devel-
opment of immune organs and an altered immune function (Veldhoen
et al., 2008; Lin et al., 2001). More recently, experimental and epide-
miology studies have shown that the role of AhR in the immune system
is particularly related to CD4 helper T cells (CD4+ T cells) mediated
inflammation (Esser et al., 2009b; Quintana et al., 2008). However,
whether AhR is essential for the development of a functional immune
system is not known (Esser, 2009a,b; Quintana et al., 2008; Kerkvliet,
2002; Gogal and Holladay, 2008).

CD4+ T cells play an integral role in adaptive immune responses.
Activation of CD4+ T cells needs antigen recognition in the context of
MHC-Ⅱmolecules (expressed on so-called professional APC such as
Macrophage and DC), and then the activated effector T helper cells
produce functional cytokines. Following activation, naïve CD4+ T cells
differentiate into one of several lineages of T helper cells (Th1, Th2,
Th17, or Treg), depending primarily on the stimulation factors, the
strength of the T Cell Receptor (TCR) signal, and the cytokines present
in the surrounding extracellular environment. Differentiation of each T
cell subset is associated with the expression of specific transcription
factors, followed by the secretion of a defined array of cytokines that
mediate response to the antigen. Failure to activate an appropriate T
cell response can lead to chronic infection while exaggerated T cell
responses can cause excessive tissue damage and are associated with
inflammatory and autoimmune diseases. Th1 and Th17 are the two,
major functional helper T cell subsets that play an important role in
pro-inflammatory and inflammatory autoimmune diseases (Damsker

et al., 2010; Solt et al., 2011; Xia et al., 2013).
Exposure to TCDD clearly impairs T cell-dependent immune re-

sponses, which contribute to promoting inflammatory autoimmune
diseases (Gogal and Holladay, 2008; Holladay et al., 2011). However, it
is still difficult to determine whether such immune effects are related to
toxicity mediated by ligand-activated AhR signaling, or to its immune
regulation. Among the subsets of T cells, both regulatory Th and ef-
fector cells (Th1, Th2, and Th17) can exert either beneficial or patho-
genic effects depending on the particular biological settings (Zhu et al.,
2014). The importance of CD4+CD25+ (Treg) in suppressing in-
flammation has become increasingly clear over the past several years
(Josefowicz et al., 2012). Ligand activated AhR can regulate T-cell
differentiation, specifically through activation of Treg cells and down-
regulation of the pro-inflammatory Th17 cells (Hao and Whitelaw,
2013; Singh et al., 2011). To find how TCDD affected the immune
system, especially the biological effects during the process of Th cells
differentiation, we investigated the biological effects of TCDD on dif-
ferentiation of Th cell subsets in vitro and the potential molecular me-
chanisms. This study contributes to the overall understanding of the
molecular mechanisms of TCDD induced Th cells differentiation.

2. Materials and methods

2.1. Animals

Eight to ten-week-old male C57BL/6 mice were purchased from
Vital River Laboratories. AhR knockout (Ko) (Chris Bradfield; on
C57BL/6 J background) mice were purchased from the Jackson
Laboratory. All mice were housed in a 12 h light/dark cycle and tem-
perature-controlled specific, pathogen-free conditions at the institute
for animal experimentation. The AhR knockout mice were genotyped
by PCR. All animal practices were carried out in accordance with the
approved guidelines by the Institutional Animal Care and Use
Committee (IACUC) of the Institute of Psychology, China Academy of
Sciences, China.

2.2. Antibodies and other reagents

FITC-labeled anti-CD4 (BD Biosciences, #555346, USA), PE-labeled
anti CD25 (BD Bioscience, #14-0251-85, USA), PE-labeled anti INF-γ
(eBioscience, #12-1191-82, USA), PE-Cy7-labeled anti-IL4, Alexa 647
labeled anti-IL17 (BD Bioscience, #560184, USA), Hrizon V450 labeled
anti-FoxP3 (BD Bioscience, #561293, USA), the staining buffer, and a
transcription factor buffer set were purchased from BD Bioscience.
Carboxyfluorescein diacetate succinimidyl ester (CFSE, #65-0850,
USA) was purchased from eBioscience. The detection of cytokines TGF-
β (eBioscience, #BMS614-2, USA)from culture medium was measured
by ELISA (eBioscience, USA). ELISA was performed using each specific
Ab for the cytokine according to the manufacture’s instruction. TCDD
(Wellington Laboratories Inc., Canada) dissolved in DMSO (Amresco,
USA) was used in the in vitro studies. For cell isolation, magnetic cell
sorting methods were used and the corresponding isolation kits were
purchased from StemCell Technologies (#19722, #18761, USA).
Recombinant mouse rIL2 was purchased from PeproTech (#212-12,
Canada). Concanavalin A was purchased from Sigma-Aldrich (#C0412,
USA). A luminescent cell viability assay was used to evaluate the cy-
totoxicity, and the assay kit was purchased from Promega (#G7571,
USA).
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2.3. Preparation of spleen lymphocytes and target cell isolation

