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Functional Characterization and Gene Expression Analysis of
CD4ⴙCD25ⴙ Regulatory T Cells Generated in Mice Treated
with 2,3,7,8-Tetrachlorodibenzo-p-Dioxin1
Nikki B. Marshall,* William R. Vorachek,† Linda B. Steppan,† Dan V. Mourich,*
and Nancy I. Kerkvliet2†‡
Although the effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) are mediated through binding and activation of the aryl
hydrocarbon receptor (AhR), the subsequent biochemical and molecular changes that confer immune suppression are not well
understood. Mice exposed to TCDD during an acute B6-into-B6D2F1 graft-vs-host response do not develop disease, and recently
this has been shown to correlate with the generation of CD4ⴙ T cells that express CD25 and demonstrate in vitro suppressive
function. The purpose of this study was to further characterize these CD4ⴙ cells (TCDD-CD4ⴙ cells) by comparing and contrasting them with both natural regulatory CD4ⴙ T cells (T-regs) and vehicle-treated cells. Cellular anergy, suppressive functions,
and cytokine production were examined. We found that TCDD-CD4ⴙ cells actively proliferate in response to various stimuli but
suppress IL-2 production and the proliferation of effector T cells. Like natural T-regs, TCDD-CD4ⴙ cells do not produce IL-2 and
their suppressive function is contact dependent but abrogated by costimulation through glucocorticoid-induced TNFR (GITR).
TCDD-CD4ⴙ cells also secrete significant amounts of IL-10 in response to both polyclonal and alloantigen stimuli. Several genes
were significantly up-regulated in TCDD-CD4ⴙ cells including TGF-␤3, Blimp-1, and granzyme B, as well as genes associated with
the IL12-Rb2 signaling pathway. TCDD-CD4ⴙ cells demonstrated an increased responsiveness to IL-12 as indicated by the
phosphorylation levels of STAT4. Only 2% of TCDD-CD4ⴙ cells express Foxp3, suggesting that the AhR does not rely on Foxp3
for suppressive activity. The generation of CD4ⴙ cells with regulatory function mediated through activation of the AhR by TCDD
may represent a novel pathway for the induction of T-regs. The Journal of Immunology, 2008, 181: 2382–2391.

T

he 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)3 is a
widespread environmental contaminant that induces profound immune suppression in mice. Although the immunosuppressive effects of TCDD are mediated through binding and
activation of the aryl hydrocarbon receptor (AhR) (1, 2), the subsequent biochemical and molecular changes that confer suppression are still not well elucidated. After binding TCDD, the AhR
translocates to the nucleus where it dimerizes with the AhR nuclear translocator (ARNT). This basic helix-loop-helix PERARNT-SIM ligand-activated transcription factor can then bind
core consensus sequences of DNA (5⬘-GCGTG-3⬘) known as dioxin-responsive elements to cause specific changes in gene expression (3, 4). Dioxin-responsive elements have been identified in the
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promoter regions of several genes important for cell activation,
proliferation, and differentiation (5, 6). In 2002, Kerkvliet et al.
demonstrated that T cells are direct AhR-dependent targets of
TCDD (7), and yet the implications of AhR activation during the
process of effector T cell differentiation are not clear, with anergy,
deletion, and/or induction of regulatory T cells suggested in recent
reports (8 –13).
Regulatory T cells (T-regs) are a subset of T cells with immunosuppressive capabilities. Although the concept of suppressor T
cells was described as far back as the early 1970s (14), the naturally occurring CD4⫹CD25⫹ T-regs were not described until the
mid-1990s (15). Subsequently, it was identified that natural T-regs
express Foxp3, a transcription factor required for their development and regulatory function (16, 17). Additional populations of
adaptive regulatory T cells with distinct markers and activity have
also since been described, including inducible CD4⫹CD25⫹ Tregs (18, 19), CD4⫹CD25⫺Foxp3⫺ T-regs (20, 21), TGF-␤-induced CD4⫹ T-regs (22, 23), IL-10-induced CD4⫹ T-regs (Tr1)
(24, 25), and CD8⫹CD28⫺Foxp3⫹ cells (26). The ability of immunosuppressive agents to induce T-regs has also been previously
demonstrated. For example, the combination of vitamin D3 and
dexamethasone has been shown to induce IL-10-secreting T-regs
in culture (27, 28). Rapamycin has been shown to cause de novo
induction and maintenance of T-regs in culture (29) and to generate IL-10-secreting donor T cells in a lymphohematopoietic graftvs-host (GVH) model (30).
Our previous studies have shown that TCDD suppresses the
CD4⫹ T cell-dependent CD8⫹ CTL response in a C57BL/6 (B6)into-B6D2F1 (F1) acute GVH response mouse model. In this
model, the presence of AhR in both grafted CD4⫹ and CD8⫹ T
cells is necessary for the full suppression of CTL in TCDD-treated
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mice (7). The alloreactive donor-derived CD4⫹ T cell population
in TCDD-treated mice (TCDD-CD4⫹ cells) consists primarily of
proliferating CD25⫹ cells that co-express CTLA-4 and glucocorticoid-induced TNFR (GITR) at 48 h after adoptive transfer (9).
Furthermore, TCDD-CD4⫹ cells share some functional characteristics with regulatory T cells, including the ability to potently suppress the proliferation of anti-CD3 Ab-stimulated naive CD4⫹ T
cells in culture, and a lack of proliferation in response to anti-CD3
Ab stimulation (9).
The studies presented in this article provide an ex vivo characterization of TCDD-CD4⫹ cells, including direct comparisons
with natural T-regs. The purpose was to identify effector mechanisms as well as changes in gene and protein expression that help
to explain the function and/or generation of TCDD-CD4⫹ cells.
TCDD-CD4⫹ cells share several characteristics with natural Tregs but exhibit unique properties, including the ability to retain
suppressive function in culture during proliferation. TCDD-CD4⫹
cells produce significant amounts of IL-10 in response to polyclonal and alloantigen stimuli and express elevated levels of several gene transcripts, including TGF-␤3, Blimp-1, granzyme B, and
IL-12Rb2. Little is known about the effects of TCDD on regulatory
T cells and whether the induction of T-regs is one of the mechanisms by which TCDD suppresses the immune system. Activated
AhR may act as an alternative to Foxp3 during activation-induced differentiation of naive T cells to produce T-regs in
TCDD-treated mice.

Materials and Methods
Mice
B6 and F1 mice were purchased from The Jackson Laboratory; B6.PLThy1a/CyJ (Thy1.1⫹; originally purchased from The Jackson Laboratory)
were maintained as a breeding colony on-site. All animals were kept in a
pathogen-free animal facility at Oregon State University (Corvallis, OR)
and treated according to animal use protocols approved by the Institutional
Animal Care and Use Committee at Oregon State University.

TCDD preparation and treatment
TCDD (99% purity; Cambridge Isotope Laboratories) was dissolved in
anisole (J. T. Baker) and diluted in peanut oil. The anisole/peanut oil solution alone served as vehicle control. Host F1 mice were dosed with 15
g/kg TCDD or with vehicle control by oral gavage within 24 h before the
adoptive transfer of splenic Thy1.1⫹ donor T cells.

