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2,3,7,8-Tetrachlorodibenzo-p-dioxin Affects the Number and
unction of Murine Splenic Dendritic Cells and Their Expression
f Accessory Molecules. Vorderstrasse, B. A., and Kerkvliet, N. I.
2001). Toxicol. Appl. Pharmacol. 171, 117–125.

Primary T cell-mediated immune responses are highly suscep-
tible to suppression by 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) exposure, yet direct effects of TCDD on T cells have been
difficult to demonstrate. Since the activation of naive T cells has
been shown to be initiated primarily by dendritic cells (DC), these
cells represent a potential target for TCDD immunotoxicity. In
this report, we have examined the influence of TCDD exposure on
splenic DC phenotype and function in the absence of antigenic
stimulation. Results showed that DC from TCDD-treated mice
expressed higher levels of several accessory molecules including
ICAM-1, CD24, B7–2, and CD40, whereas the expression of
LFA-1 was significantly reduced. These effects were dose-depen-
dent and persisted for at least 14 days after exposure. The effects
were also dependent upon the aryl hydrocarbon receptor (AhR), as
similar effects were observed in AhR1/1 C57Bl/6 and Balb/c mice
ut not in AhR2 /2 mice. When DC from TCDD-treated mice were

cultured with allogeneic T cells, the proliferative response and
production of IL-2 and IFN-g by the T cells were increased.

roduction of IL-12 by the DC was likewise enhanced in compar-
son to cells from vehicle-treated mice. Interestingly, however, the
umber of DC recovered from TCDD-treated mice was signifi-
antly decreased. Taken together, these results suggest that, in the
bsence of antigen, TCDD provides an activation stimulus to DC
hat may lead to their premature deletion. Since the survival of DC
as been shown to influence the strength and duration of the

mmune response, these results suggest a possible novel mecha-
ism for TCDD-induced immune suppression. © 2001 Academic Press

Key Words: dendritic cells; TCDD; IL-12; accessory molecules;
adhesion molecules; costimulatory molecules; immunotoxicity.

The immune system is recognized as one of the most
sitive targets for the toxicity of 2,3,7,8-tetrachlorodibenzop-
dioxin (TCDD), an environmental contaminant and prototy
ligand for the aryl hydrocarbon receptor (AhR) (reviewed
Kerkvliet and Burleson, 1994). In mice, TCDD-induced
mune dysfunction is characterized by a profound suppre
ssi
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of T and B lymphocyte effector function, as evidenced
defects in production of antibodies, generation of cytotox
cells, and development of delayed-type hypersensitivity
sponses (Houseet al., 1997; Kerkvlietet al., 1996; Lundber

t al., 1991). Interestingly, immune suppression is obse
nly if TCDD exposure occurs early in the generation o

mmune response, suggesting that early events in T helpe
ctivation may be altered (Kerkvlietet al., 1996). However
ecause T cell responses are mostly unaffected followinin
itro exposure to TCDD (Langet al., 1994; Lawrenceet al.,

1996; DeKrey and Kerkvliet, 1995), it is questionable whe
TCDD affects T cells directly. Rather, the cells responsible
the activation of T cells may be the target of TCDD.

Dendritic cells (DC) are the most potent antigen-presen
cells (APC) for activation of naive T cells (reviewed
Banchereau and Steinman, 1998). Located throughou
body, immature DC express constitutive levels of costim
tory molecules and are specialized for capturing antigen. W
exposed to antigenic stimuli, LPS, or inflammatory cytoki
DC are induced to migrate to the spleen or draining ly
nodes and to undergo a maturation process. As they m
DC downregulate phagocytic activity, increase expressio
adhesion and costimulatory molecules and the major histo
patibility complex (MHC), and begin to produce cytokines
this mature state, DC activate T cells by presenting antig
the context of MHC and by providing necessary costimula
via accessory molecules and cytokines. Among the impo
accessory molecules expressed by DC are adhesion mol
such as ICAM-1(CD54) and LFA-1(CD11a), which function
maintain prolonged contact between the DC and T cell du
activation, and costimulatory molecules such as B7–1(CD
B7–2(CD86), CD24, and CD40, which signal T cells to p
liferate and differentiate (Inabaet al., 1994; Cellaet al., 1996;
Liu et al., 1992; Enk and Katz, 1994; VanKooten and Banc
reau, 1997). DC also produce important cytokines suc
IL-12, a cytokine that promotes the differentiation of TH1
TH2 cells (Kochet al., 1996; Gatelyet al., 1998).

