
Primary Peripheral T Cells Become Susceptible to
2,3,7,8-Tetrachlorodibenzo-p-Dioxin-Mediated Apoptosis in
Vitro upon Activation and in the Presence of Dendritic Cells

Narendra P. Singh, Mitzi Nagarkatti, and Prakash Nagarkatti
Department of Pathology, Microbiology, and Immunology, University of South Carolina School of Medicine,
Columbia, South Carolina

Received November 10, 2007; accepted March 7, 2008

ABSTRACT
Although the toxic effects of 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) on T cells in vivo have been well characterized, attempts to
reproduce these findings in vitro have not been successful. In the
current study, we examined whether activation or the presence
of dendritic cells (DCs) would make primary naive T cells from
C57BL/6 mice susceptible to TCDD-induced apoptosis in vitro.
Although nonactivated primary T cells cultured with 10 to 1000
nM TCDD were relatively resistant to apoptosis, they became
sensitive to apoptosis upon activation with concanavalin A
(ConA). Moreover, ConA-activated T cells cultured in the pres-
ence of DCs showed highest levels of TCDD-induced apopto-
sis. Likewise, primary T cells from OT.II.2a mice cultured with
specific ovalbumin peptide and syngeneic DCs showed higher
levels of apoptosis compared with similar nonactivated T cells.
T-cell activation led to up-regulation of aryl hydrocarbon recep-

tor (AhR), Fas, and Fas-ligand (FasL) expression. In addition,
DC maturation and culture with TCDD caused significant induc-
tion of FasL. TCDD-mediated apoptosis in activated peripheral
T cells was AhR-dependent. Analysis of why nonactivated T
cells are more resistant, whereas activated T cells are sensitive
to TCDD-induced apoptosis revealed that TCDD treatment of
activated but not nonactivated T cells led to down-regulation of
cellular FLICE inhibitory protein (c-FLIP), an inhibitor of apopto-
sis. Moreover, down-regulation of c-FLIP using small interfering
RNA in nonactivated T cells made them sensitive to TCDD-
induced apoptosis. The current study demonstrates for the first
time that TCDD can induce apoptosis in vitro in peripheral T
cells upon activation and in the presence of DCs and that this
may be mediated by down-regulation of c-FLIP.

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is an environ-
mental pollutant that mediates toxicity through activation of
the aryl hydrocarbon receptor (AhR), a ligand-dependent
transcription factor and member of the basic helix-loop-he-
lix–Per/Arnt/Sim (periodicity/aryl hydrocarbon receptor nu-
clear translocator/simple-minded) gene family (Marlowe and
Puga, 2005; Bock and Kohle, 2006; Harper et al., 2006).
TCDD binds and activates cytosolic AhR attached to 90-kDa
heat shock protein; and upon activation, AhR dissociates

from 90-kDa heat shock protein, migrates to the nucleus,
dimerizes with AhR nuclear translocator (ARNT), and forms
AhR/ARNT heterodimer. This in turn binds to dioxin-re-
sponse elements (DRE), present as cis-acting elements in the
regulatory regions of dioxin-responsive genes, and it up-reg-
ulates a large set of genes that directly or indirectly partici-
pate in TCDD-induced toxicity (Schmidt and Bradfield, 1996;
Gonzalez and Fernandez-Salguero, 1998; Tian et al., 1999;
Whitlock, 1999; Sulentic et al., 2000; Dertinger et al., 2001;
Matikainen et al., 2001; Nazarenko et al., 2001; Mimura and
Fujii-Kuriyama, 2003). Targeted disruption of the AhR in
mice prevents induction of CYP1A1 and most forms of TCDD
toxicity (Marlowe and Puga, 2005; Bock and Kohle, 2006;
Harper et al., 2006).

Extensive previous studies have shown that the immune
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system is very sensitive to the toxic effects of TCDD (Kerk-
vliet, 2002). It is noteworthy that although TCDD triggers
thymic atrophy in all species tested, it is less toxic to naive
secondary lymphoid organs, including the spleen and lymph
nodes. However, upon immunization of animals with an an-
tigen, TCDD is known to suppress the antigen-specific T-cell
response in secondary lymphoid organs (Kerkvliet, 2002). Yet
another interesting feature about TCDD-induced immuno-
toxicity is that although TCDD has been shown to readily
suppress antigen-specific T-cell responses as well as trigger
thymic atrophy in vivo, attempts to demonstrate the direct
toxic effects of TCDD in vitro against thymocytes and naive T
cells have not been successful (Kerkvliet, 2002). Moreover,
previous studies from our laboratory and elsewhere sug-
gested that TCDD altered the functions of T cells activated
through antigen priming in vivo, but it failed to affect resting
T cells (Lundberg et al., 1992; Rhile et al., 1996; Pryput-
niewicz et al., 1998). Recent studies from our laboratory
demonstrated that TCDD up-regulates FasL expression on
thymic stromal cells and Fas on thymic T cells and that when
such cells come in contact with each other, the latter cells
undergo apoptosis (Camacho et al., 2005). In the current
study, we speculated that a similar mechanism may be op-
erative in the induction of apoptosis in antigen-activated
primary T cells. Thus, we hypothesized that TCDD may act
on antigen-presenting cells such as the DCs and increase
FasL expression in such a way that when they come in
contact with Fas� antigen-specific T cells during antigen
presentation, the T cells would undergo apoptosis. We also
analyzed why activated peripheral T cells become susceptible
to TCDD, and we noted that c-FLIP may play a crucial role in
regulating apoptosis. The current study has identified cer-
tain key cells and molecules that regulate TCDD-induced
apoptosis in activated peripheral T cells.

Materials and Methods
Mice. C57BL/6 (H-2b) mice were purchased from the National

Institutes of Health (Bethesda, MD). AhR knockout (KO) (Chris
Bradfield; on C57BL/6J background) mice were purchased from The
Jackson Laboratory (Bar Harbor, ME). OT.II.2a (C57BL/6-TgN(OT-
II.2a)-RAG1tm1Mom) mice were purchased from Taconic Farms (Hud-
son, NY). All animals were housed in University of South Carolina
Animal facility (Columbia, South Carolina). Care and maintenance
of animals were carried out in accordance with the guide for the care
and use of laboratory animals as adopted by Institutional and Na-
tional Institutes of Health guidelines.

Reagents and Antibodies. TCDD was a generous gift from Dr.
K. Chae (National Institute of Environmental Health Sciences (Re-
search Triangle Park, NC). TCDD dissolved in DMSO was used in
the in vitro studies.

L-Glutamine, HEPES, gentamicin, RPMI 1640 medium, Dulbec-
co’s modified Eagle’s medium, PBS, and fetal bovine serum were
purchased from Invitrogen (Carlsbad, CA). ConA was purchased
from Sigma-Aldrich (St. Louis, MO). The following monoclonal
antibodies were purchased from BD Biosciences Pharmingen (San
Diego, CA): anti-mouse IgG-PE, FcBlock, CD3-PE (chain)-purified
anti-FasL (k-10), anti-FasL-PE (Kay-10), and anti-Fas-PE (Jo2).
The following inhibitors against caspase-3 (Z-DEVD), caspase-8
(Z-IETD-FMK), and caspase-9 (Z-LEHD-FMK) were purchased
from R&D Systems (Minneapolis, MN). The following primary
antibodies for Western blots were used: c-FLIP (Cell Signaling
Technology Inc., Danvers, MA) and �-actin (Sigma-Aldrich). HRP-
conjugated secondary Abs was purchased from Cell Signaling

Technology Inc. RNeasy Mini kit and iScript cDNA synthesis kit
were purchased from QIAGEN (Valencia, CA). Epicenter’s PCR
premix F and Platinum Taq Polymerase kits were purchased from
Invitrogen. TUNEL kits were purchased from Roche Diagnostics
(Indianapolis, IN). �-Naphthoflavone (ANF), an antagonist for
AhR, was purchased from Sigma-Aldrich.