Preparation and injection of Thy1.1⫹ donor T cells
Splenocyte suspensions were prepared by dissociation of spleens between
frosted microscope slides in HBSS containing 2.5% FBS, 50 g/ml gentamicin, and 20 mM HEPES followed by a 10-s water lysis of RBC. T cells
(CD4⫹ and CD8⫹) were isolated from pooled splenocytes using a Pan T
cell isolation kit and an autoMACS separator (Miltenyi Biotec) to ⬎90%
purity. In some experiments the cells were labeled with 2 M CFSE (Molecular Probes) before adoptive transfer. Sex-matched F1 host mice were
injected i.v. via the tail vein with 2 ⫻ 107 B6 donor T cells. Host spleens
were then harvested 48 h after the transfer.

Purification of Thy1.1⫹ donor CD4⫹ T cells during GVH
response
Donor Thy1.1⫹ CD4⫹ cells were isolated from F1 host splenocytes using
a combination of panning and magnetic sorting methods. In this procedure,
pooled splenocyte suspensions were isolated on the second day of the GvH
response from vehicle or TCDD-treated host mice and resuspended in
HBSS containing 10% FBS, 50 g/ml gentamicin, and 20 mM HEPES.
The cells were added to non tissue culture treated petri plates coated with
anti-mouse IgG (Jackson ImmunoResearch Laboratories) and then incubated (4°C) to allow B cells to adhere. The remaining cell suspensions were
transferred to new petri plates coated with anti-mouse IgG and anti-CD8a
and incubated (4°C) to allow CD8⫹ cells and additional B cells to adhere.
Next, the remaining suspended cells were stained with PE-labeled antimouse Thy1.1 (clone OX-7; BD Pharmingen) and sorted with anti-PE microbeads on an autoMACS separator (Miltenyi Biotec). The purified cells
(⬎80% CD4⫹Thy1.1⫹) are designated as VEH-CD4⫹ cells or TCDD-
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CD4⫹ cells from vehicle- and TCDD-treated hosts, respectively. In some
experiments, the dividing VEH-CD4⫹ cells and TCDD-CD4⫹ cells were
identified by CFSE dilution and were sorted from pooled host spleens using
a MoFlo cell sorter to ⬎95% purity.

Splenocyte cultures
Splenocytes were cultured in RPMI 1640 medium containing 10% FBS, 50
g/ml gentamicin, and 50 M 2-ME (cRPMI). For suppression assay cultures, naive B6 splenocytes were fractionated using a mouse CD4⫹CD25⫹
regulatory T cell isolation kit and an autoMACS separator (Miltenyi Biotec). Isolated fractions included CD4⫹CD25⫹ natural T-regs, CD4⫹
CD25⫺ responders that were labeled with CFSE (2 M; Molecular
Probes), and T cell-depleted accessory cells that were either gamma irradiated (3 kilorad) or mitomycin C treated (50 g/ml) before culture. Naive
CD4⫹CD25⫹ natural T-regs or donor CD4⫹ cells isolated from TCDD- or
vehicle-treated F1 mice 48 h after adoptive transfer of donor T cells were
titrated into culture (1:1 to 1:16 suppressor to responder ratio) with 2 ⫻ 105
responder CD4⫹ T cells, 1 ⫻ 105 accessory cells (ACs), and 0.25 g/ml
soluble anti-CD3 Ab (BD Biosciences) in cRPMI. Cells and supernatants
were harvested 72 h later and dilution of CFSE in responder cells was
measured by flow cytometry.
To some cultures containing purified donor Thy1.1⫹ CD4⫹ cells, exogenous rIL-2 (IL-2, eBioscience), IL-12 (eBioscience), or plate-bound
anti-CD3 Ab was added as indicated. IL-2, IL-17A (eBioscience), TGF-␤1
(Anogen), and TGF-␤3 (R&D Systems) were measured in supernatants by
ELISA as per the manufacturer’s instructions. IL-10, IL-4, and IFN-␥ were
measured with FlowCytomix Simplex kits (Bender MedSystems) according to the manufacturer’s instructions on a Beckman Coulter FC-500 flow
cytometer. Abs added to neutralize or ligate molecules in the assay included anti-mouse IL-10 (clone JES5-2A5; BD Pharmingen), anti-mouse
GITR (clone DTA-1; eBioscience), and purified rat IgG2a (eBioscience) as
isotype control. Recombinant soluble mouse TGF-␤RII/mouse Fc (R&D
Systems) was added to bind and sequester TGF-␤1 and TGF-␤3.
To determine requirements for cell contact, a Corning HTS Transwell-96 tissue culture system with a 0.4-m polycarbonate membrane was
used to separate cultures containing TCDD-CD4⫹ cells (or natural T-regs)
(2.5 ⫻ 104) with ACs (5 ⫻ 104) (top insert) from CFSE-labeled CD4⫹
responders (5 ⫻ 104) and ACs (5 ⫻ 104) (bottom insert) in cRPMI containing 0.5 g/ml soluble anti-CD3 Ab.

Dendritic cell isolation and cultures
F1 dendritic cells (DCs) were derived from bone marrow cells flushed from
tibias with a 25-gauge needle containing HBSS medium with 2.5% FBS
and 50 g/ml gentamicin. Cells were dissociated through a 100-m nylon
mesh cell strainer and cultured in non-tissue culture-treated 100 ⫻ 15-mm
petri dishes in cRPMI containing 15 ng/ml GM-CSF (eBioscience). After
3 days of culture, floating and loosely adherent cells were collected and
recultured in fresh cRPMI supplemented with GM-CSF for an additional 7
days of culture. The DCs were then used within an additional 14 days.
Removal of adherent DCs was achieved by a 15-min incubation (4°C) with
5 mM EDTA followed by gentle-trituration. Maturation of DCs was
achieved by incubation with 500 ng/ml LPS (Escherichia coli 0111:B4,
Sigma) for 24 h.

Flow cytometry
Splenocytes were washed and stained on ice in Dulbecco’s PBS containing
1% BSA and 0.1% sodium azide. Cells were first incubated with rat IgG
(Jackson ImmunoResearch Laboratories) for Fc receptor blocking and then
stained with optimal concentrations of different combinations of antimouse mAbs including biotinylated-Thy1.1 (clone OX-7), allophycocyanin-Cy7-CD4 (clone GK1.5), PE-CD25 (clone PC61), or allophycocyaninCD25 (clone PC61) from BD Biosciences. Foxp3 (clone FJK-16s) was
measured using a PE anti-mouse/rat Foxp3 staining kit (eBioscience).
STAT4 was measured using BD Phosflow reagents including mouse PESTAT4 (clone 38/p-Stat4) as per the manufacturer’s instructions. Samples
lacking one of the individual stains (called fluorescence minus one) or Ab
isotypes were used as staining controls. Viability of unfixed cells was measured with 7-aminoactinomycin D (Calbiochem) or ethidium monoazide
(Sigma-Aldrich) for fixed cells. A minimum of 5,000 donor CD4⫹ events
or ⬎10,000 nondonor events were collected per sample on a Beckman
Coulter FC-500 flow cytometer. Data analysis and software compensation
were performed using WinList (Verity Software).