The potential for TCDD to influence DC in terms of th
ability to activate T cells has not been previously exami
Therefore, in the studies reported here, we provide an i
nitial
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118 VORDERSTRASSE AND KERKVLIET
characterization of the temporal and dose-related effec
TCDD on the expression of adhesion and costimulatory
ecules on DC that are important in T cell activation. In a
tion, the functional ability of DC from TCDD-treated mice
stimulate T cell proliferation and cytokine productionin vitro
was evaluated.

MATERIALS AND METHODS

Animal treatments. Male C57Bl/6 and female DBA/2 mice were p
chased from the Jackson Laboratory (Bar Harbor, ME). Female Balb/c
were purchased from B&K Universal, Inc. (Kent, WA). AhR knockout m
(Fernandez-Salgueroet al., 1995), which were of C57Bl/63 129/Sv mixed

enetic background, were generously provided by Dr. A. Silverstone
niversity of New York Health Science Center, Syracuse, NY). Male
ere housed singly, and female mice were housed five or six per cage. A
ere maintained in front of a laminar flow unit, in accordance with Nati
esearch Council guidelines. Mice were used at 7–12 weeks of age an
illed by CO2 overdose.

TCDD exposure. TCDD (Cambridge Isotope Laboratories, Inc., Wob
MA) was dissolved in anisole and diluted in peanut oil. The vehicle co
consisted of an equivalent amount of anisole in peanut oil. Mice were tr
with TCDD or vehicle by gavage. Except in dose–response studies, TCD
given at 15mg/kg, a dose previously shown to suppress immune respon
mice (Kerkvlietet al., 1996).

Reagents and antibodies.Spectral Red streptavidin was obtained fr
Southern Biotech (Birmingham, AL). Biotinylated-anti-CD11c as wel
various fluorochrome-conjugated antibodies to B7–1 (CD80), B7–2 (C
CD8a, ICAM-1 (CD54), LFA-1 (CD11a), and MHCII (I-Ab) were obtaine
from PharMingen (San Diego, CA). Antibodies to CD24 were purchased
PharMingen or were produced in our laboratory using the J11 d hybri
(American Type Culture Collection, Rockville, MD). Antibodies to CD
were purchased from PharMingen and from Southern Biotech. For E
IL-2, and IFN-g, antibody pairs were purchased from PharMingen, and

odies to the p40 subunit of mouse IL-12 were purchased from Gen
Cambridge, MA).

Preparation of DC. DC were enriched from spleens using the metho
wiggardet al. (1992) with modifications as described in Inabaet al. (1997).
riefly, splenic tissue was digested with collagenase D (Boehringer M
eim, Indianapolis, IN) at 37°C for 45–60 min to release DC from the ca
nd to increase recovery. Cell suspensions were then diluted in Ca-/M
BSS and pelleted. Recovered cells were spun over a BSA gradient
/ml) and cells in the low-density fraction were collected. These fre

solated DC-enriched preparations were then stained for flow cytometric
sis. For mixed leukocyte reaction (MLR), the low-density spleen cells
urther enriched for DC by overnight culturing based on their proper
ransient adherence to plastic (Swiggardet al., 1992). In this procedure, th
ow-density cells were cultured in plastic dishes for 90 min to allow for the
o adhere. The nonadherent contaminating cells were then washed aw
he remaining adherent cells were left in culture overnight. DC bec
onadherent during this culture period and were collected from med

ollowing day. Purity after this final enrichment was greater than 80% CDHI

cells.