Assessment of TCDD-Induced Apoptosis in Primary T Cells.
To determine TCDD-induced apoptosis in primary T cells, T cells
from the spleens of three C57BL/6 mice were purified using nylon
wool column (Polysciences, Warrington, PA), and the purity as de-
termined by expression of CD3 and analysis by flow cytometry (Cy-
tomics FC 500; Beckman Coulter, Fullerton, CA) was found to be
�90%. Because ConA activation of T cells requires accessory cells
such as macrophages or DCs, we did not attempt to purify T cells any
further. Next, T cells were cultured with 2.5 �g/ml ConA for 24 h
(referred to as activated) or without ConA (referred to as nonacti-
vated), and then they were harvested, washed, and subsequently
treated with different concentrations (10–1000 nM) of TCDD for an
additional 24 h. Apoptosis in naive or activated T cells with or
without DCs after TCDD or vehicle exposure was determined by
performing TUNEL assays (FITC-dUTP nick-end labeling) using In
Situ Cell-Death Detection kit (Roche Diagnostics) as described pre-
viously (Kamath et al., 1997, 1999). In brief, T cells were harvested
after TCDD or vehicle treatment, and then they were washed twice
with ice-cold PBS. Cells were then fixed in 4% paraformaldehyde for
30 to 45 min at room temperature. The cells were washed twice with
ice-cold PBS, and then they were permeabilized using freshly pre-
pared permeabilization solution and incubated at 4°C for 2 min. The
cells were washed once with PBS, and then they were resuspended in
50 �l/tube TUNEL reaction mixture and incubated for 60 min at
37°C in a humidified atmosphere in the dark. The cells were washed
twice with PBS, and finally they were suspended in 200 to 500 �l of
ice-cold PBS and analyzed using flow cytometry (Cytomics FC 500;
Beckman Coulter) and software.

Effect of DCs on TCDD-Induced Apoptosis in Nonactivated
or Activated T Cells. In some experiments, purified T cells were
cultured in the absence or presence of ConA for 24 h as described
above. Next, mature syngeneic DCs, generated from bone marrow of
C57BL/6 mice, were added to these cultures along with TCDD or
vehicle, and the cultures were incubated for an additional 24 h.
Apoptosis in T cells was determined by staining the cells with PE-
anti-CD3 Abs and FITC-dUTP. DCs were generated from the bone
marrows of C57BL/6 mice by culturing the bone marrow cells with
granulocyte macrophage–colony-stimulating factor and interleu-
kin-14 (immature) followed by additional incubation with LPS (ma-
ture) as described in our previous work (Do et al., 2004a,b). We also
examined TCDD-induced apoptosis in antigen-specific activated T
cells. To this end, we used purified T cells from OT.II.2a mice, and we
cultured them in the absence or presence of mature syngeneic DCs
pulsed with agonist ovalbumin peptide (Ova323-339: ISQAVHAA-
HAEINEAGR) for 3 days followed by addition of vehicle or TCDD to
the cultures. Twenty-four hours later, the T-cell proliferation and
apoptosis were studied as described previously.

Determination of Fas and FasL Expression in Dendritic
Cells. Expression of Fas and FasL in immature and mature den-
dritic cells was analyzed by using flow cytometry and reverse tran-
scriptase-polymerase chain reaction (RT-PCR). In brief, dendritic
cells from C57BL/6 mice were generated as described previously (Do
et al., 2004a,b). Immature DCs (without LPS) or mature DCs (pulsed
with 100 nM LPS) for 48 h were cultured in the presence of vehicle
or various concentrations (10–1000 nM) of TCDD for 24 h. Immature
and mature DCs were harvested 24 h after vehicle or TCDD treat-
ment, and then they were analyzed for Fas and FasL expression
using flow cytometry or RT-PCR as described previously (Singh et
al., 2007). For flow cytometry, FITC-labeled anti-mouse Fas and
PE-labeled anti-mouse FasL antibodies were used to stain DCs. For
RT-PCR, total RNA from immature and mature DCs was isolated
using RNeasy Mini kit and following the protocol of the company
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(QIAGEN). First-strand cDNA synthesis was performed in a 20-�l
reaction mix containing 2 �g of total RNA using iScript kit and
following the protocol of the manufacturer (Bio-Rad Laboratories,
Hercules, CA). PCR was performed using mouse FasL or Fas-specific
sets of forward and reverse primers. To detect mouse FasL expres-
sion (435 bp), forward (5�-CGG TGG TAT TTT TCA TGG TTC TGG-
3�) and reverse (5�-CTT GTG GTT TAG GGG CTG GTT GTT-3�)
primers were used. Likewise, to detect the expression of mouse Fas
(486 bp), forward (5�-TCT GGT GCT TGC TGG CTC AC-3�) and
reverse (5� CCA TAG GCG ATT TCT GGG AC-3�) primers were used.
PCRs for both Fas and FasL were performed for 30 cycles using the
following conditions: 30 s at 95°C (denaturing temperature), 40 s at
60°C (annealing temperature), and 60 s at 72°C (extension temper-
ature), with a final incubation of 10 min at 72°C. The PCR products,
generated from mouse Fas and FasL primer pairs, were normalized
against PCR products generated from mouse 18S-specific forward
5�-GCC CGA GCC GCC TGG ATA C-3� and reverse 5�-CCG GCG
GGT CAT GGG AAT AAC-3� primers after electrophoresis on 1.5%
agarose gel and visualization with UV light. The band intensity of
PCR products was determined using Chemi-Doc, a Bio-Rad Labora-
tories image analysis system.

RT-PCR to Determine the Expression of Fas and FasL in T
Cells. For detection of mouse FasL (435-bp) and Fas (486-bp) ex-
pression, sets of forward and reverse primers specific to mouse
Fas/FasL were used (as described above). The PCR products, gener-
ated from mouse Fas and FasL primer pairs, were normalized
against PCR products generated from �-actin (427-bp) forward (5�-
AAG GCC AAC CGT GAA AAG ATG ACC-3�) and reverse (5�-ACC
GCT CGT TGC CAA TAG TGA TGA-3�) primers after electrophore-
sis on 1.5% agarose gel and visualization with UV light. In some
experiments, we used 18S as a control. The band intensity of PCR
products was determined using Chemi-Doc.

Blocking Assays to Determine the Role of FasL in TCDD-
Mediated T-Cell Apoptosis. To investigate the role and participa-
tion of FasL in TCDD-mediated apoptosis in primary T cells, we used
ConA-activated T cells as described above, and we cultured them in
the absence or presence of antibody against mouse FasL (1–5 �g/ml)
1 h before 100 nM TCDD treatment. Apoptosis in T cells 24 h after
TCDD treatment was determined as described previously. Data from
three to four independent experiments were pooled, and they are
depicted as mean fluorescence units � S.E.M.

RT-PCR to Determine the Expression of AhR in T Cells. To
detect the expression of AhR in nonactivated or ConA-activated
primary T cells treated with vehicle (DMSO) or TCDD (482-bp),
forward (5�-GCG GCC GCA GGA AGT GAG G-3�) and reverse (5�-
GTG CCG TTG ATT TGC GTG TGCT-3�) primers specific to mouse
AhR were used. PCR was performed for 30 cycles using the following
conditions: 30 s at 95°C (denaturing temperature), 40 s at 60°C
(annealing temperature), and 60 s at 72°C (extension temperature),
with a final incubation of 10 min at 72°C. The PCR products, gen-
erated from mouse AhR primer pairs, were normalized against PCR
products generated from �-actin as described above for Fas and
FasL. The band intensity of PCR products was determined using
ChemiDoc image analysis system (Bio-Rad Laboratories).