Real-time RT-PCR
IL-2 mRNA levels were measured in cultured cells using the RNAqueous-4
PCR kit (Ambion) followed by cDNA synthesis. PCRs were conducted
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FIGURE 1. The frequency of Foxp3⫹ donor
CD4⫹ cells is decreased in mice exposed to TCDD
during acute GVH response. A, Using flow cytometry, B6 donor CD4⫹ cells were identified in vehicle- or TCDD-treated F1 host mice at 48 h after
adoptive transfer by their expression of the congenic
marker Thy 1.1, from which Foxp3, and/or CD25
were measured. B and C, The percentage of
Thy1.1⫹ CD4⫹ cells (B) and percentage of
Thy1.1⫹CD4⫹ CD25⫹ cells (C) expressing Foxp3
is shown. These data are representative of two separate experiments (n ⫽ 3 mice per treatment group).
Asterisks indicate statistically significant difference
in the percent of Foxp3⫹ cells compared with vehicle control (t test; ⴱ, p ⬍ 0.05; ⴱⴱⴱ, p ⬍ 0.0005).

using the SuperScript III Platinum two-step quantitative RT-PCR kit (Invitrogen). The following are the sequences of the IL-2-specific and 18S
ribosomal subunit-specific (31) primers and probes used; IL-2: 5⬘-CCTG
AGCAGGATGGAGAATTACA-3⬘ (forward), 5⬘-TCCAGAACATGCCG
CAGAG-3⬘ (reverse) (BioSource International), and 5⬘-FAM-CCCAAG
CAGGCCACAGAATTGAAAG-BHQ1-3⬘ (probe) (Integrated DNA
Technologies); 18S ribosomal subunit: 5⬘-CTTTGGTCGCTCGCTCCT
C-3⬘ (forward), 5⬘-CTGACCGGGTTGGTTTTGAT-3⬘ (reverse), and 5⬘FAM-TGCCGACGGGCGCTGACC-BHQ1–3⬘ (probe) (BioSource International). The real-time PCR protocol was one cycle at 50°C for 2 min, 1
cycle at 95°C for 2 min, and then 40 cycles at 95°C for 20 s and 61°C for
1 min. RT-PCRs were performed using a Bio-Rad iCycler instrument.
mRNA levels of other genes were measured by semiquantitative RTPCR (qPCR) in VEH-CD4⫹ cells or TCDD-CD4⫹ cells (n ⫽ 3; two pooled
mice per n; ⬎90% Thy1.1⫹ purity) using the RNeasy mini kit and SuperArray ReactionReady first strand cDNA synthesis kit (Qiagen). PCRs were
performed with RT2 real-time SYBR Green/ROX master mix (SuperArray
Bioscience) including gene-specific primers, and normalized for ␤-actin
expression. Reactions were performed on an Applied Biosystems 7500
sequence detection instrument using the following protocol: one cycle at
95° for 10 min and then 40 cycles at 95° for 15 s and 60° for 1 min
followed by a denaturation step. Results were analyzed using ABI 7500
system software. The same VEH-CD4⫹ and TCDD-CD4⫹ cDNA samples
were also used to measure the expression of 84 genes associated with T cell
differentiation using a RT2 Profile mouse Th1-Th2-Th3 PCR array (SuperArray BioScience). The assay and data analysis were conducted as per the
manufacturer’s instructions.

expressed at a low frequency in both TCDD-CD4⫹ cells and VEHCD4⫹ cells (2–3% of cells), and significantly fewer TCDDCD4⫹ cells expressed Foxp3 (2.2% ⫾ 0.15) than VEH-CD4⫹
cells (2.7% ⫾ 0.1; p ⬍ 0.05). When the coexpression of CD25 and
Foxp3 was examined, only 9% of the CD25⫹ TCDD-CD4⫹ cells
expressed Foxp3 compared with 21% of the CD25⫹ VEH-CD4⫹
cells (Fig. 1C). Furthermore, the Foxp3⫹ cells present in the
TCDD-CD4⫹ population were not among those actively proliferating in response to alloantigen according to CFSE dilution (data
not shown), suggesting that they represent residual natural T-regs
present in the donor inoculum at the time of adoptive transfer. These
data suggest that TCDD does not induce de novo generation of
Foxp3⫹ CD4⫹ cells or expand the existing population. This is further
supported by the finding that depleting CD25⫹ cells from the donor
cell inoculum before transfer into hosts does not influence the effects
of TCDD on TCDD-CD4⫹ cells (9). Foxp3 protein expression was
also measured in F1 host CD4⫹ T cells and the percentages that
were Foxp3⫹ were not different between TCDD-treated (13.1% ⫾
0.4) and vehicle-treated mice (14.0% ⫾ 0.7).

Statistical analyses

Another important feature of natural T-regs is their lack of IL-2
production despite high CD25 expression. To determine whether
this feature was shared by TCDD-CD4⫹ cells, soluble IL-2 protein
was measured in the supernatants of anti-CD3 Ab-stimulated naive
CD4⫹ T cells, TCDD-CD4⫹ cells, or natural T-regs at 24, 48, and
72 h. The highest levels of IL-2 were found at 48 h, at which time
the supernatants from anti-CD3 Ab-stimulated naive CD4⫹ T cells
contained 766 ⫾ 34.9 pg/ml IL-2, compared with 19.6 ⫾ 7.5 pg/ml
and 8.9 ⫾ 0.8 pg/ml IL-2 in TCDD-CD4⫹ and natural T-reg supernatants, respectively (Fig. 2A). We suspected that the low levels
of IL-2 in TCDD-CD4⫹ and natural T-reg supernatants came from
small numbers of contaminating effector CD4⫹ T cells still present
in the magnetically sort-purified populations. Hence, IL-2 was further examined at the mRNA level early in culture (14 h) by qRTPCR for the same purified populations of T cells. IL-2 was detected
in RNA isolated from anti-CD3 Ab-stimulated CD4⫹ T cells but
was below detectable levels in RNA isolated from stimulated
TCDD-CD4⫹ cells and natural T-regs, suggesting that, like natural
T-regs, TCDD-CD4⫹ cells do not produce significant amounts
of IL-2.

Results are presented as the mean ⫾ SEM for individual mouse and/or
culture well replicates as indicated. Unpaired t tests were performed using
GraphPad Prism and GraphPad software where p ⬍ 0.05 (ⴱ), p ⬍ 0.005
(ⴱⴱ), and p ⬍ 0.0005 (ⴱⴱⴱ) indicate statistical significance.