The spleen was isolated from C57BL/6 mouse in sterile buffer
(1× PBS with 2% FBS and 1mM EDTA, Ca2+ / Mg2+ free) and me-
shed properly. The cell suspension was filtered through a 70 μm nylon
cell strainer into a 50mL conical tube and rinsed with up to 20mL of
the recommended medium. The cells were collected by centrifugation
(1500 rpm, 10min) and resuspended at 1–1.5×108 cells/mL in the
recommended medium. The obtained spleen single cell suspension was
used for the Th cell Pre-Enrichment and CD25 positive selection, ac-
cording to the manufacture’s instruction (STEMCELL Technologies Inc,
Canada). Cell survival evaluation was conducted using conventional
trypan blue staining under an optical microscope, and the cell purity
was determined by the flow cytometry (BD Calibur). Percoll cell se-
paration media density gradient isolation method was used for the
mixed spleen lymphocyte (SLC) isolation, according to the manu-
facture’s protocol (GE Healthcare, #17-0891-02, USA).

Luminescent cell viability assay based on ATP measurement was
used to examine the association of the cytotoxicity of low dose-level
TCDD (4 nm, 20 nm, and 40 nm) with differing exposure times (after
24 h, 48 h and 72 h culture).

2.4. In vitro cell expansion and culture

To evaluate the immunosuppressive function of Treg in vitro, the
mouse spleen Treg cells were isolated using the magnetic selection
system, and the negative fraction, the CD4+CD25− cell (Tneg), was
expanded and served as controls in the process. The isolated cells were
placed in culture at 2×106 cell/1.4 mL/well (12 wells plate) in a
modified RPMI1640 medium with 10% FBS, 100 U/mL penicillin and
streptomycin, 2 mM glutamine, 50 μM 2-Mercaptoethanol, 10mM
HEPES, and 0.5mM sodium pyruvate. Anti-mouse CD3 and CD28
coated 4 μm polystyrene dynabeads (Invitrogen, USA) at 2:1 or 1:1
ratio, and 2000 U/mL or 30 U/mL of recombinant mouse IL-2
(PeproTech, USA) were added for Treg or CD4 Th cell culture in vitro,
respectively. To monitor and evaluate the proliferation of target cells,
the CFSE was used according to the manufacture’s instruction
(eBioscience, USA). Negatively isolated mouse splenic Tneg cells were
cultured in modified RPMI1640 medium with 4 μg/mL Concanavalin A
(Con A). After four days of coculture, cells were harvested and sepa-
rated with the dynabeads on a magnet and subsequently analyzed for
CFSE by flow cytometry.

2.5. Flow cytometry for identification of TCDD effects on the differentiation
of CD4 helper T cell

Mouse spleen Th cells, the whole mixed spleen lymphocytes, and
isolated mouse spleen Tneg cells were cultured with TCDD (T1: 20 nM,

T2: 200 nM), vehicle, or medium control in the presence of 4 μg/mL
Con A, respectively. After 4 days, T cells were collected and washed first
with PBS and then with staining buffer. Cell suspension was prepared
containing 1 million cells per 150 μL staining buffer and stained with
specific surface marker fluorescent antibodies (e.g., antibody for CD3,
CD4, CD25) that were added and incubated for 30min at 2–8 °C. Cells
were washed one time with 2ml of staining buffer afterwards and then
moved forward to the intracellular staining procedures. Cells were fixed
and permeabilized with the transcription factor buffer set (BD
Pharmingen, USA) at 2–8 °C for 35min, protected from light. Then the
cells were washed two times with perm/wash buffer. After that, cells
were intracellularly stained with anti-CD4, IFN-γ, IL17, IL4, and FoxP3
Abs, then measured by flow cytometry. FACS was performed with the
Beckman Coulter (Gallios) system. Cells from each group were collected
and counted at the end of the experiments.