Role of AhR in TCDD-Induced Regulation of Fas and FasL
Expression in T Cells. To determine the role of AhR in TCDD-
induced up-regulation of Fas and FasL expression in T cells, we
performed series of in vitro assays using nonactivated and ConA-
activated T cells from wild-type (C57BL/6) and AhR KO mice. In
brief, nonactivated and ConA-activated (2.5 �g/ml/24 h) purified T
cells from wild-type or AhR KO mice were treated with vehicle
(DMSO) or 10 to 1000 nM TCDD for 24 h. Cells were harvested 24 h
after vehicle or TCDD treatment, and then they were stained using
FITC-labeled anti-mouse Fas- and PE-labeled anti-mouse FasL an-
tibodies. Cells were analyzed for Fas and FasL expression in T cells
using flow cytometry (Cytomics FC 500; Beckman Coulter).

Role of AhR in TCDD-Induced T-Cell Apoptosis. To deter-
mine the role of AhR in TCDD-induced apoptosis, we performed a

series of in vitro assays using T cells from wild-type (C57BL/6) and
AhR KO mice. In brief, purified T cells from wild-type or AhR KO
mice were activated with ConA (2.5 �g/ml) for 24 h, and then they
were treated with vehicle (DMSO) or 100 to 1000 nM TCDD.
Apoptosis in T cells 24 h after TCDD treatments was determined by
performing TUNEL assays and using flow cytometry (Cytomics FC
500; Beckman Coulter) as described above. Furthermore, 1 �M ANF,
an antagonist for AhR, was added in the culture of wild-type T cells
1 h before TCDD treatment, and apoptosis was determined. Data
from three to four independent experiments were pooled, and they
are depicted as mean fluorescence units � S.E.M.

Analysis of Caspase-3/7, Caspase-8, and Caspase-9 Activity.
Activities of caspase-3/7, -8, and -9 were measured in T cells exposed
to TCDD using the Apo-ONE homogeneous caspase-3/7, caspase-8,
and caspase-9 assays according to manufacturer’s instructions (Pro-
mega, Madison, WI). In brief, ConA-activated T cells were treated
with various concentrations (1–1000 nM) of TCDD or vehicle
(DMSO) for 24 h at 37°C, 5% CO2. The following day, the cells were
collected and used for caspase assays. A Wallac 1420 multilabel
counter, Victor2 (PerkinElmer Life and Analytical Sciences, Boston,
MA) was used to measure the relative fluorescence units of each
sample at an excitation wavelength of 485 nm and at an emission
wavelength of 535 nm. Luminescence of caspase-8 and caspase-9 was
also measured using Wallac 1420 multilabel counter, Victor2

(PerkinElmer Life and Analytical Sciences). Data from three to four
independent experiments were pooled, and they are depicted as
mean fluorescence units � S.E.M.

Caspase Blocking Assays to Determine the Role of Various
Caspases in TCDD-Induced T-Cell Apoptosis. To investigate the
role and participation of various caspases in TCDD-mediated apop-
tosis in primary T cells, we performed in vitro assays as described
above, and inhibitors specific to mouse caspase-3 (Z-DEVD),
caspase-8 (Z-IETD-FMK), and caspase-9 (Z-LEHD-FMK) at a con-
centration of 20 �M were added in the culture. The cells were
incubated with caspase inhibitor for at least 1 h before TCDD treat-
ment. These inhibitors were purchased from R&D Systems. The cells
were harvested 24 h after vehicle or TCDD treatment, and TUNEL
assays were performed for apoptosis as described previously. At least
three independent experiments were performed, and the data are
shown represent one of the experiments.

Analysis of Mitochondrial Membrane Potential. Mitochon-
drial membrane potential (��m) of T cells after vehicle or TCDD
exposure was determined using 3,3�-dihexyloxacarboeczyme (DiOC6;
Sigma-Aldrich) as described previously (Singh et al., 2007). In brief,
ConA-activated T cells were treated with TCDD or vehicle for 24 h at
37°C, 5% CO2. The cells were harvested, washed twice with ice-cold
PBS, and then they were incubated in the presence of 40 nM DiOC6

for 30 min at 4°C. After washing several times with ice-cold PBS, the
cells were suspended in 200 to 500 �l of PBS, and then they were
analyzed using flow cytometry (Cytomics FC 500; Beckman Coulter)
and software. Propidium iodide was used to differentiate the dead
cells. At least three independent experiments were performed.

RT-PCR to Detect Expression of c-FLIP in T Cells after
TCDD Treatment. To detect the expression of c-FLIP in T cells
after vehicle or TCDD treatment, total RNA from various experimen-
tal samples was isolated, and cDNAs were synthesized as described
above. To detect the expression of c-FLIP (518-bp), forward (5�-
GTCCTGCTGATGGAGATTG-3�) and reverse (5�-GCTCCTTGGCT-
GGAC TGGG-3�) primers specific to mouse c-FLIP were used. PCR
was performed for 30 cycles using the following conditions: 30 s at
95°C (denaturing temperature), 40 s at 58°C (annealing tempera-
ture), and 60 s at 72°C (extension temperature), with a final incu-
bation for 10 min at 72°C. The PCR products, generated from exper-
imental samples of mouse T cells were normalized against PCR
products, generated from �-actin (427 bp) forward (5�-AAG GCC
AAC CGT GAA AAG ATG ACC-3�) and reverse (5�-ACC GCT CGT
TGC CAA TAG TGA TGA-3�) primers after electrophoresis on 1.5%
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agarose gel and visualization of the PCR products with UV light. The
band intensity of PCR products was determined using Chemi-Doc.

Immunoblot Analysis. Immunoblotting was performed as de-
scribed previously (Singh et al., 2007). Cell lysates were prepared by
freezing and thawing, and the protein concentration was measured
using standard Bradford assay (Bio-Rad Laboratories). The proteins
were fractionated in 12% SDS-polyacrylamide gel electrophoresis
and transferred onto polyvinylidene difluoride membranes using a
DryBlot apparatus (Bio-Rad Laboratories). The membrane was in-
cubated in blocking buffer for 1 h at room temperature, followed by
incubation in mouse-specific c-FLIP (1:1000; Cell Signaling Technol-
ogy Inc.) primary antibody, and �-actin (1:5000; Sigma-Aldrich) pri-
mary antibody at 4°C overnight. HRP-conjugated secondary Ab was
used at 1:2000 dilutions (Cell Signaling Technology Inc.). The mem-
brane was then washed three times (10–15 min) with washing buffer
(PBS � 0.2% Tween 20), and then it was incubated for 1 h in
HRP-conjugated secondary antibody (Cell Signaling Technology Inc.)
in blocking buffer. The membrane was then washed several times
and incubated in developing solution (equal volume of solution A and
B; enhanced chemiluminescence Western blotting detection re-
agents; GE Healthcare, Chalfont St. Giles, Buckinghamshire, UK),
and signal was detected using ChemiDoc System (Bio-Rad Labora-
tories). Densitometric analyses of the Western blots were performed
using ChemiDoc software (Bio-Rad Laboratories).