Results

TCDD does not induce Foxp3⫹ cells during an acute GVH
response
Foxp3, a Forkhead/winged helix transcription factor, is expressed
by natural CD4⫹CD25⫹ T-regs and is necessary for their development and suppressive function (32). Because donor CD4⫹ cells
express a CD25high phenotype during the second day of the B6into-F1 acute GVH response in TCDD-treated F1 host mice and
demonstrate suppressive function in vitro (9), it was important to
determine whether these cells also express Foxp3. B6 donor T cells
were identified in spleens from F1 hosts treated with TCDD
(TCDD-CD4⫹) or vehicle control (VEH-CD4⫹) by their expressions of the congenic marker Thy1.1, from which Foxp3, and
CD25 were measured (Fig. 1A). As shown in Fig. 1B, Foxp3 was

TCDD-CD4⫹ cells do not produce IL-2 and suppress IL-2
production by responder T cells
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FIGURE 2. TCDD-CD4⫹ cells suppress IL-2 production by responder CD4⫹ T cells. A, IL-2 protein levels were measured by ELISA in supernatants
from cultures containing anti-CD3 Ab and irradiated ACs cocultured with either naive CD4⫹ cells, natural T-regs, or magnetically sorted TCDD-CD4⫹
cells at 24, 48, and 72 h (triplicates). B, IL-2 was measured in suppression assay supernatants harvested at 24 h containing naive CD4⫹ responder cells
alone or cocultured with either natural T-regs or TCDD-CD4⫹ cells titrated in at 1:1 to 1:8 suppressor to responder ratios. C, The relative expression of
IL-2 was determined by qRT-PCR (normalized for 18S ribosomal subunit expression) in cells harvested from a suppression assay at 14 h including naive
CD4⫹ responders cultured alone or cocultured with TCDD-CD4⫹ cells or natural T-regs at 1:1 to 1:4 suppressor to responder ratios.

In studies performed to measure suppressive function, TCDDCD4⫹ cells were titrated into a suppression assay culture consisting of naive CD4⫹CD25⫺ responder cells labeled with CFSE, soluble anti-CD3 Ab, and mitomycin C-treated or gamma-irradiated
accessory cells. The dynamics of IL-2 expression in this assay
were examined to determine whether the suppressed proliferation
of responder T cells in the presence of TCDD-CD4⫹ cells was due
to a lack of IL-2 in culture. As shown in Fig. 2B, an inverse relationship existed between increasing levels of IL-2 in the supernatants and decreasing numbers of TCDD-CD4⫹ cells (and natural
T-regs) in the culture. To determine whether TCDD-CD4⫹ cells
were sequestering or depleting IL-2 due to the high levels of CD25
being expressed, exogenous IL-2 was added to cultures containing
only TCDD-CD4⫹ cells, natural CD25⫹CD4⫹ T-regs, or no cells
(to control for degradation of IL-2 in culture over time), and then
IL-2 levels were measured in the supernatants by ELISA 72 h later.
We found that cultures containing TCDD-CD4⫹ cells had at least
as much remaining soluble IL-2 (411 ⫾ 19.9 pg/ml) as those containing no cells (362.8 ⫾ 0.36 pg/ml). In comparison, natural Tregs consumed almost half of the IL-2 (218 ⫾ 1.3 pg/ml) over the
72-h period.
To determine whether IL-2 production by naive CD4⫹ responders was suppressed in the presence of TCDD-CD4⫹ cells, IL-2
mRNA transcript levels were measured at 14 h in suppression
assay cultures containing titrated numbers of TCDD-CD4⫹ cells
or natural T-regs. As shown in Fig. 2C, compared with naive
CD4⫹ T cells, IL-2 transcript levels were reduced ⬎90% in the

presence of natural T-regs and barely detectable in the presence of
TCDD-CD4⫹ cells. Taken together, these data show TCDD-CD4⫹
cells produce little IL-2, do not sequester or deplete the culture of
IL-2, and suppress early IL-2 production by CD4⫹ responders at
the level of transcription. These findings, in part, account for the
reduced proliferation of CD4⫹ responders cocultured with TCDDCD4⫹ cells.
TCDD-CD4⫹ cells are not anergic to stimuli in culture
Previous studies have shown that TCDD-CD4⫹ cells are anergic in
culture in response to anti-CD3 Ab stimulation without the addition of exogenous IL-2 (9). Unexpectedly however, more recent
studies using CFSE dilution to measure proliferation show that
TCDD-CD4⫹ cells continue to proliferate in culture in the presence of various stimuli. Specifically, at the time the donor cells
were harvested from the host mice (48 h into the GvH response),
the majority had undergone 2– 4 divisions, but after 40 h of additional culturing with anti-CD3 Ab or IL-2, the majority of cells had
undergone 6 –9 divisions (Fig. 3A). The previous studies of
TCDD-CD4⫹ anergy measured [3H]TdR incorporation after 72 h
of anti-CD3 Ab stimulation (9). We found, however, that the viability of TCDD-CD4⫹ cells (and VEH-CD4⫹ cells) stimulated
with anti-CD3 Ab can drop to ⬍20% after 72 h, which may explain the original findings. Thus, in the suppression assay that included anti-CD3 Ab as the stimulus, TCDD-CD4⫹ cells continue

FIGURE 3. TCDD-CD4⫹ cells proliferate in culture and require cell contact for suppressive function that is released by ligating GITR. A, TCDD-CD4⫹
cells were magnetically purified from pooled F1 host spleens (filled histogram) and cultured for 40 h with 50 U/ml IL-2 (black line histogram) or
plate-bound anti-CD3 Ab (5 g/ml) (gray line histogram). Cell divisions are numbered as per CFSE dilution, and are representative of three separate
experiments. B, For cell-contact studies, TCDD-CD4⫹ cells or B6 natural T-regs were magnetically purified and then cultured with anti-CD3 Ab (0.5
g/ml) and irradiated ACs together with (“Cell contact”) or separated from (“No cell contact”) CFSE-labeled naive CD4⫹ responders by using a 96-well
Transwell system for 72 h; “Naive” indicates wells that contained no suppressors. C, TCDD-CD4⫹ cells were cocultured with CFSE-labeled CD4⫹CD25⫺
T cells, anti-CD3 Ab (0.25 g/ml) and irradiated ACs for 72 h with 0, 0.5, or 5 g/ml anti-GITR (clone DTA-1) or rat IgG2b isotype control Abs.
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FIGURE 4. Allostimulation discriminates TCDD-CD4⫹ and VEH-CD4⫹ cytokine production and suppressive function. A and B, Splenocytes were
harvested from either naive B6 mice, TCDD-treated, or vehicle-treated F1 host mice 48 h after adoptive transfer of B6 T cells (n ⫽ 3 mice) and then cultured
at 1 ⫻ 107/ml for 24 h before the harvest of supernatants and assaying for cytokines. C, Magnetically purified TCDD-CD4⫹ cells or VEH-CD4⫹ cells (1 ⫻
105) were cultured for 72 h with 2 ⫻ 105 CFSE-labeled responder T cells (combination of CD4⫹ and CD8⫹) and 3.2 ⫻ 104 LPS-matured bone
marrow-derived F1 DCs; the percentage of responder T cells dividing was measured by CFSE dilution. Control indicates no donor cells added (adjusted
for cell density). Statistical significance compared with vehicle is indicated (t test; ⴱ, p ⬍ 0.05; ⴱⴱ ⬍ 0.005).