To evaluate the AhR signaling pathway, spleen CD4+ T cells were
isolated from AhR knockout or littermate control mice and stained with
extracellular and intracellular antibodies, then evaluated by flow cy-
tometry as discussed above.

2.6. Reverse transcriptase- PCR (RT-PCR)

Total RNA was prepared by using the RNAqueous-Micro Kit (Life
Technologies, #AM1931, USA), and cDNA was synthesized using the
Revert Aid First Strand cDNA Synthesis Kit (Thermo Scientific, #K1622,
USA), according to the manufacturer’s instruction. mRNA expression
was evaluated by relative quantitative PCR using SYBR Green I Master
Mix (#4707516001, Roche, Germany) on a LightCycler 480 system
(Roche, Germany), according to the manufacturer´s instructions. Each
assay was performed in triplicate using the cycling condition as follows:
95 °C for 5min, followed by 45 cycles of 10 s at 95 °C, 20 s at 60 °C and
10 s at 72 °C. The level of target mRNA, including FoxP3, GATA3, T-bet,
and RORγt, were estimated using the typical Ct method (2−ΔΔCt
method) by normalizing to GAPDH expression (LightCycler® 480 soft-
ware, version 1.5, Roche, Germany). The following specific primers
were used:

GAPDH forward 5′−CCTCGTCCCGTAGACAAAATG-3′;
Reverse 5′-TCTCCACTTTGCCACTGCAA-3′;
GATA3 primer 5′-AAGCTCAGTATCCGCTGACG-3′;
Reverse 5′-GTTTCCGTAGTAGGACGGGAC-3′;
T-bet forward 5′-AGCAAGGACGGCGAATGTT-3′;
Reverse 5′-GTGGACATATAAGCGGTTCCC-3′;
FoxP3 forward 5′−CCCATCCCCAGGAGTCTTG-3′;
Reverse 5′-ACCATGACTAGGGGCACTGTA-3′;
RORγt- forward 5′- TCCTGCCACCTTGAGTATAGTC -3′;
Reverse 5′- GTAAGTTGGCCGTCAGTGCTA -3′.

Fig. 1. The immunosuppressive function of Treg cell in vitro. A) Flow cytometry analysis of the purity of Treg in the isolated mouse spleen Treg using the magnetic
selection system. B) CFSE labeled CD4+ CD25− Tneg and freshly isolated Treg cells. The ratio of undivided parent cell was more than 43%, which showed the
potential suppression effect of Treg on Tneg proliferation. C) The proliferation rate of CFSE labeled CD4+ CD25− Tneg without Treg cells.
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2.7. Statistical analysis

The flow cytometry data were analyzed with the FlowJo software
(Tree Star, Inc.). A student’s t-test with SPSS17 was used to analyze cell
counts and cell viability, and the value was presented with mean with
standard deviation. P＜ 0.05 indicated a statistically significant dif-
ference.

3. Results

3.1. The immunosuppressive function of Treg cells in vitro

During the first attempt to expand the Treg cells in vitro, we took

advantage of the magnetic selection system, and more than 80% of the
isolated Treg cells were phenotypic CD4+CD25+ cells, according to our
flow cytometry analysis (Fig. 1A). In order to test the functions of these
cells, we co-cultured Treg cells with Tneg (CD4+CD25−) cells for 4
days. The proliferation of Tneg cells was suppressed when mixed with
Treg cells (Fig. 1B and C), indicating that the freshly isolated Treg cells
were able to suppress the proliferation of the same allogeneic Tneg
cells.