Transfection of Mouse Primary T Cells with Mouse c-FLIP
siRNA. Primary T cells (5 � 106) purified from C57BL/6 mice were
transfected with 1.7 �M mouse siGenome ON-TARGETplus-SMART
pool duplex (5-8) small interfering RNAs (siRNAs) (Dharmacon RNA
Technologies, Lafayette, CO) using nucleofection of primary T cells
with mouse T-cell Nucleofector transfection reagent kit and Nucleo-
factor II electroporation system following the protocols of the com-
pany (Amaxa Biosystems, Gaithersburg, MD). As a control, 5 � 106

mouse T cells were transfected with mouse-specific control SiGLO
RISK-free siRNA (3 �g; designated control siRNA) unconjugated or
conjugated with Cy-3 (pool D-001206-13-05; Dharmacon RNA Tech-
nologies) and pmaxGFP plasmid (2 �g). Transfected T cells were
cultured for 48 h in complete medium at 37°C and 5% CO2. We
observed �85% cell viability after transfection. To examine the effi-
ciency of transfection, we observed pmaxGFP plasmid-transfected T
cells under fluorescent microscope and observed �60% cells express-
ing green fluorescent protein. We also examined the expression of
fluorescent protein by performing flow cytometry (Cytomics FC 500;
Beckman Coulter). T cells, untransfected (nonactivated and ConA-
activated) or transfected with control siRNA or mouse-specific
c-FLIP siRNAs, were treated with vehicle or 100 nM TCDD. T cells
24 h after treatment were harvested and apoptosis was determined
by performing TUNEL assay and using flow cytometry (Cytomics FC
500; Beckman Coulter).

Statistical Analysis. Results presented here represent at least
four to five independent experiments, and they are presented as the
mean � S.E.M. Statistical analyses were performed using Prism
software (GraphPad Software Inc., San Diego, CA). Student’s t test
was used for paired observations if data followed a normal distribu-
tion to compare TCDD-induced apoptosis in T cells, expression and
quantification of Fas, FasL, and AhR in DCs or in T cells, caspase
assays, and quantification of proteins. The multiple comparisons
were made using one-way analysis of variance (ANOVA) test and
Tukey-Kramer multiple comparisons tests. A p value of �0.05 is
considered to be statistically significant.

Results
TCDD-Mediated Apoptosis in Primary T Cells Re-

quired Their Activation and/or Their Interaction with
Dendritic Cells. We first examined TCDD-induced apopto-
sis in activated and nonactivated primary peripheral T cells
in vitro. To this end, T cells were purified from the spleens of

Fig. 1. Effect of TCDD on induction of apoptosis in activated and nonacti-
vated primary T cells in vitro. Purified primary T cells from C57BL/6 mice
were cultured in the presence of ConA (activated) or absence (nonactivated)
for 24 h followed by an additional culture for 24 h with TCDD. In some
cultures, mature syngeneic DCs, generated from bone marrow of C57BL/6
mice, were added to these cultures along with 10 to 1000 nM TCDD or
vehicle (DMSO), and the cultures were incubated for an additional 24 h.
Apoptosis in T cells was determined by staining the cells with PE-anti-CD3
Abs and FITC-dUTP. The PE� gated cells were analyzed for apoptosis using
flow cytometry (Cytomics FC 500; Beckman Coulter). Data are depicted as
viable cellularity (A) and apoptosis as determined by TUNEL assays (B and
C). In A and C, the following comparisons made using ANOVA test and
Tukey-Kramer multiple comparisons test between various groups were sta-
tistically significant (p � 0.05): vehicle versus TCDD-treated nonactivated T
cells (a versus e, i, m, and q), vehicle versus TCDD-treated nonactivated
T cells � DCs (b versus f, j, n, and r), vehicle versus TCDD-treated acti-
vated T cells (c versus g, k, o, and s), and vehicle versus TCDD-treated
activated T cells � DCs (d versus h, l, p, and t). In addition, the following
comparisons made using Student’s t test between different groups after 10 to
1000 nM TCDD treatment were also statistically significant (p � 0.05):
nonactivated T cells versus nonactivated T cells � DCs (e versus f, i versus
j, m versus n, and q versus r), activated T cells versus activated T cells � DCs
(g versus h, k versus l, o versus p, and s versus t), nonactivated versus
activated T cells (e versus g, i versus k, m versus o, and q versus s), and
nonactivated T cells � DCs versus activated T cells � DCs (f versus h, j
versus l, n versus p, and r versus t). In B, the top percentage data represent
the actual percentage of apoptosis obtained in each histogram, and the
bottom percentage data represent the percentage of apoptosis seen after
subtracting the background apoptosis in vehicle-treated cells. In A and C,
data from five independent experiments were analyzed and depicted as
mean � S.E.M. B is a representative experiment showing the histograms.
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C57BL/6 mice and cultured in the absence or presence of
ConA for 24 h. Next, the cultures were incubated with TCDD
or vehicle for an additional 24 h, and cell viability and apop-
tosis were determined. In some experimental settings, ma-
ture syngeneic DCs were added in both nonactivated and
activated T cell cultures at the time of addition of TCDD. We
observed a dose-dependent decrease in viability of T cells
incubated with TCDD, and activated T cells were more sen-
sitive compared with nonactivated T cells (Fig. 1A). Similar
results were obtained using TUNEL assays in which we
noted that activated primary T cells were more sensitive to
apoptosis compared with nonactivated T cells. It is notewor-
thy that when we cultured the nonactivated T cells in the
presence of syngeneic DCs and TCDD, we noted apoptosis in
T cells (Fig. 1, B and C). However, we noted highest levels of
apoptosis in T cells when activated T cells were cultured in
the presence of syngeneic DCs and TCDD (Fig. 1, B and C). It
should be noted that in these assays, the lowest concentra-
tion at which TCDD triggered significant levels of apoptosis
was 10 nM. We did not observe apoptosis in nonactivated or
activated T cells with or without DCs when 1 nM TCDD was
used in the culture (data not presented). These data demon-
strated that primary peripheral T cells become more suscep-
tible to TCDD in vitro when they are activated with ConA
and especially in the presence of mature syngeneic DCs.

TCDD Caused Apoptosis in Antigen-Specific Acti-
vated T Cells. Normally, professional antigen-presenting
cells (APCs) such as DCs present the processed antigens to T
cells during an antigen-specific T-cell response. We therefore
addressed whether during such T-cell DC interaction, pres-
ence of TCDD would promote apoptosis in T cells. To this end,
we used purified T cells from OT.II.2a mice, and we cultured
them in the presence of mature syngeneic DCs in the absence
or presence of specific agonist ovalbumin peptide (Ova323-
339: ISQAVHAAHAEINEAGR) for 3 days, and then we
treated them with different concentrations (100–1000 nM) of
TCDD for 24 h. In these experiments, we also included cul-
tures in which nonactivated T cells from OT.II.2a mice were
incubated with TCDD for an additional 24 h. The T-cell
proliferation was measured by [3H]thymidine incorporation,
and apoptosis in T cells was determined by gating CD3-
positive T cells and detecting TUNEL-positive cells. We
noted a dose-dependent decrease in the proliferative re-
sponse of T cells to Ova323-339, upon TCDD treatment (Fig.
2A). We observed low levels of TCDD-induced apoptosis in
nonactivated primary T cells (Fig. 2, B and C). It is notewor-
thy that Ova-specific T cells cultured with DCs in the absence
of specific peptide also showed significant sensitivity to
TCDD-induced apoptosis. However, highest levels of apopto-
sis were detected in T cells cultured with DCs � Ova peptide
(Fig. 2, B and C). Together, these data demonstrated that

DCs play a critical role in inducing apoptosis in T cells in the
presence of TCDD.