Flow cytometry. Cells were incubated in 96-well plates with satura
concentrations of mAb, which were titrated for optimal concentration.
specific mAb binding was blocked by preincubating cells with rat an
hamster IgG. All cell preparations were stained with an antibody to CD1
allow selective analysis of DC (Crowleyet al., 1990). Typically, 10–25% o
the low-density spleen cells expressed high levels of CD11c (CD11cHI). In
various experiments, cells were also stained with mAb to B7–1, B7–2, C
CD24, ICAM-1, LFA-1, CD8a, or MHCII. Appropriately labeled isotyp
ontrols were used to determine nonspecific fluorescence. Listmode dat
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ollected on a Coulter Epics XL flow cytometer and analyzed using Wi
oftware (Verity Software House, Inc., Topsham, ME). For cell surface
cule evaluation, 10,000 viable CD11cHI cells were analyzed (Fig. 1). A viable
ell gate was established based on propidium iodide exclusion. Elec
ubtraction during data collection was performed using single color sta
ompensate for spectral overlap of fluorochromes. For some samples, W
oftware was also used for compensation during data analysis. Cells s
ositively for each marker were defined by setting a region to exclude$95%
f the isotype control, whereas the median channel fluorescence (MCF
alculated based on a region that encompassed all of the cells in the hist
ue to the heterogenous staining pattern of CD8a, MCF was calculated on

for the cells in the region defined as positive by the isotope control.

Mixed leukocyte reaction. For each experiment, a pool of T cells w
enriched from spleens of untreated female DBA/2 mice by nonadhere
nylon wool (Hathcock, 1991). Resulting cell suspensions typically cont
50% CD41 cells and 20% CD81 cells. T cells (33 105) were plated in
riplicate in 96-well tissue culture plates with various numbers of stimula
C obtained from vehicle- or TCDD-treated C57Bl/6 mice. T cell prolifera
as measured by incorporation of3H-TdR, which was added (1mCi/well)

during the last 20 h of culture.

Cytokine analysis. MLR culture supernatants were analyzed for cytok
using antibody sandwich ELISA techniques. The secondary biotinylated
bodies were complexed with avidin–peroxidase and visualized with9-
azinobis[3-ethylbenzthiazoline-6-sulfonic acid] as substrate. Absorbanc
read at 405 nm using a microplate reader (Bio-Tek Instruments, Inc.
nooski, VT).

Statistical analysis. For most experiments, a Student’st test was used
compare the mean of the vehicle-treated group to the mean of the T
treated group. Where indicated, ANOVA was performed using SAS stat
software (SAS Institute, Inc., Cary, NC), and comparisons between m
were made using the least significant difference (LSD) multiple compart
est. ANOVA was also used for analysis of IL-2 production across mu
xperiments. Due to nonconstant variance, the analysis of the 28-h IL-
as performed on log-transformed data.

RESULTS

Effect of TCDD Exposure on Expression of Accessory
Molecules on DC

A number of cell surface proteins play important roles in
function of DC. We initially examined the expression of s
eral of these accessory molecules on splenic DC from C5

FIG. 1. CD11c staining on low-density spleen cells. Spleens were dig
with collagenase and enriched for DC by density gradient centrifugation
low-density fraction was stained for CD11c and a region was set based o
levels of staining for this DC marker. Expression of accessory molecule
subsequently evaluated by gating on these CD11cHI cells.
7Bl/6
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119EFFECTS OF TCDD ON DENDRITIC CELLS
mice 3 days after treatment with an immunosuppressive
(15 mg/kg) of TCDD. As shown in the representative his
grams in Fig. 2, TCDD exposure significantly increased
expression of ICAM-1, CD24, CD40, and B7–2 as define
MCF. Although changes in some markers (e.g., B7–2)
small, similar results were seen in three or more indepen
studies. The expression of MHC class II (MHCII) was
affected in terms of MCF, although TCDD clearly altered
staining pattern of this marker. In contrast to other acces
molecules, LFA-1 expression was consistently decrease
DC isolated from TCDD-treated mice (Fig. 2), while B7
expression was not altered.