3.2. The immunomodulatory effects of TCDD on the differentiation of CD4
helper T cells (Th)

The viability of CD4 helper T cells was not significantly different

Fig. 2. The immunomodulatory effects of TCDD on the differentiation of CD4 helper T cell (Th). A) Cell viability of isolated mouse spleen Th cell exposed to TCDD
after 3 days. There were no significant differences among groups initially, however, decreased cell viability was found in every group after 3 days of exposure. B) The
effects of TCDD on the differentiation of Th were determined by multicolor flow cytometry after 4 days of exposure. Both the low dose exposure (20 nM) and the high
dose exposure (200 nM) down regulated Th1 and Th17. The low dose exposure to TCDD (20 nM) had a significant immunosuppressive effect on the inflammatory
effector Th cells. C) Cell counts from treatment and control groups at the end of the culture following treatment with different concentrations of TCDD.
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from the control group and TCDD treatment groups (at 4 nM, 20 nM,
and 40 nM); however, a decrease of cell viability was found as the time
went on in both the lower concentration treatment and control groups
(Fig. 2A). These results indicated that the primary CD4 T cell viability
was impacted by the environment stimuli in the culture primary cells.
To verify the hypothesis, we added T cell growth factors, e.g., IL-2 and
Concanavalin A (ConA) in the RPMI1640, to further culture primary
CD4 T cell for 72 h. Our results showed that the viability of CD T cell
was improved in the new cell culture medium (SI 2. Fig. 2).

The effects of TCDD on the differentiation of Th cells were de-
termined by multicolor flow cytometry after 4 days of exposure. Both

the low and high dose exposure (20 nM and 200 nM, respectively)
down-regulated the structure of the main inflammation effector Th cell
subsets, especially Th1 and Th17 cells when compared to the DMSO and
medium control. The results also showed that the low dose exposure to
TCDD (20 nM) had a significant immunosuppression effect on the dif-
ferentiation of inflammatory effector Th cells. Though the high dose
exposure of TCDD (200 nM) didn’t further augment the down-regula-
tion effect on these pro-inflammatory cells, a moderate decrease of Treg
cell was observed after 4 days culture in vitro, compared with the T1
(20 nM) group (Fig. 2B, SI 3. Table 1).

Cell viability analysis also showed the cytotoxicity of TCDD and a

Fig. 3. The immunoregulatory effects of TCDD on the whole mixed spleen lymphocyte. A) The effects of TCDD on the differentiation of Th were determined by
multicolor flow cytometry after 4 days exposure. Both the low dose TCDD (20 nM) and the high dose (200 nM) exposure decreased differentiation of Th cells in not
only the inflammatory Th cell subsets (Th1, Th2, and Th17), but also the Treg cell. B) Cell counts from treatment and control groups at the end of the culture. There
was no dose-response relationship between the total cell survival and the dose level of TCDD exposure. C) The expression of the characteristic transcription factors, T-
bet for Th1, GATA3 for Th2, RORγt for Th17, and FoxP3 for Treg, in the mixed SLC. The expression of the characteristic transcription factors of Th1, Th2, and Th17
were not changed significantly after 4 days TCDD exposure both for the low dose and high dose treatment group. The FoxP3 expression was increased over 10 times,
which meant the increased proliferation of Treg cell in the TCDD treatment groups.
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dose-response relationship. As shown in Fig. 2C, the high level exposure
of TCDD significantly decreased the survival of Th cells after 4 days of
culture.

3.3. The immunoregulatory effects of TCDD on the whole mixed spleen
lymphocytes

We further investigated the immune regulation effect of TCDD on
the whole mixed spleen lymphocytes in SLC culture system. Our results
showed that TCDD treatment inhibited the polarization of CD4 T cell
toward the pro-inflammatory effector Th cell subsets after 4 days when
compared to the medium control. At the same time, an apparent dose-
response relationship between the TCDD exposure level and the im-
mune suppression effect was found for all the effector Th cells except
the Treg cell (Fig. 3A. SI 3. Table 2). There was no dose-response re-
lationship between the total cell survival and the dose level of TCDD
exposure (Fig. 3B). In addition, the expression of the characteristic
transcription factors of Th1, Th2, and Th17 were not changed sig-
nificantly after 4 days of TCDD exposure for both the low dose and high
dose treatments when compared with the control (Fig. 3C). However,
we found that the FoxP3 expression was increased over 10 times, which
might suggest higher proliferation rate of Treg cell in the TCDD treat-
ment groups (Fig. 3C).

3.4. TCDD-mediated immune modulation effects on the differentiation of
Tneg cell

A difference of polarization of CD4 T cell in the Tneg cell culture
system was observed, as compared with our previous study of whole
CD4 Th cells and mixed SLCs (Fig. 4A). The results showed that low
dose exposure of TCDD (20 nM) significantly increased Th1 and Th2
polarization but slightly decreased Th17 polarization (Fig. 4A). The
exposure to the high level of TCDD also significantly increased the Th1
cell proportion when compared to the control groups. However, com-
pared to the low dose group, the differentiation of Th1 was decreased
while both the Th2 and Th17 populations were slightly increased in
high dose group when compared to that in the low dose group.