TCDD Up-Regulated Fas and FasL Expression in Ma-
ture DCs. Bone marrow-derived immature and mature DCs
exposed to vehicle or various concentrations (10–1000 nM) of
TCDD for 24 h were examined for expression of Fas and FasL
by flow cytometry and RT-PCR using mouse Fas/FasL-spe-
cific primers. More than 90% of all DC cultures tested ex-
pressed Fas (Fig. 3A). Furthermore, immature DCs ex-
pressed low levels of Fas and upon maturation, they
expressed significantly higher levels of Fas as indicated by an
increase in mean fluorescent intensity (Fig. 3). Exposure of
all DC cultures to TCDD did not cause a significant increase
in Fas expression. Unlike Fas expression, only a small per-
centage of immature DCs expressed FasL. DC maturation
did not increase the density of FasL but caused a significant
increase in the percentage of cells expressing FasL in vehicle-
treated groups (Fig. 3, B and C). Addition of TCDD to DC
cultures increased the percentage of cells expressing FasL
and the density of FasL particularly in mature DCs pulsed
with the peptide (Fig. 3, B and C). RT-PCR data further
corroborated data generated by flow cytometry (Fig. 3, D
and E).

TCDD Up-Regulated the Expression of Fas, FasL,
and AhR in ConA-Activated T Cells. Previous studies
from our laboratory have shown that TCDD induces apopto-
sis in T cells involving Fas/FasL interactions in vivo (Kamath
et al., 1999; Camacho et al., 2002, 2005). In the present
study, therefore, we investigated whether the increased sus-
ceptibility of activated T cells to TCDD results from up-
regulation of Fas, FasL, or AhR, in ConA-activated T cells. To
this end, we determined the expression of Fas, FasL, and
AhR in nonactivated and ConA-activated T cells exposed to
TCDD or vehicle, by performing RT-PCR using mouse Fas-,
FasL-, and AhR-specific sets of primers. We observed signif-
icant increase in expression of Fas and FasL in TCDD-
treated activated T cells compared with similar cultures of
nonactivated T cells (Fig. 4, A and B).

FasL Played a Significant Role in Initiating Death-
Receptor Pathway during TCDD-Mediated T-Cell
Apoptosis. To test whether FasL initiates death-receptor
pathway to cause TCDD-mediated apoptosis in T cells, ConA-
activated T cells were cultured in the absence or presence of
various concentrations (1–5 �g/ml) of anti-mouse FasL mAb.
FasL mAb was added to the culture 1 h before TCDD treat-
ment. We observed significant (p � 0.0033) reduction in
TCDD-mediated T-cell apoptosis when 1 to 5 �g/ml FasL
mAb was added to the culture (Fig. 4, C and D). Addition of
isotype control Abs failed to exhibit any significant effect on
TCDD-mediated apoptosis (data not shown). The data ob-

Fig. 2. TCDD causes apoptosis in antigen-specific activated T cells in vitro. Purified primary T cells from OT.II.2a mice were activated with
ovalbumin-specific peptide (ISQAVHAAHAEINEAGR) by coculturing T cells and peptide-pulsed mature DCs for 3 days, and then they were treated
with various doses of TCDD (100–1000 nM; A–C). Proliferation of T cells was determined by [3H]thymidine incorporation (A) 24 h after TCDD
exposure and apoptosis as determined by TUNEL assays (B and C). A represents mean of triplicate cultures � S.E.M. The following comparisons made
using ANOVA and Tukey-Kramer multiple comparisons test between various groups were statistically significant (p � 0.05): proliferation of vehicle
versus TCDD-treated Ova-activated OT.II.2a T cells in the presence of DCs (b versus d, f, and h). No significant (p � 0.05) difference in proliferation
was observed between vehicle and TCDD-treated nonactivated OT.II.2a T cells � DCs (a versus c, e, and g). B is representative of three independent
TUNEL assays, and data are depicted as mean � S.E.M. in C. Statistical analysis using ANOVA and Tukey-Kramer multiple comparisons test showed
significant (p � 0.05) difference in apoptosis between the following groups: vehicle versus TCDD-treated nonactivated OT.II.2a T cells (a versus d, g,
and j), vehicle versus TCDD-treated nonactivated OT.II.2a T cells � DCs (b versus e, h, and k), and vehicle versus TCDD-treated Ova-activated
OT.II.2a T cells � DCs (c versus f, i, and l).
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tained demonstrated that FasL plays a crucial role in TCDD-
mediated apoptosis in primary peripheral T cells.

Role of AhR in TCDD-Induced Up-Regulation of Fas
and FasL Expression in T Cells. Upon examination of
TCDD-induced expression of AhR in T cells by RT-PCR, we
observed significant (p � 0.05) increase in AhR expression in

TCDD-treated nonactivated T cells compared with vehicle-
treated nonactivated T cells (Fig. 5, A and B). We also ob-
served significant increase in AhR expression (p � 0.05) in
TCDD-treated activated T cells compared with vehicle-
treated activated T cells (Fig. 5, A and B).

We performed a series of in vitro assays using nonactivated

Fig. 3. Mature DCs express up-regulated Fas and FasL upon TCDD exposure. Immature, mature, and mature DCs pulsed with ova peptides (OvaPep),
generated from C57BL/6 mice were cultured in the presence of vehicle (DMSO) or 10 to 1000 nM TCDD for 24 h. Expression of Fas and FasL in
immature and mature DCs was determined by flow cytometry (A–C) or RT-PCR (D) 24 h after TCDD treatments. Data in A and B are representatives
of three independent assays, which are plotted in C as mean � S.E.M. As summarized in C, Fas expression was noted to be increased (p � 0.0001 using
ANOVA and Tukey-Kramer multiple comparisons test in mature DCs or in mature DCs � Ova peptide groups compared with immature DCs (a versus
i and q, b versus j and r, c versus k and s, and d versus l and t). In the above-mentioned three groups, exposure of DCs to TCDD failed to cause a
significant increase of Fas (p � 0.05; a versus f, g, and h; i versus j, k, and l; and q versus r, s, and t) and FasL (p � 0.05) in immature and mature
DCs groups (b versus f, n, and v and c versus l, o, and w), but it caused significant increase (p � 0.05) in FasL in mature DCs � OvaPep group (u versus
v, w, and x). Data in E represent semiquantitative RT-PCR. Expressions of Fas and FasL are presented as percentage of 18S expression on the y-axis,
and expression of 18S was considered to be 100% for each experiment. Data in E represent mean � S.E.M. of three independent experiments. As
summarized in E, Fas expression was noted to be increased (p � 0.0001) using ANOVA and Tukey-Kramer multiple comparisons test in mature DCs
or in mature DCs � Ova peptide groups compared with immature DCs (1 versus 11 and 21, 2 versus 12 and 22, 3 versus 13 and 23, 4 versus 14 and
24, and 5 versus 15 and 25). In the above-mentioned three groups, TCDD exposure caused a significant increase in FasL (p � 0.005) in mature
DCs � Ova peptide groups (26 versus 27, 28, 29, and 30), 7 versus 17 and 27, 8 versus 18 and 28, 9 versus 19 and 29, and 10 versus 20 and 30), but
it did not significantly (p � 0.05) increase in immature (6 versus 7, 8, 9, and 10) or mature DCs (16 versus 17, 18, 19, and 20). MIF, mean fluorescent
intensity.
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or ConA-activated primary T cells from wild-type (C57BL/6)
or AhR KO mice to test the role of AhR in TCDD-induced
up-regulation of Fas and FasL in T cells. Upon examination
of whether TCDD-induced AhR participates in up-regulation
of Fas and FasL in T cells, we observed significantly higher
levels of Fas (p � 0.0034) and FasL (p � 0.0001) in wild-type
T cells compared with AhR KO-nonactivated T cells (Fig. 5C);
and similarly, significantly higher Fas (p � 0.0036) and FasL
(p � 0.0001) in activated wild-type T cells compared with
activated AhR KO T cells (Fig. 5D). The data clearly demon-
strated that TCDD recruits AhR to up-regulate the expres-
sion of both Fas and FasL in T cells.