FIG. 2. Effect of TCDD on DC accessory molecule expression 3
postexposure. C57Bl/6 mice were treated with vehicle control or 15mg/kg
TCDD. Three days later, spleens were removed, digested with collag
enriched for DC by density gradient centrifugation, and analyzed by
cytometry. Representative histograms depict accessory molecule expres
all CD11cHI cells. Solid gray line (vehicle), solid black line (TCDD), dot
ine (isotype control). The majority of cells stained for the CD24 iso
ontrol are on the baseline and thus are not resolved from they axis. MCF was
etermined based on the fluorescence of the entire peak. Values shown
CF 6 SEM for vehicle (V)- and TCDD (T)-treated groups (n 5 3/group)
xcept for B7–2, in which the TCDD group represents two animals from
and two from day 4 following TCDD exposure. *Different from vehicle (p #

0.05). Data are representative of three to seven independent experime
se
-
e
y
re
nt

t
e
ry
on

The dose-dependence of the observed effects of TCD
the expression of accessory molecules was evaluate
splenic DC isolated from mice treated with different dose
TCDD and euthanized 3 days later. As shown in Fig. 3
doses of TCDD augmented the expression of ICAM-1 on
cell surface. Similarly, the expression of CD24 was d
dependently enhanced by TCDD, with significance at th
mg/kg dose. In contrast, the fluorescence of LFA-1 on the
was significantly decreased at all doses of TCDD tested.

Time Course of Effects of TCDD on DC Phenotype and
Number

Since the immunotoxic effects of dioxins are known
persist for weeks after exposure (Kerkvliet and Baec
Steppan, 1988; Kerkvliet and Brauner, 1987), we also e
ined DC 7 and 14 days after TCDD exposure to determi
changes in surface molecule expression persisted beyon
3. As shown in Fig. 4, TCDD exposure increased the exp
sion of ICAM-1, CD24, CD40, and B7–2 and suppressed
expression of LFA-1 on day 7. Similar effects were seen
day 14 (data not shown). Moreover, TCDD appeared to a
the expression of CD24 more dramatically at these later
points. In vehicle-treated mice, CD24 fluorescence was h
ogeneous and suggestive of two populations of cells with
and high levels of CD24 expression. In the TCDD-treated m
the peak was more uniform and clearly shifted to the right
overall intensity of CD24 staining was threefold higher c
pared to the vehicle-treated mice.

As shown Table 1, the number of DC isolated from
spleen of TCDD-treated mice was markedly reduced 7 an
days after exposure, an effect not seen on day 3. Specifi
relative to vehicle controls, the total number of CD11cHI cells
recovered in the low-density spleen cell fraction was red
by 44% on day 7 and by 41% on day 14 in TCDD-treated m
To evaluate the possibility that TCDD exposure increase
density of the DC, causing them to separate into the h
density cell fraction during density gradient centrifugation,
also examined the cells in the high-density BSA fract
However, no increase was seen in the percentage or num
CD11cHI cells in this fraction (data not shown). Additiona
TCDD treatment did not alter the total number of spleen
recovered prior to density separation, suggesting a true lo
DC from the spleen.

DC from Balb/c Mice are Sensitive to TCDD

The C57Bl/6 mouse used in the previous studies is
prototypic TCDD-responsive mouse strain that possess
AhR genotype that confers high sensitivity to the toxic eff
of TCDD. In order to determine if DC would be simila
affected in other mice that possess a sensitive AhR geno
we examined DC from Balb/c mice. As shown in Table
exposure to TCDD for 3 or 7 days caused the same patte
effects in the Balb/c mice as in C57Bl/6 mice, increasing
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120 VORDERSTRASSE AND KERKVLIET
expression of ICAM-1, CD24, CD40, and B7–2 and decrea
the expression of LFA-1 on DC. Additionally, TCDD d
creased the numbers of DC recovered from the spleen of B
mice at both time points.

FIG. 3. Dose–response effect of TCDD on DC accessory molecule e
Three days later, spleens were removed, digested with collagenase, en
represents the staining on all CD11cHI cells. Data points represent the mea
*Different from vehicle (p # 0.05).