to divide while suppressing the activation and proliferation of naive CD4⫹ T cells. The results from these CFSE studies demonstrating that TCDD-CD4⫹ cells are not anergic in vitro are consistent with our observations that TCDD-CD4⫹ cells continue to
expand if left in vivo through 72 h after adoptive transfer (9).
Suppressive functions of TCDD-CD4⫹ cells require contact with
responder cells but are relieved by costimulation through GITR
Natural T-regs require contact/close proximity with the cells they
suppress in vitro (33, 34). To determine whether cellular contact
was also required for the ex vivo suppressive function(s) of
TCDD-CD4⫹ cells, the TCDD-CD4⫹ cells were separated from
CFSE-labeled responder CD4⫹ T cells using a Transwell system
with a 0.4-m membrane to prohibit cell contact but still allow
transfer of soluble molecules. We found that when separated by the
membrane, the proliferation of the responder T cells was not suppressed by TCDD-CD4⫹ cells (Fig. 3B), suggesting that the suppressive mechanism(s) of TCDD-CD4⫹ cells require contact with
the target responder cells in vitro. It has also been demonstrated
that costimulatory signals abrogate suppression by natural T-regs,
including stimulation through GITR (35, 36). Because TCDDCD4⫹ cells also express high levels of GITR (9), we added an
agonistic anti-GITR Ab to the suppression assay culture and saw a
dose-dependent reduction in the suppression of responder T cell
proliferation by TCDD-CD4⫹ cells (Fig. 3C). Thus, similar to natural T-regs, the absence of cell contact or the presence of costimulation are both capable of abrogating the suppressive activity of
TCDD-CD4⫹ cells in culture.
Allostimulation also discriminates TCDD-CD4⫹ cells from
VEH-CD4⫹ cells
Previous studies used anti-CD3 Ab/accessory cell stimulation of
TCDD-CD4⫹ cells to measure their functional activity ex vivo.
TCDD-CD4⫹ cells, however, were generated under conditions of
allostimulation in vivo; thus we were interested to see whether
continued allostimulation in vitro might discriminate TCDDCD4⫹ cytokine production and function from VEH-CD4⫹ cells.
F1 host spleens were harvested 48 h after adoptive transfer of
donor T cells, and the splenocytes were cultured as a mixture of
donor and host cells (n ⫽ 3 mice). Cytokines were measured in the
culture supernatants after 18 h. Under these conditions, there was
significantly more IL-10 detected in the supernatants from TCDDtreated mice (328.3 ⫾ 34 pg/ml) compared with vehicle-treated
mice (179.6 ⫾ 48.3 pg/ml; p ⬍ 0.01) (Fig. 4A). In contrast, the
supernatants collected from the vehicle-treated splenocytes con-

tained significantly more IL-2 (445.3 ⫾ 84.8 pg/ml) than those
from TCDD-treated splenocytes (130.5 ⫾ 15 pg/ml; p ⬍ 0.01)
(Fig. 4B). The concentration of IL-2 in the supernatants from naive
nonstimulated splenocytes was not significantly different from that
in the supernatants from TCDD-treated splenocytes, supporting
our earlier observations that TCDD-CD4⫹ cells produce little
IL-2. There were, however, no significant differences in the concentrations of IFN-␥ in the supernatants (data not shown).
To compare the suppressive function of VEH-CD4⫹ cells and
TCDD-CD4⫹ cells under conditions of allostimulation, the cells
were titrated into cultures containing LPS-matured F1 bone marrow-derived DCs (allo-DCs) and CFSE-labeled responder T cells
(both CD4⫹ and CD8⫹) purified from naive B6 mice. Results
showed significantly more suppression of proliferation of both
CD4⫹ and CD8⫹ responder T cells in the presence of TCDDCD4⫹ cells compared with VEH-CD4⫹ cells (Fig. 4C). Taken
together these results demonstrate that TCDD-CD4⫹ cells have
suppressive function in culture in response to both anti-CD3 Ab
and allo-DC stimuli and that they suppress proliferation of both
CD4⫹ and CD8⫹ effector T cells.
TCDD-CD4⫹ cells produce significant amounts of IL-10
Because increased concentrations of IL-10 were detected in the
mixed donor and F1 host splenocyte cultures from TCDD-treated
mice, it was important to determine whether TCDD-CD4⫹ cells
were producing it. Thus, IL-10, along with other cytokines of interest, was measured in supernatants harvested from sort-purified,
actively dividing (according to CFSE dilution) TCDD-CD4⫹ cells
and VEH-CD4⫹ cells after 72 h of anti-CD3 Ab stimulation. As
with allostimulation, anti-CD3 Ab-stimulated TCDD-CD4⫹ cells
produced significantly more IL-10 than VEH-CD4⫹ cells (Fig.
5A). IL-10 was not detected in cultures containing anti-CD3 Abstimulated natural T-regs or naive CD4⫹ T cells. When TCDDCD4⫹ cells were titrated into a suppression assay with naive
CD4⫹ responders, the IL-10 concentrations in the supernatants
were significantly increased ( p ⬍ 0.005) compared with cultures
containing VEH-CD4⫹ cells (Fig. 5B). Neutralization of IL-10
with Ab had no effect on the proliferation of responder T cells in
the presence of TCDD-CD4⫹ cells (data not shown), as has also
been reported for natural T-regs in vitro (33, 34).
TGF-␤1, another cytokine implicated in T-reg generation and/or
effector function, was not detected in soluble form in TCDDCD4⫹ or VEH-CD4⫹ supernatants; however, expression of cell
surface-bound TGF-␤1, as has been reported on natural T-regs
(37), was not analyzed. A soluble TGF-␤ type II receptor was
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FIGURE 5. TCDD-CD4⫹ cells secrete significant levels of IL-10. Naive CD4⫹ responders, natural T-regs, VEH-CD4⫹ cells or TCDD-CD4⫹ cells
were cultured separately with irradiated ACs and antiCD3 Ab (5 g/ml plate-bound) (A) or titrated in
with CD4⫹ responders (B); supernatants were harvested at 72 h and assayed for IL-10 (triplicates).
Statistically significant differences are indicated in
comparison to VEH-CD4⫹ cells (t tests; ⴱ, p ⬍
0.05; ⴱⴱ, p ⬍ 0.005; ⴱⴱⴱ, p ⬍ 0.0005).

added to culture to sequester TGF-␤1/TGF-␤3, which had no effect on responder proliferation in the presence of TCDD-CD4⫹
cells (data not shown) as has been reported for natural T-regs (33,
34). Other soluble cytokines measured, including IFN-␥, IL-4, and
IL-17A, were not detected.
Significant changes in gene expression occur in TCDD-CD4⫹
cells compared with VEH-CD4⫹ cells
The expressions of genes associated with different T cell differentiation pathways, including cytokines, transcription factors, activation markers and other immune-response-related genes, were
examined in purified TCDD-CD4⫹ cells and VEH-CD4⫹ cells
(n ⫽ 3 per treatment) using a commercially available PCR array
(SuperArray Bioscience). As shown in Table I, 15 of the 84 genes
in the array were significantly up-regulated in TCDD-CD4⫹ cells.
The greatest change in expression was seen for TGF-␤3, which
was up-regulated 13-fold compared with VEH-CD4⫹ cells. Genes
associated with T-reg function that were significantly increased in
TCDD-CD4⫹ cells included Ctla-4, IL-2Ra (CD25), and IL-10.
Also significantly increased ⬎1.3-fold over VEH-CD4⫹ cells were
IL-12Rb2, Ccr4, Stat4, Ccr5, Socs3, Tnfrsf8 (CD30), Bcl-3,
Gata-3, Icos, CD28, and Jak2. In addition, TCDD exposure resulted in the significant down-regulation of some genes compared
Table I. Significant changes in gene expression in TCDD-CD4⫹ cells
relative to VEH-CD4⫹ cells after 48 h of acute GVH responsea
Gene