TCDD Recruited AhR to Kill Activated T Cells. We
tested the role of AhR in TCDD-mediated apoptosis in acti-
vated T cells. To this end, we performed a series of in vitro
assays using primary T cells from wild-type (C57BL/6) or
AhR KO mice. We observed significantly less TCDD-medi-
ated apoptosis in ConA-activated AhR KO T cells (Fig. 5E)
compared with ConA-activated T cells from AhR wild-type
mice at all TCDD doses tested (Fig. 5E). Likewise, we ob-
served significant reduction in TCDD-mediated apoptosis in
ConA-activated T cells in the presence of ANF, an antagonist
for AhR, compared with activated T cells that were cultured

in the absence of ANF (Fig. 5, F and G). These data together
demonstrated that AhR plays a critical role in TCDD-medi-
ated signaling and T-cell apoptosis. It should be noted that T
cells from AhR KO mice did exhibit low levels of apoptosis,
particularly at higher doses of TCDD (Fig. 5E), although this
was significantly less than that seen in AhR wild-type T cells.
These data suggested that higher doses of TCDD may induce
apoptosis at least in part through an AhR-independent
pathway.

Both Death-Receptor (Extrinsic) and Mitochondrial
(Intrinsic) Pathways Were Involved in TCDD-Medi-
ated T-Cell Apoptosis. To investigate whether TCDD-me-
diated apoptosis in activated T cells was caspase-dependent,
we performed enzymatic assays for various caspases
(caspase-3/7, caspase-8, and caspase-9). We observed signif-
icant increase in caspase enzymatic activities for all three
caspases examined in ConA-activated and TCDD-treated T
cells compared with vehicle-treated activated T cells (Fig.
6A). This activity was dose-dependent, and it was seen at
TCDD concentrations of 10 nM and higher. The role of vari-
ous caspases was further confirmed by blocking caspase ac-
tivity using various caspases inhibitors (caspase-3, Z-DEVD;
caspase-8, Z-IETD-FMK; and caspase-9, Z-LEHD-FMK).

Fig. 4. Role of Fas and FasL in TCDD-mediated apoptosis in T cells. Expression of Fas and FasL in nonactivated or ConA-activated T cells was
determined by performing RT-PCR. A, expression of Fas and FasL in nonactivated and activated T cells (RT-PCR). �-Actin was used as an internal
control to normalize the expression of Fas and FasL. The band intensity of PCR products was determined using a Bio-Rad Laboratories image analysis
system. The quantity of PCR products was determined using ChemiDoc image analysis software (Bio-Rad Laboratories). B, semiquantitative RT-PCR
and expressions of Fas and FasL are presented as percentage of �-actin expression on the y-axis, and expression of �-actin was considered to be 100%
for each experiment. Data in B are depicted as mean � S.E.M. of three independent experiments. Significant increase in expression of Fas in
TCDD-treated activated T cells was noted compared with similar cultures of nonactivated T cells (p � 0.05) by Student’s t test (b versus f, c versus
g, and d versus h). TCDD-treated activated T cells also showed an increase in FasL (p � 0.05) compared with nonactivated T cells (j versus n, k versus
o, and l versus p). In C, ConA-activated T cells cultured with TCDD were incubated in the absence or presence of mouse-specific anti-FasL Ab, and
apoptosis was studied by TUNEL assays. The data presented in C are representative of three independent experiments, and they are depicted as
mean � S.E.M. in D. Significant reduction in TCDD-mediated apoptosis of T cells cultured in the presence of anti-FasL Ab compared with T cells
cultured in the absence of anti-FasL Ab (p � 0.0033 using ANOVA and Tukey-Kramer multiple comparisons test; d versus e and f, g versus h and i,
and j versus k and l).
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Fig. 5. Role of AhR in TCDD-induced apoptosis in T cells. A, expression of AhR in nonactivated and ConA-activated T cells (RT-PCR). B,
semiquantitative RT-PCR data and expressions of AhR are presented as percentage of �-actin expression on the y-axis, and expression of �-actin was
considered to be 100% for each experiment. Data in B are depicted as mean � S.E.M. of three independent experiments. TCDD, compared with the
vehicle, increased the expression of AhR in both nonactivated T cells as determined by ANOVA test (p � 0.05; a versus b, c, and d) and activated T
cells (p � 0.05; e versus f, g, and h), and in vehicle-treated activated T cells (p � 0.05; a versus e) compared with vehicle-treated nonactivated T cells.
Data in C are summarized for three independent experiments, and they are represented as mean � S.E.M. Significantly higher TCDD-induced
expression of Fas as determined by Student’s t test (p � 0.0034; c versus m, e versus o, g versus q, and i versus s) and FasL (p � 0.0001; f versus p;
h versus r, and j versus t) was seen in wild-type T cells compared with AhR KO nonactivated T cells. D, expression of Fas and FasL in TCDD- or
vehicle-treated activated T cells from wild-type and AhR KO mice. Data presented in D are summarized for three independent experiments and
represented as mean � S.E.M. Significantly higher TCDD-induced expression of Fas (p � 0.0036; c versus m, e versus o, g versus q, and i versus s)
and FasL (p � 0.0001; f versus p, h versus r, and j versus t) as determined by Student’s t test in wild-type T cells compared with AhR KO activated
T cells. In E, ConA-activated T cells from wild-type and AhR KO mice were cultured with 100 and 1000 nM TCDD or vehicle (DMSO) for 24 h, and
apoptosis in T cells was determined. Data presented in E represent one of three independent experiments, and vertical bars in F represent mean �
S.E.M. Significantly lower levels of apoptosis was noted in AhR KO mice compared with wild-type mice as determined by Student’s t test (p � 0.0001;
a versus e, b versus f, c versus g, and d versus h). In G, ConA-activated T cells from wild-type mice were cultured with 100 and 1000 nM TCDD or
vehicle (DMSO) for 24 h in the absence or presence of ANF in the culture, and apoptosis in T cells was determined. Data presented in G represent one
of three independent experiments, and vertical bars represent mean � S.E.M. Significantly lower TCDD-induced apoptosis was seen in T cells when
ANF was used in the culture as determined by Student’s t test (p � 0.0001; c versus d, e versus f, and g versus h).
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TUNEL assays performed on ConA-activated T cells that
were cultured in the presence of various caspase inhibitors
and treated with 100 nM TCDD demonstrated almost com-
plete blocking (	90%) of TCDD-mediated apoptosis in the
presence of caspase-3 inhibitor (Fig. 6, B and C), significant
blocking (�65%) in the presence of caspase-8 inhibitor (Fig.
6, B and C), and partial blocking (�50%) in the presence of
caspase-9 inhibitor (Fig. 6, B and C). Furthermore, we ob-
served similar results (Fig. 6, D and E) when we used inhib-
itors against caspase-8 in the culture of activated T cells,
treated with various doses (100–1000 nM) of TCDD. Overall,
these data demonstrated that TCDD-mediated apoptosis in
activated T cells was caspase-dependent. To further corrob-
orate the role of mitochondrial pathway, we studied ��m loss
using DIOC6 dye after TCDD or vehicle treatment. We ob-
served significant reduction (�36%) in ��m in activated and
TCDD-treated T cells (Fig. 7, A and B) compared with min-
imal reduction in nonactivated T cells treated with TCDD
(Fig. 7, A and B).