FIG. 4. Effect of TCDD on DC accessory molecule expression 7
ostexposure. C57Bl/6 mice were treated with vehicle control or 15mg/kg
CDD. Seven days later, DC were isolated from spleens and analyz
ow cytometry as described in Fig. 2. Solid gray line (vehicle), solid b
ine (TCDD), dotted line (isotype control). Values represent mean MC6
EM for vehicle (V)- and TCDD (T)-treated groups (n 5 3/group). Data ar

epresentative of three to five independent experiments. *Different
ehicle (p # 0.05).
g

/c

TCDD Does Not Decrease Recovery of DC Nor Affect
Accessory Molecule Expression in AhR2 /2 Mice

Many, if not all, of the immunotoxic effects of TCDD res
from activation of the AhR (Vecchiet al., 1983; Kerkvlietet
al., 1990). To address whether TCDD-induced changes in
were AhR-dependent, we examined DC from AhR2 /2 mice
exposed to 0 or 15mg/kg TCDD 7 days previously. As show
in Table 3, the absence of the AhR in the null mice did
appear to affect the overall development of splenic DC, s
vehicle-treated C57Bl/6 and AhR2 /2 mice had equivalent num-
bers of splenic DC that expressed similar levels of acce
molecules. Furthermore, TCDD treatment of the AhR2 /2 mice
did not alter the number of DC recovered from the spleen
the expression of any markers examined, including ICAM
CD24, CD40, B7–2, or LFA-1. In contrast, DC from TCD
treated C57Bl/6 mice, included in the study as positive
trols, showed alterations in marker expression and nu
similar to previous experiments.

ession. C57Bl/6 mice were treated with vehicle control or indicated dos
ed for DC by density gradient centrifugation, and analyzed by flow cytoy. MCF
CF6 SEM (n 5 3/treatment group). Data were analyzed by ANOVA and L

s

by
k

m

TABLE 1
Number of Splenic DC in C57Bl/6 Mice on Days 7 and 14

after TCDD Exposurea

CD11cHI (3105)

Vehicle 7.86 0.2
TCDD, day 7 4.46 0.1*
TCDD, day 14 4.66 0.2*

a Data represent the average number6 SEM of DC defined as CD11cHI cells
in the low-density spleen cell fraction (n 5 3/group). Data are representat
of three independent experiments.

* Different from vehicle (p # 0.05).
xpr
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121EFFECTS OF TCDD ON DENDRITIC CELLS
Effect of TCDD Exposure on the CD8a1 DC Population

Current evidence suggests that two populations of DC
resent in the spleen, one derived from a lymphoid prec
nd one of myeloid origin (Vremec and Shortman, 19
hortman and Caux, 1997). The expression of CD8a has bee

used to identify the lymphoid-derived cells, which have
been identified by their coexpression of high levels of C
(Crowley et al., 1990; Vremecet al., 1992). Since CD2
expression was increased following TCDD exposure, it
possible that TCDD was selectively increasing the CD8a1
ymphoid DC population in the spleen. Therefore, CD8a ex-
pression was evaluated on splenic DC from C57Bl/6, Ba

TABLE 2
Number and Phenotype of Splenic DC in Balb/c Mice on Days 3

and 7 after TCDD Exposurea

Vehicle TCDD, day 3 TCDD, day 7

DC Number (3105) 7.16 0.8 4.46 0.5* 3.76 0.5*
ICAM-1 % 91.86 0.4 95.36 0.3* 95.16 0.4*

MCF 80.36 0.7 92.76 0.7* 97.06 0.6**
CD24 % 89.96 0.4 93.56 0.2* 96.36 0.2**

MCF 102.36 2.6 124.06 1.0* 131.36 0.9**
CD40 % 68.46 2.6 78.16 1.8* 82.26 1.3*

MCF 69.06 1.2 76.36 1.5* 81.06 1.5*
B7-2 % 66.36 0.8 72.96 1.7* 76.66 1.3*

MCF 78.76 0.9 83.36 1.2* 85.06 1.0*
LFA-1 % 74.06 1.0 63.76 0.9* 62.36 2.2*

MCF 88.36 0.7 83.36 0.3* 82.36 2.2*

a Data represent the mean6 SEM of three animals per group. Data w
analyzed by ANOVA and comparisons between group means were perf
using LSD.

* Different from vehicle (p # 0.05).
** Different from vehicle and TCDD, day 3 (p # 0.05).