TCDD exposure exhibited a significant induction effect on TGF-β
production in the mixed SLC culture system, and there was also a dose-
response effect (Fig. 4B). However, we didn’t find such dose-response
effect in the isolated CD4+ T lymphocytes. High dose exposure of TCDD
(200 nM in the system) attenuated the increase of TGF-β levels caused
by low dose treatment in isolated CD4+ T lymphocytes (Fig. 4C).

3.5. AhR signaling pathway might be involved in modulating the
differentiation of CD4+ helper T cell subsets and required in the process of
immune regulation induced by TCDD

It has been shown that the activation of AhR is involved in the
differentiation of Th17 cells, which plays an important role in natural
immunogenicity (Nguyen et al., 2010; Quintana et al., 2008).

Fig. 4. TCDD-mediated immunomodulatory effects on the differentiation of Tneg cell. A) TCDD effects on the differentiation of Tneg cells. The low dose exposure of
TCDD (20 nM) significantly increased differentiation of Th1 and Th2 but decreased Th17 slightly. High dose level of TCDD exposure significantly decreased the Th1
cell proportion and back to the control level, while slightly increased the Th2 and Th17. B) TGF-β production in different treatment groups of mixed SLC. C) TGF-β
production in different treatment groups of purified spleen CD4 Th cells.
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Transgenic AhR-deficient mice and its littermate control (the AhR+/+

mice) were used for the CD4+ Th cell isolation and detection of the
constitutional differentiation in their subsets. The results of flow cyto-
metry demonstrated that the AhR knockout mice had a significant de-
crease in the proportion of Th2 cell among the spleen CD4+ Th cells,
while the proportion of Th17 and Th1 was slightly increased and de-
creased, respectively, when compared with the littermate wild type
control. We also found a significant decrease of constitutional differ-
entiation of Treg cells in the AhR knockout mice treatment (Fig. 5. SI 3.
Table 3). Thus, the absence or functional deletion of AhR might sig-
nificantly impair the differentiation of CD4+ helper T cells.

4. Discussion

Previous studies suggested that TCDD had a potential immune
suppressive effect, which resulted in decreased inflammatory effector
Th cells, and finally alleviated systemic lupus erythematous (SLE)
progression (Li and McMurray, 2009). In our present study, we found
that a low dose exposure of TCDD (20 nM) contributed to a decrease in
not only the inflammatory effector Th cells including the Th1, Th2, and
Th17, but also the Treg cell. However, a high dose level of TCDD
(200 nM) does not further affect these cells. On the contrary, high dose
exposure of TCDD slightly increased their proportion, except for the
Treg cell. Thus, our results suggest that the immunomodulatory effect
of TCDD has a complex and non-linear dose-response relationship. A
low dose TCDD contributes to the suppression of immune response, or
promotes the immune tolerance to inflammatory autoimmune diseases
that are caused by inflammatory effector Th cells. We also found that
the high dose exposure of TCDD (200 nM) further decreases the FoxP3-
expressing Treg cell when compared with the low dose (20 nM)

treatment. The results suggested that TCDD at high doses more likely
targets Treg cell, accelerating the progression of inflammatory auto-
immune diseases. Moreover, the high dose exposure of TCDD might
increase the susceptibility to exogenous chemicals-induced in-
flammatory diseases in animals. The cell viability test analysis further
confirmed that the cytotoxicity of TCDD might have a threshold which
was not more than 200 nM.

The results of TCDD effects on the differentiation of CD4+ Th cell
subsets in the whole mixed SLC culture system showed that both the
low dose and the high dose of TCDD exposure decreased the proportion
of CD4+ Th cell, especially for the Th1 and Treg cells, which was si-
milar to what we got in the purified CD4+ T cells system above. The
gene expression of the characteristic transcription factors of each subset
(T-bet for Th1, GATA for Th2, RORγt for Th17, and FoxP3 for Treg cell)
didn’t show a significant decrease, except a significant increased ex-
pression of FoxP3, which usually suggested an activation of Treg. The
gene expression results were not consistent with our immune-pheno-
typing results. The functional diversity depends on the development
stage, the diversity of ligand type or structure, the cell or tissue types
involved, the microenvironment of the study system, and the dose level
of the test articles. Therefore, both the complex interactions mediated
by multiple cytokines among the immune cells and the diversity of
immune cell in such mixed culture system may contribute to the dif-
ference. Considering the important role of AhR signaling pathway in
mediating TCDD biological effects, TCDD competition among immune
cells within the microenvironment might be an influencing factor for
the difference between the immune-phenotyping results and gene ex-
pression. Our results indicate the essential role of AhR for the devel-
opment of a functional immune system is inconsistent with the acti-
vation or suppression of AhR leading to profound immunosuppression