TCDD Down-Regulated c-FLIP to Allow Apoptosis in
T Cells. Presence of c-FLIP has been shown to block Fas/

FasL-mediated death-receptor pathway (Golks et al., 2005;
Lavrik et al., 2005a,b). In this context, expression of c-FLIP
in TCDD-treated activated T cells was evaluated by perform-
ing RT-PCR and Western blot analysis. Nonactivated T cells
showed high levels of c-FLIP; furthermore, TCDD treatment
did not alter the expression of cFLIP (Fig. 8, A and B).
Activated T cells also showed c-FLIP expression, but inter-
estingly, TCDD treatment caused a significant decrease in
c-FLIP in activated T cells (Fig. 8, A and B). Upon Western
blot analysis, we also observed significant reduction in c-
FLIP expression in TCDD-treated activated T cells compared
with vehicle-treated T cells (Fig. 8, C and D). These data
suggested that c-FLIP may play a crucial role in dictating the
susceptibility of T cells to TCDD-induced apoptosis.

To further confirm the role of c-FLIP in TCDD-induced
apoptosis of primary T cells in vitro, we used a RNA inter-
ference approach. siRNA consisting of 21-bp double-stranded
RNA has been shown to mediate RNA interference effect in
mammalian cells. We used mouse-specific c-FLIP siRNA
(Dharmacon RNA Technologies) targeting four different sites
of c-FLIP as described under Materials and Methods. As

Fig. 6. Role of caspases in TCDD-induced apoptosis in primary T cells. Enzymatic activities of caspase-3/7, -8, and -9 were determined in
ConA-activated T cells 24 h after TCDD treatment. A, shows caspase-3/7, -8, and -9 activities, and the data represent mean � S.E.M. of three
independent experiments. Asterisks (�) represent statistically significant (p � 0.0002) increase in enzymatic activities of caspase-3, -8, and -9 in
TCDD-treated T cells compared with vehicle-treated T cells. B and C, inhibitors against caspases block TCDD-mediated apoptosis in T cells. The data
presented are representative of three independent experiments (B) summarized in C. There was statistically significant blocking of TCDD-induced
apoptosis by various caspase inhibitors as determined by Student’s t test (caspase-3: p � 0.0001, e versus f, caspase-8: p � 0.0003, e versus g, and
caspase-9: p � 0.0017, e versus h). In D and E, inhibitor against caspase-8 was used in the culture together with various concentrations of TCDD
(100–1000 nM). Data presented represent one of the three independent experiments performed (D), and they are summarized in E. There was
statistically significant (p � 0.0003) blocking of TCDD-induced apoptosis as determined by Student’s t test (c versus d, e versus f, and g versus h) when
caspase-8 inhibitor was used in the culture.
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shown in Fig. 9A, we observed more than 59% of naive T cells
were siRNA-transfected. Upon Western blot analysis, we ob-
served that c-FLIP siRNAs were able to significantly reduce
c-FLIP expression, whereas control siRNA had no significant
effect (Fig. 9, B and C). We also observed that blocking of
c-FLIP expression using c-FLIP siRNA in primary T cells
allowed significant TCDD-induced apoptosis in primary T
cells compared with T cells that were not transfected (Fig.
9D) or transfected with control siRNA (Fig. 9E). These data
further corroborated our earlier results showing the crucial
role of c-FLIP in TCDD-induced apoptosis in T cells in vitro.

Discussion
TCDD-mediated immunotoxicity has been well character-

ized in various animal models (Faith and Luster, 1979; Na-
garkatti et al., 1984; Greenlee et al., 1985; Fine et al., 1990;
Lundberg et al., 1990a,b; Holladay et al., 1991; Esser, 1994;
Kerkvliet et al., 2002). Currently, the consensus is that
TCDD-mediated toxicity is initiated by TCDD-AhR interac-
tion, AhR-ARNT interaction with DRE present in regulatory
regions of TCDD-sensitive genes, their induction, and result-
ant immunotoxicity. However, the precise molecular mecha-
nisms underlying the immunotoxicity are yet to be fully
characterized, mainly due to lack of an appropriate in vitro

model. Although thymocytes and antigen-activated T cells
are highly sensitive to TCDD-mediated toxicity in vivo, it has
been difficult to reproduce such findings in vitro. To this end,
the present study demonstrates for the first time that acti-

Fig. 7. Effect of TCDD on ��m in ConA-activated T cells. A, ConA-
activated or nonactivated T cells were treated with vehicle (DMSO) or 100
to 1000 nM TCDD as described in Fig. 1, and then they were stained with
DIOC6 to evaluate ��m. Results are representative of three independent
experiments, and they are summarized in B. There was a statistically
significant (p � 0.0038) increase in ��m in TCDD-treated activated T
cells compared with vehicle-treated activated T cells (f versus g, h, i, and
j) as determined by ANOVA and Tukey-Kramer multiple comparisons
test. In nonactivated T cells, TCDD failed to increase the percentage of
cells with loss of ��m (p � 0.05; a versus b, c, d, and e).

Fig. 8. Expression of c-FLIP in primary T cells. A, nonactivated or
ConA-activated T cells were treated with vehicle or 100 to 1000 nM TCDD
for 24 h as described in Fig. 1 legend, and then they were evaluated for
c-FLIP expression by RT-PCR. �-Actin was used as an internal control for
normalization of c-FLIP expression. In B, results represent mean �
S.E.M. of three independent experiments. Expression of c-FLIP is pre-
sented as percentage of �-actin expression in the y-axis, and expression of
�-actin was considered to be 100% for each experiment. There was sig-
nificant (p � 0.0001) reduction in expression of c-FLIP in TCDD-treated
activated T cells compared with nonactivated T cells as determined by
Student’s t test (d versus e, f versus g, h versus i, and j versus k). There
was no significant change in c-FLIP levels in nonactivated T cells incu-
bated with vehicle or TCDD (p � 0.05; b versus d, f, h, and j) as well as
between nonactivated versus activated T cells exposed to vehicle (p �
0.05; b versus c). C, immunoprecipitation of c-FLIP using primary anti-
body against anti-mouse c-FLIP in ConA-activated T cells. D, results
represent mean � S.E.M. of three independent experiments. Expression
of c-FLIP is presented as percentage of �-actin expression on the y-axis,
and expression of �-actin was considered to be 100% for each experiment.
There was statistically significant (p � 0.0003) reduction in expression of
c-FLIP in TCDD-treated T cells compared with vehicle-treated T cells, as
determined by ANOVA and Tukey-Kramer multiple comparisons test
(c-FLIPL: a versus c, e, and g, and i and c-FLIPs: b versus d, f, h, and j).
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vated but not naive T cells are more susceptible to TCDD-
mediated apoptosis in vitro.

The data obtained from our present in vitro studies dem-
onstrate that TCDD causes apoptosis in primary T cells in
vitro primarily upon activation and triggers both death-re-
ceptor and mitochondrial pathways. These observations are
based on the following findings: 1) TCDD triggered apoptosis
to a greater extent in activated T cells compared with non-
activated cells; 2) TCDD induced apoptosis in antigen-spe-
cific activated T cells; 3) TCDD-mediated early events/signals
were initiated primarily through activation of AhR, leading
to up-regulated expression of Fas and FasL; 4) interaction of
FasL with Fas triggered death-receptor pathway by activat-

ing caspase-8 and caspase-3, culminating in apoptosis; and 5)
loss of ��m in activated and TCDD-treated T cells. It should
be noted that the nonactivated T cells showed low levels of
apoptosis. This can be explained because we had used T cells
that were 
90% enriched. Thus, the 10% cells consisting of
APCs may facilitate TCDD-induced apoptosis as evidenced
by the addition of purified DCs to T-cell cultures further
enhancing TCDD-induced apoptosis. In our studies, we did
not use more enriched T cells because a small proportion of
APCs are necessary to activate T cells using ConA (Fikri et
al., 2002). We noted that if we use highly enriched primary
nonactivated T cells (�95% purity), they are completely re-
sistant to TCDD-induced apoptosis (data not shown).