TAB
Number and Phenotype of Splenic DC in AhR2/2

C57

Vehicle

DC Number (3105) 9.66 0.6
ICAM-1 % 91.16 1.4

MCF 91.06 3.9
CD24 % 90.36 1.0

MCF 41.76 4.7
CD40 % 65.26 1.3

MCF 14.56 0.4
B7-2 % 65.06 0.7

MCF 41.76 1.3
LFA-1 % 88.76 0.6

MCF 47.06 1.0

a Data represent the mean6 SEM of two or three animals per group.
* Different from vehicle (p # 0.05).
re
or
;

o
4

s
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and AhR2 /2 mice at various times after treatment with 0 or
mg/kg TCDD. As shown in Fig. 5, TCDD exposure increa
the percentage of DC expressing CD8a in C57Bl/6 and Balb/
mice but not in AhR2 /2 mice. This increase in the percenta
of CD8a1 DC was seen on days 7 and 14, but not on da
in C57Bl/6 mice. In Balb/c animals, TCDD had similar effe
on both day 3 and day 7. Paradoxically, although the per
age of CD8a1 DC increased after TCDD treatment, the
tensity of CD8a staining was decreased in both C57Bl/6
Balb/c mice. The significance of this observation is not
rently known.

Effect of in Vivo TCDD Exposure on DC Function ex Viv

The functional status of DC is often evaluated by t
ability to activate allogeneic T cells in an MLR (Moseret al.,
1995; Girolomoniet al., 1992; Metlayet al., 1989). To deter

ine if TCDD alters DC function, DC were enriched from
pleens of vehicle- or TCDD-treated C57Bl/6 mice 3 days
xposure and cultured with splenic T cells from untreated D
nimals for various periods of time. As shown in Fig. 6, TC
xposure tended to enhance the ability of DC to activa
ells. Specifically, cultures containing DC from TCDD-trea
ice demonstrated enhanced T cell proliferation (Fig. 6A)

FN-g production (Fig. 6B). TCDD exposure also resulted
slight increase in IL-2 production (representative experim
shown in Fig. 6C). Although not statistically significant in
experiments, the increased IL-2 in 28-h cultures was signifi
when analyzed across four experiments (p , 0.01). Simila
results were obtained in a single experiment in which pr
eration and cytokine production were measured in cul
containing DC from animals treated with TCDD 7 days p
viously (data not shown).

As shown in Fig. 7, TCDD exposure was also assoc

ed

3
C57Bl/6 Mice on Day 7 after TCDD Exposurea

6 AhR2/2

TCDD Vehicle TCDD

5.56 0.6* 11.06 2.0 12.06 4.0
94.86 0.9 94.96 1.5 89.06 4.0

150.46 3.6* 105.76 5.7 92.26 11.6
96.46 0.8* 90.76 2.0 92.86 1.4
59.86 9.1 45.16 17.7 46.26 2.5
85.46 0.6* 71.96 2.0 64.76 0.4
28.16 0.9* 18.26 1.0 15.56 0.5
77.86 0.7* 69.56 1.8 69.56 1.8
59.06 1.4* 49.06 5.3 44.66 2.4
73.06 1.0* 94.66 1.3 94.26 0.8
39.36 0.8* 54.36 10.6 51.46 0.9
LE
vs

Bl/
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122 VORDERSTRASSE AND KERKVLIET
with increased production of IL-12, an APC-derived cytok
that induces IFN-g production by T cells and thus promote
Th1-type immune response. When DC were cultured alon
observed low, but detectable production of IL-12, which
augmented by TCDD treatment. Likewise, when T cell
riched allogeneic splenocytes were added to the DC cult
IL-12 production was higher in wells containing DC fro
TCDD-treated mice. In the wells containing both cell pop
tions, IL-12 production was significantly enhanced relativ
wells containing DC only, indicating cross-talk between
cell populations. This type of cell–cell communication lik
occurs via interaction of cell surface molecules such as C
CD40L, or possibly as a response to production of IFNg,
which has been shown to induce or enhance the product
IL-12 by macrophages (Maet al., 1996; Yoshidaet al., 1994).

o address the possibility that augmented IL-12 produc
esulted from contaminating macrophages in the T cell pr
ation, we performed a separate experiment in which T
reparations were depleted of adherent cells prior to additi
C cultures. This depletion did not affect IL-12 producti

ndicating that the DC were the source of the IL-12 (data
hown).