Average Fold Difference (TCDD vs Vehicle)

Tgf-b3
IL-12rb2
Ccr4
Stat4
Ccr5
Socs3
Cd30
Bcl3
Ctla4
Cd25
IL-10
Gata3
Icos
Cd28
Jak2
Ox40L
IL13-ra
Cd86
Bcl6
IL-5
Nfkb1
Ccl5

13.1
9.8
4.7
3.3
3.0
2.7
2.6
2.4
2.3
1.9
1.8
1.8
1.5
1.4
1.3
⫺2.9
⫺2.3
⫺2.2
⫺1.5
⫺1.4
⫺1.4
⫺1.4

a
The expression of genes associated with Th1, Th2, and Th3 classes of T cells
were measured in VEH-CD4⫹ and TCDD-CD4⫹ cDNA samples (n ⫽ 3, two pooled
mouse spleens per n) by PCR array. Only genes that were significantly changed (t test,
p ⬍ 0.05) are indicated.

with vehicle (⬎1.3-fold) including Tnfsf4 (OX40-L), IL-13Ra,
CD86, Bcl-6, IL-5, Nfkb-1, and Ccl5 (Table I).
Using the same RNA samples, relative expression levels of
Cyp1a1 and AhR repressor (Ahrr), two genes known to be regulated by TCDD-mediated activation of the AhR, were measured by
qPCR. The Cyp1a1 message was detected in TCDD-CD4⫹ cells
but not in VEH-CD4⫹ cells and the Ahrr message was increased
21-fold in TCDD-CD4⫹ cells compared with VEH-CD4⫹ cells.
Expression of two target genes specifically altered by activation of
the AhR had been appropriately up-regulated in TCDD-CD4⫹
cells, allowing us to correlate other gene expression changes with
the effects of TCDD-mediated activation of AhR. The relative expression levels of 11 other genes originally identified on a DNA
microarray chip were also measured (Fig. 6). Transcripts that were
expressed in TCDD-CD4⫹ cells ⬎3-fold over VEH-CD4⫹ cells
included Ccr9, granzyme B, and Blimp-1 (Fig. 6). However, the
remaining genes, including Ador2b, Bach2, Entpd1, Ncoa1,
Nfe212, Nr3c1, Pdcd4, and Ppp3cb were not changed compared
with VEH-CD4⫹ cells.
Protein changes in/on TCDD-CD4⫹ cells consistent with gene
expression changes
Several of the genes increased at the transcript level in the PCR
array also showed increased expression at the protein level. Increased expression of CTLA-4 and CD25 on donor CD4⫹ cells
from TCDD-treated mice was reported previously using flow cytometry (9), and increased levels of IL-10 had been identified in
the supernatants of cultured TCDD-CD4⫹ cells (Figs. 4A and 5A).
Unexpectedly, the IL-12Rb2 message, along with other components of the IL-12R signaling pathway, Stat4, Jak2, and Socs3

FIGURE 6. qPCR validation of gene expression in TCDD-CD4⫹ cells.
Up-regulated genes of interest identified on a DNA microarray chip were
validated by qPCR using gene-specific primers and normalized for ␤-actin
expression. Results are expressed as fold increase in gene expression in
TCDD-CD4⫹ cells relative to VEH-CD4⫹ cells; n ⫽ 3 per treatment (n ⫽
2 pooled mouse spleens).
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FIGURE 7. TCDD-CD4⫹ cells express enhanced STAT4 phosphorylation and responsiveness to IL-12. A, Splenocytes harvested from vehicle- or
TCDD-treated F1 hosts (n ⫽ 2) at 48 h after the adoptive transfer of donor cells were cultured in cRPMI with rIL-12 (2 ng/ml) at room temperature
(duplicate cultures). The percentage of donor CD4⫹ cells expressing phosphorylated STAT4 was measured by flow cytometry (left) immediately after
harvest from the mice (0) (representative of three separate experiments) or after 1–2 h of culture (right). B, STAT4 phosphorylation (MCF, mean channel
fluorescence) was measured in VEH-CD4⫹ cells or TCDD-CD4⫹ cells per cell division (indicated by CFSE dilution) after 1 h of culture at room
temperature with or without IL-12 (2 ng/ml).

were up-regulated in TCDD-CD4⫹ cells compared with VEHCD4⫹ cells. To determine whether the IL-12R pathway was more
active in TCDD-CD4⫹ cells, levels of phosphorylated STAT4 protein were measured in TCDD-CD4⫹ cells and VEH-CD4⫹ cells
immediately after harvest from F1 host mice 48 h after adoptive
transfer of the donor T cells. The percentage of cells expressing
phosphorylated STAT4 in the TCDD-CD4⫹ population was markedly increased compared with VEH-CD4⫹ cells (Fig. 7A; time 0),
suggesting an enhanced signaling of the IL-12R signaling pathway
in TCDD-CD4⫹ cells.
To examine the responsiveness of TCDD-CD4⫹ cells and VEHCD4⫹ cells to IL-12, the cells were incubated with IL-12 for 1 or
2 h at room temperature and the percentage of cells expressing
phosphorylated STAT4 was measured (Fig. 7A, inset). Results
showed a time-dependent increase in the percent of TCDD-CD4⫹
cells expressing phosphorylated STAT4; only after 2 h did the
percentage of VEH-CD4⫹ cells expressing phosphorylated
STAT4 attain that of TCDD-CD4⫹ cells (Fig. 7A). The mean
channel fluorescence values for phosphorylated-STAT4 also inTable II. Summary of protein expression changes in/on TCDD-CD4⫹
cells relative to VEH-CD4⫹ cells after 48 h of acute GVH response
Proteina

Change in Expression Relative to Vehicleb

4-1BB
CCR5
CD5
CD25
CD28
CD30
CD62L
CD86
CD103
CTLA-4
FasL
Foxp3
GITR
Granzyme B
Phosphorylated STAT4

ND
ND
Decrease (MCF)
Increase
ND
ND
Decrease
ND
ND
Increase
ND
Decrease (%)
Increase
ND
Increase

a
The expression of proteins either identified as changed at the transcript level or
reported to be associated with regulatory T cells were measured in/on TCDD-CD4⫹
cells by flow cytometry.
b
ND indicates expression was not different between VEH-CD4⫹ cells and
TCDD-CD4⫹ cells. Significant change in expression relative to VEH-CD4⫹ cells is
indicated as an increase or decrease in the percentage of cells and the mean channel
fluorescence (MCF) measured by flow cytometry unless specifically indicated (n ⱖ 3;
t test, p ⬍ 0.05).