Fig. 9. c-FLIP plays a critical role in TCDD-induced apoptosis in primary T cells in vitro. A, primary T cells were transfected with SiGLO RISK-free
control siRNA. Efficiency of transfection was determined by performing flow cytometry (Cytomics FC 500; Beckman Coulter) analysis. B, primary T
cells were transfected with mouse-specific c-FLIP siRNAs. c-FLIP expression level was analyzed by Western blotting using antibody against c-FLIP.
C, signal intensity of c-FLIP expression compared with �-actin. Expressions of c-FLIP is presented as percentage of �-actin expression on the y-axis,
and expression of �-actin was considered to be 100% for each experiment. Vertical bars represent mean � S.E.M. of three independent experiments,
and asterisks (�) represent statistically significant (p � 0.0002) reduction in expression of c-FLIP in T cells (b versus d) transfected with c-FLIP siRNA
as determined by Student’s t test. D, primary T cells untransfected (nonactivated or ConA-activated) were treated with vehicle or 10 nM TCDD for
24 h, and then they were analyzed for apoptosis using TUNEL assay. Vertical bars on the right represent mean � S.E.M. of three independent
experiments, and asterisks (�) represent statistically significant (p � 0.0001) TCDD-induced apoptosis in activated T cells compared with vehicle-
treated activated T cells as determined by Student’s t test. E, primary T cells transfected with control siRNA (top) or c-FLIP siRNAs (bottom) were
cultured in the presence of vehicle or 100 nM TCDD for 24 h, and then apoptosis was determined using TUNEL assay. Vertical bars (right) represent
mean � S.E.M. of three independent experiments, and asterisks (�) represent statistically significant (p � 0.0001) TCDD-induced apoptosis in c-FLIP
siRNA-transfected primary T cells compared with control siRNA-transfected primary T cells as determined by Student’s t test.
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We and others have previously shown that TCDD is not
toxic to naive T cells, but it can suppress the immune re-
sponse of T cells that are activated by an antigen in vivo
(Camacho et al., 2001, 2002). This raises an important ques-
tion as to why TCDD can suppress T-cell response to an
antigen in vivo, whereas it is not directly toxic to T cells in
vitro. Recent studies from our laboratory shed some light in
this regard by demonstrating that TCDD-induced apoptosis
in thymic T cells is dependent on their interactions with
thymus stromal cells (Camacho et al., 2004a,b, 2005). We
have demonstrated previously that in vivo administration of
TCDD leads to up-regulation of Fas on T cells and FasL on
thymic stromal cells and that interaction between these cells
is critical for T cells to undergo apoptosis (Camacho et al.,
2005). With respect to peripheral T cells, the current study
demonstrates that T-cell activation or interaction between T
cells and APCs such as DCs is critical for induction of TCDD-
mediated apoptosis. The present study also demonstrates
that activated T cells become more susceptible to TCDD-
mediated apoptosis because they express higher levels of
AhR, Fas, and FasL compared with nonactivated T cells.
These molecules have been shown to play a critical role in
TCDD-mediated apoptosis (Fernandez-Salguero et al., 1996;
Hossain et al., 1998; Kamath et al., 1999; Camacho et al.,
2001, 2002, 2004b, 2005). In addition to T-cell activation, we
also noted that the presence of DCs in the culture increased
the levels of apoptosis in T cells caused by TCDD. This
observation on the role of DCs in inducing apoptosis in T cells
by TCDD is somewhat similar to thymic stromal cells trig-
gering apoptosis in thymic T cells, as described by us (Cama-
cho et al., 2005). TCDD-mediated up-regulation of FasL in
mature and Ova peptide-pulsed mature DCs explains the
mechanism through which DCs may facilitate TCDD-medi-
ated T-cell apoptosis. Our findings are consistent with pre-
vious reports demonstrating that specific sets of DCs express
FasL (O’Connell et al., 2000). Based on these findings, we
suggest that during T-cell-DC interactions, increased levels
of FasL on DCs induced by TCDD may facilitate enhanced
apoptosis in T cells.

We have also recently shown that TCDD regulates Fas and
FasL promoters through DRE and/or nuclear factor-�B mo-
tifs via AhR (Camacho et al., 2005). The data obtained from
the present study corroborates the critical role played by AhR
in peripheral activated T-cell apoptosis by demonstrating 1)
up-regulated expression of AhR, Fas, and FasL upon T-cell
activation; 2) minimal apoptosis in activated T cells from
AhR KO mice; and 3) complete block of TCDD-mediated
apoptosis of T cells in the presence of ANF, an AhR antago-
nist. It should be noted that Park et al. (2003) have shown
that TCDD triggered apoptosis in AhR-deficient EL4 cells
through insulin-like growth-binding protein-6. In primary
activated T cells from AhR KO mice, we also noticed that at
higher concentrations of TCDD (1000 nM), there was a low
level of apoptosis, thereby suggesting that TCDD at very
high concentrations may mediate apoptosis through AhR-
independent mechanisms.

Yet another reason as to why naive T cells are resistant to
TCDD-mediated apoptosis could be the inability of TCDD to
inhibit c-FLIP as shown in the current study. c-FLIP plays a
critical role in the regulation of death receptor-induced apop-
tosis (Golks et al., 2005; Lavrik et al., 2005a,b). It is known
that c-FLIP can prevent apoptosis triggered by death-induc-

ing ligands by binding to the FAS-associated death domain
protein and/or caspase-8 and -10 at the level of the death-
inducing signaling complex. It has also been shown that
down-regulation of c-FLIP leads to caspase-8 activation at
the death-inducing signaling complex, and it allows death
receptor-mediated pathway to proceed leading to apoptosis
(Palao et al., 2004; Golks et al., 2005; Lavrik et al., 2005a,b;
Salon et al., 2006). There are also reports demonstrating
constitutive expression of c-FLIP in primary T cells (Strauss
et al., 2003; Golks et al., 2005; Lavrik et al., 2005a,b; Salon et
al., 2006) and its down-regulation in T cells allowed death
receptor-mediated T-cell apoptosis (Suhara et al., 2001;
Strauss et al., 2003; Tran et al., 2003; Uriarte et al., 2005). In
the current study, we noted that nonactivated T cells ex-
pressed high levels of c-FLIP. In addition, the levels of c-FLIP
expression remained unchanged in ConA-activated but vehi-
cle-treated cells. It is noteworthy that TCDD treatment of
activated but not naive T cells caused a dramatic decrease in
c-FLIP. Based on previous reports and our findings, the pres-
ence of c-FLIP in primary T cells may be one of the important
factors prohibiting TCDD-mediated apoptosis in naive T cells
in vitro. Down-regulation of c-FLIP in activated T cells in-
duced by TCDD as seen in the current study may play a
critical role in induction of apoptosis. Moreover, down-regu-
lation of c-FLIP expression by siRNA led to marked suscep-
tibility of primary T cells to TCDD-induced apoptosis in vitro.

The current study demonstrates for the first time induc-
tion of apoptosis in T cells by TCDD in vitro. We have iden-
tified several mechanisms that explain this phenomenon.
First, T-cell activation leads to increased AhR expression,
which may make the T cells more susceptible to TCDD.
Second, T-cell activation up-regulates Fas and FasL, mole-
cules that play a critical role in TCDD-induced apoptosis.
Third, TCDD down-regulates c-FLIP, an apoptosis inhibitory
molecule in activated T cells. Fourth, DCs seem to play a
significant role in facilitating TCDD-mediated apoptosis in
activated T cells. The in vitro model will provide the basis for
further investigating the molecular pathways through which
TCDD triggers apoptosis in T cells.
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