Fig. 5. Evaluation of AhR signaling pathway in modulating the differentiation of CD4+ helper T cell subsets and in the process of immune regulation induced by
TCDD. The AhR knockout mice had a significant decrease in the proportion of Th2 cell among the spleen CD4+ Th cells, while the proportion of Th17 and Th1 was
slightly increased and decreased, respectively, when compared with the littermate wild type control (WT: wild type control, Ko: AhR knockout mice).
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(Esser, 2009a,b; Gogal and Holladay, 2008; Kerkvliet, 2012; Quintana
et al., 2008, 2010).

Our results show that the low dose TCDD exposure significantly
increased the Th1, while decreaseing the proportion of Th2 and Th17
subsets. Inflammation or autoimmune diseases mediated by Th1 might
be dominant in a circumstance of functional deletion of Treg cell. The
relative high dose TCDD exposure, however, decreased the proportion
of Th1, while increasing the proportion of Th2 and Th17 cells. These
results suggested a more frequent conversion among different cell
subsets. Peripheral immune tolerance and homeostasis are dynamically
maintained by functional differentiation within the FoxP3-expressing
population, the occasional conversion between Treg and non-Treg cells,
and the interactions among them. The absence of Treg cells contributed
to a decrease in Th cells sensitivity to TCDD induced immune sup-
pression effects. Treg cells play an important role not only in the im-
mune regulation, but also in cytotoxicity processes induced by TCDD in
a dose-dependent manner. TGF-β has functions in the immunoregula-
tion, proliferation, differentiation, and the development of Treg cell
(Chen et al., 2003; Fantini et al., 2006). TCDD showed different impacts
on the TGF-β production in the two different test systems (the mixed
SLC and the purified spleen CD4 Th cells). The TGF-β content and the
proportion of Treg cell were inconsistent in each respective test system.
Further studies on the role of potent immune cytokines are necessary.

Our investigation of the structure of Th cell subsets of AhR-deficient
mice demonstrated a difference from the wild type control. Moreover,
considering the important role of AhR signaling in mediating the bio-
logical effects of dioxin-like materials (Benson and Shepherd, 2011;
Kerkvliet, 2012; Quintana, 2013), we showed that the AhR signaling
pathway played an important role in modulating the CD4 Th cell sub-
sets constitutional differentiation. AhR might be required in the process
of different immune modulation effect induced by TCDD. Previous in-
vivo studies have showed that TCDD activated-AhR signaling pathways
affect the immune response, especially that mediated by the CD4 Th cell
subsets, through either inducing differentiation of functional Treg cells,
while inhibiting the differentiation of Th17 cell at the same time
(Quintana et al., 2008), or decreasing the proinflammatory cytokine
levels (such as IL6, IL-12, IFN-r and TNF-a) and inducing the differ-
entiation of Treg cell (Benson and Shepherd, 2011). These processes
together contributed to suppressed experimental autoimmune diseases
in a mouse model. The results showed that TCDD triggered the con-
version of approximately 13% of the CD4 Th cells in culture CD4 Treg
cells, which suggested a suppressive activity similar to that of Treg cells
induced in vitro with TGF-β or natural CD4 Treg cells isolated from mice
(Quintana et al., 2008). These findings provided a new insight into
immune effects and potential mechanisms involved with dioxin-like
materials.

5. Conclusions

Our study provides evidence that TCDD affects CD4 Th cell-medi-
ated immune homeostasis with strong dependency on dose and mi-
croenvironment. Exposure to the low doses of TCDD contributes to
decreased proportions of inflammatory effector Th cells, while the high
dose exposure lead to decreased proportions of Treg cells, which may
promote an aberrant immune response. The absence of Treg cells de-
creases the immune regulation effects but increases the immune toxicity
effects. Moreover, our study suggests that TCDD affects Th cell subsets
differentiation and maturation processes in purified splenic CD4 cells as
well as in mixed SLC. Our findings contribute to the understanding of
how TCDD impacts immune modulation and immune toxicity, which is
the key for the development and clinical application of therapeutic
agents.
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