creased per cell division, with the greatest levels expressed by
TCDD-CD4⫹ cells incubated with IL-12 (Fig. 7B). Together, the
results suggest that TCDD-CD4⫹ cells are more responsive to
IL-12 than VEH-CD4⫹ cells, both as a percentage of total cells
and on a per cell basis, thus validating the functional significance
of increased IL-12R␤2 and STAT4 expression in TCDD-CD4⫹
cells.
The gene with the greatest fold increase in TCDD-CD4⫹ cells
was an isoform of TGF-␤, TGF-␤3. However, soluble TGF-␤3
protein was not detected in TCDD-CD4⫹ or VEH-CD4⫹ culture
supernatants by ELISA. Whether surface-bound or intracellular
levels were present is not yet known. Also identified on the DNA
microarray and validated by qPCR was granzyme B, increased
almost 6-fold in TCDD-CD4⫹ cells (Fig. 6). Soluble granzyme B
protein was measured at picogram levels in culture supernatants by
ELISA, but levels were not different between TCDD-CD4⫹ cells
and VEH-CD4⫹ cells stimulated with anti-CD3 Ab or alloantigen
(data not shown). Intracellular granzyme B expression as measured
by flow cytometry was also not altered by TCDD (data not shown).
We were also unable to confirm increased CD30, increased CCR5,
or decreased CD86 cell surface protein expression at 48 h by flow
cytometry on TCDD-CD4⫹ cells. Table II summarizes protein expression that has been measured in/on TCDD-CD4⫹ cells at 48 h
and indicates the changes in expression relative to VEH-CD4⫹
cells. Measurement of protein expression for other genes affected
by TCDD exposure and their functional significance are still under
investigation.

Discussion
We previously reported that the profound suppression of an acute
GVH response in TCDD-treated mice was associated with the generation of donor-derived CD4⫹CD25⫹ T-reg cells that was dependent upon activation of the AhR (9). However, these studies did
not address the mechanisms of their suppressive function or identify changes in gene expression associated with AhR activation
that may play a role in the generation or the effector function of
these cells (TCDD-CD4⫹ cells). Here, we have further characterized TCDD-CD4⫹ cells by comparing and contrasting them ex
vivo with natural T-regs as well as identified and validated changes
in gene expression that correlate with the activation of AhR
by TCDD.
Using natural T-regs as a control in our assays allowed us to
identify the characteristics that were shared between them and
TCDD-CD4⫹ cells. Results showed that even though TCDD-
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CD4⫹ cells do not express Foxp3, they do share in vitro characteristics with natural T-regs, including the requirement for contact/
close proximity with the effector T cells they suppress and the
abrogation of suppression by costimulation through GITR. It is not
yet known whether the GITR costimulatory signal acts on TCDDCD4⫹ cells, CD4⫹ responders, or both to ultimately abrogate suppression. Furthermore, the effects of enhanced costimulation on
TCDD-CD4⫹ cells in vivo and the ability of this stimulation to
relieve the suppression of the allo-CTL response have not yet been
studied. The finding that TCDD-CD4⫹ cells can suppress the proliferation of both CD4⫹ and CD8⫹ allo-responders in culture suggests they could also suppress alloreactive CTL during the GVH
response.
Potential suppressive effector molecules used by TCDD-CD4⫹
cells were also examined. We found a significant increase in the
amount of IL-10 produced both at the mRNA transcript and protein levels by TCDD-CD4⫹ cells. When TCDD-CD4⫹ cells were
titrated into a suppression assay with CD4⫹ responders, the levels
of soluble IL-10 in the supernatants increased, suggesting that either TCDD-CD4⫹ cells induced the responders to secrete IL-10 or
the responders provided TCDD-CD4⫹ cells with some factor(s)
that enhanced TCDD-CD4⫹ production of IL-10. Additionally, we
found that TGF-␤3 was increased 13-fold in TCDD-CD4⫹ cells
compared with VEH-CD4⫹ cells. An increase in TGF-␤3 has also
been observed in previous studies of mouse thymocytes exposed to
TCDD (38); however the immunological relevance of this more
recently identified TGF-␤ isoform, primarily studied in processes
of cell differentiation and development (39, 40) is not well known.
We did not detect TGF-␤1 or TGF-␤3 protein in supernatants isolated from cultured TCDD-CD4⫹ cells; however, it is possible
they are expressed on the cellular membrane, because surfacebound TGF-␤ is a mechanism of suppression used by natural Tregs (37). Recently, Quintana et al. reported that the transfer of
CD4⫹ T cells from TCDD-treated mice offered some protection
from the development of experimental autoimmune encephalomyelitis (EAE) that was not observed when transferred into mice
expressing a T cell-restricted deficient TGF-␤ receptor II (41). The
authors interpreted this to mean that T-regs induced by the activation of AhR by TCDD controlled EAE by a TGF-␤1-dependent
mechanism; however, TGF-␤3 also binds this receptor. Neutralization of IL-10 or TGF-␤ in the in vitro suppression assay was
unable to abrogate the suppression by TCDD-CD4⫹ cells, however, the importance of these effector molecules for in vivo suppression of the GvH response in TCDD-treated mice remains to be
determined.
Although the collective mechanisms of suppression used by natural T-regs and the identification of the most important of these has
not been fully elucidated, the ultimate result is suppressed production of IL-2 by target responder T cells in the presence of natural
T-regs in vitro (34). This same observation for TCDD-CD4⫹ cells
helps explain the suppressed proliferation of effector T cells when
they are cocultured in the suppression assay. Decreased IL-2 in the
cultures did not appear to be due to sequestering by TCDD-CD4⫹
cells, although the CD25 expressed by TCDD-CD4⫹ cells is functional as measured by increased STAT5 phosphorylation after the
addition of exogenous IL-2 (C. J. Funatake, and N. I. Kerkvliet,
manuscript in preparation). TCDD-CD4⫹ cells, like natural
T-regs, expressed little to no IL-2 in response to anti-CD3 Ab or
alloantigen stimuli. Dioxin response elements distal to the IL-2
gene promoter have been identified that, when bound by liganded
AhR, enhance IL-2 gene expression (42). Although we observed a
lack of IL-2 expression by TCDD-CD4⫹ cells at 48 h, enhanced
IL-2 secretion by TCDD-CD4⫹ cells appears to occur early in the
GVH response (C. J. Funatake, and N. I. Kerkvliet, manuscript in
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preparation). Neutralization of IL-2 with Ab during the GVH response did not decrease CD25 expression on TCDD-CD4⫹ cells
(D. Farrer, L. B. Steppan, and N. I. Kerkvliet, unpublished observations), suggesting that CD25 expression could be driven independently of IL-2 production at 48 h.
Analysis of changes in gene expression in TCDD-CD4⫹ cells
led to the unexpected finding that genes involved in the IL-12R
signaling pathway were up-regulated. IL-12Rb2 and Stat4 were
up-regulated ⬎9-fold and ⬎3-fold over vehicle control, respectively. Jak2, the kinase that phosphorylates tyrosine residues on
the activated IL-12R and on STAT4 was also up-regulated. At the
protein level, the percentage of TCDD-CD4⫹ cells expressing
phosphorylated STAT4 was increased compared with that of the
VEH-CD4⫹ cells, and ex vivo stimulation with IL-12 validated an
enhanced IL-12R signaling capacity of TCDD-CD4⫹ cells with
enhanced phosphorylation levels of STAT4 both as a percentage of
total cells and on a per cell basis. The implications of enhanced
signaling of the IL-12Rb2 pathway on the function or generation
of TCDD-CD4⫹ cells is currently under investigation. Because
IL-12-responsive elements can cause chromatin remodeling at the
CD25 gene locus and increase CD25 expression (43), IL-12 signaling may be an important pathway for up-regulating CD25 on
TCDD-CD4⫹ cells. The JAK2/STAT4 pathway is also important
in the promotion of IFN-␥ production; however increased expression of IFN-␥ at the transcript or protein level in TCDD-CD4⫹
cells was not found. This may suggest a breakdown in the signaling pathway distal to JAK/STAT phosphorylation or additional
constraints imposed on IFN-␥ gene expression by TCDD exposure. For example, Gata-3 transcript that is up-regulated almost
2-fold in TCDD-CD4⫹ cells can also induce IL-10 expression (44)
and inhibit IFN-␥ production mediated by STAT4 (45).
We were surprised to find the granzyme B message increased
almost 6-fold in TCDD-CD4⫹ cells compared with VEH-CD4⫹
cells and that granzymes A and B were some of the most highly
expressed genes in TCDD-CD4⫹ cells according to the microarray
gene chip. We explored the significance of these findings given
that granzymes have been identified as T-reg effector molecules
(46, 47). Soluble and intracellular granzyme B levels were measured but were not different between TCDD-CD4⫹ cells and VEHCD4⫹ cells stimulated with anti-CD3 Ab or alloantigen. Granzymes, which induce apoptosis, are an unlikely in vitro
suppressive mechanism used by TCDD-CD4⫹ cells, as there is no
additional decrease in the viability of CD4⫹ responders cocultured
with them compared with those cocultured with VEH-CD4⫹ cells
(N. B. Marshall and N. I. Kerkvliet, unpublished observations).
The significance of granzyme production by TCDD-CD4⫹ cells in
vivo, however, is still not known.
There were a few additional changes in gene expression that we
found particularly interesting with respect to the effects of TCDD
on T cells. Blimp-1, which is up-regulated ⬃3-fold at the transcript
level in TCDD-CD4⫹ cells, is a transcriptional repressor that is
postulated to play a role in effector T cell differentiation (48). It has
been shown that Blimp-1-deficient CD4⫹ T cells produce excess
IL-2 and IFN-␥ but reduced IL-10 after TCR stimulation (49).
Additional findings have suggested a negative feedback loop exists
wherein IL-2 inhibits its own production through induction of
Blimp-1 (50). These data support our observations that TCDDCD4⫹ cells produce little IL-2 and IFN-␥ but significantly more
IL-10. However, we have not yet validated increased Blimp-1 expression at the protein level. Also, the ⬎2-fold increase in CD30
transcript expression in TCDD-CD4⫹ cells is potentially important, as CD30 increases on T-regs exposed to alloantigen and is
critical for protection against acute GvH disease (51). We were
unable to validate increased CD30 protein expression at 48 h,
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which could suggest that expression increases at a different time
point during the response. A significant down-regulation (⬎2-fold)
of IL-13Ra and CD86 gene transcripts was also observed and was
consistent with a microarray analysis of genes expressed in
PBMCs collected from humans exposed to TCDD (52). Surface
CD86 protein expression however, was not different between
TCDD-CD4⫹ cells and VEH-CD4⫹ cells at 48 h.
We do not yet know the fate of TCDD-CD4⫹ cells in vivo, as
the cells start to disappear from the F1 host spleen at 96 h. The
up-regulation of chemokine receptor transcripts associated with T
cell homing suggests the cells may be trafficking to other tissues.
CCR4, a chemokine receptor associated with homing to allograft
tissues and the skin (53, 54), is expressed by natural T-regs (55)
and is up-regulated almost 5-fold at the transcript level in TCDDCD4⫹ cells. The CCR5 transcript, increased 3-fold in TCDDCD4⫹ cells, is a chemokine receptor normally associated with
Th1-polarized T cells and yet its expression by T-regs is required
for suppression of GVH disease (56). CCR9, expressed by leukocytes that home to the small intestine, is also up-regulated almost
5-fold at the transcript-level in TCDD-CD4⫹ cells. Determining
whether or where TCDD-CD4⫹ cells traffic in vivo is currently
being studied and could help to identify where the generation of
similar T-reg like cells occurs in other models with TCDD
exposure.
In this GVH model we found no evidence for the expansion or
de novo generation of Foxp3⫹ cells in either the donor or host
CD4⫹ T cell populations exposed to TCDD. Furthermore, depletion of CD25⫹ cells from the donor inoculum does not alter the
T-reg phenotype of TCDD-CD4⫹ cells (9). Thus, because the phenotype and suppressive function of TCDD-CD4⫹ cells appear to
be independent of Foxp3 expression, it is possible that ligandactivated AhR acts as an alternative to Foxp3 in naive T cells
exposed to TCDD during activation and differentiation into effectors. Although Foxp3 does not appear to be involved in T-reg
generation during GVH, a recent report links suppression of EAE
by TCDD treatment with increased Foxp3⫹ T-regs (41). Similarly,
recent data from our laboratory links suppression of diabetes in
NOD mice treated with TCDD to an expanded population of
Foxp3⫹ CD4⫹ cells (N. I. Kerkvliet, L. B. Steppan, W. R. Vorachek, S. Oda, C. Wong, D. Pham, and D. V. Mourich, manuscript in preparation). Thus the role of AhR activation by TCDD in
T-reg development appears to depend on the conditions of T cell
activation; in some conditions it may drive de novo induction of
adaptive T-regs, or in other conditions it may support Foxp3⫹
T-reg expansion.
One of the questions that needs to be answered is this: if the
normal pattern of gene expression required for activation-induced differentiation of a naive T cell into an effector T cell is
interrupted, is the default differentiation into a regulatory T
cell? Furthermore, what are the specific genetic changes that
may cause this? For example, a deacetylase inhibitor has been
shown to promote the generation and function of T-regs (57) as
a result of interrupting normal chromatin remodeling during T
cell activation. Similarly, perhaps the inappropriate activation
by TCDD of a transcription factor such as AhR during T cell
activation causes a default differentiation into a T-reg, as the
“normal” gene expression pattern is altered. Thus, it is important to further identify the epigenetic changes that occur in T
cells exposed to TCDD to understand how the AhR pathway
may provide new insight into regulatory T cell induction. Ultimately, this may introduce a novel therapeutic role for the
AhR and certain other agonist AhR ligands.
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