DISCUSSION

The effects of TCDD exposure on DC phenotype and f

FIG. 5. Effect of TCDD on CD8a expression on DC 7 days after exp
spleens were digested with collagenase, enriched for DC by density grad
ontrol antibody. Region delineates CD8a1 cells as defined by staining ab
re representative of three experiments for C57Bl/6 mice and a single
tion have not been previously reported. Due to the immun
e
s
-
s,

-
o
e

0-

of

n
a-
ll
to
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suppressive properties of TCDD, we hypothesized that TC
exposure would suppress the expression of key accessor
ecules on DC and/or disrupt their ability to activate T ce
Contrary to expectation, we instead found that DC f
TCDD-treated mice expressed higher levels of many impo
accessory molecules, produced more IL-12, and enhance
in vitro activation of T cells. The changes induced by TC
were dose-dependent and persisted for at least 14 days. S
effects on DC were seen in two AhR-responsive mouse s
(C57Bl/6 and Balb/c), but not in AhR2 /2 animals, indicatin
that changes in DC were mediated by the AhR. The chang
DC phenotype were induced by TCDD in the absenc
antigenic stimulation and suggest that TCDD may inappr
ately activate DC.

Although these results appear to be difficult to reconcile
TCDD’s immunosuppressive effects, there are several bi
ically plausible hypotheses that are compatible with cu
understanding of DC biology. For example, DC lose t
ability to take up particulate antigens when activated (Kita
et al., 1997; Reis e Sousaet al., 1993; Sallustoet al., 1995)

hus, inappropriate activation of DC by TCDD may result
iminished ability to internalize antigen for processing, a
ario that was previously observed following LPS-indu
ctivation of DC (DeSmedtet al., 1996). In our studies, antig
resentation by DC was assessed in an allogeneic MLR

n which T cells recognize the alloMHC on the surface of

re. Mice were treated with vehicle control or 15mg/kg TCDD. Seven days late
t centrifugation, and analyzed by flow cytometry. Dotted lines show staining of isotype

isotype control antibody. MCF was calculated on cells within this regio
eriment for Balb/c and AhR-/- mice. *Different from vehicle (p # 0.05).
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DC, independent of antigen processing. Studies are in pro
to evaluate the ability of DC from TCDD-treated mice
internalize and present exogenous antigen to antigen-spe
cells.

Another potential link between TCDD-induced DC acti
tion and immune suppression relates to the significant dec
in numbers of DC in the spleen of TCDD-treated mice.
normal immune response, once DC are activated, the
committed to undergo apoptosis (DeSmedtet al., 1996, 1998
Winzleret al., 1997). This is likely an important mechanism
which the immune response is downregulated following
gen clearance. It is possible that the inappropriate activati
DC by TCDD leads to their premature deletion. This m
result in an immune response that never fully develops o
that is prematurely terminated. This possibility is supporte
recent studies that suggest both the number and life span
in vivo influence the strength of the subsequent immune
sponse (Josienet al., 2000).

One of the most significant changes in DC induced

FIG. 6. Effect of TCDD exposure on ability of DC to stimulate T c
roliferation and cytokine production in a mixed leukocyte reaction. Sp
ere removed from C57BL/6 mice 3 days after treatment with vehicle (
ircles/bars) or 15mg/kg TCDD (solid circles/bars). Spleens from three m

were pooled, and DC were enriched by collagenase digestion, density g
centrifugation, and transient adherence to plastic. Indicated numbers
were cultured with 33 105 T cells enriched from spleens of DBA/2 mic

roliferation (A) was measured at 48 and 72 h by3H-TdR incorporation
ackground activity was below 1000 cpm in wells containing T cells alone
elow 400 cpm in wells containing DC alone. For IFN-g (B) and IL-2 (C)

analysis, culture supernatants were harvested at indicated times from
containing T cells and 104 DC. Cytokine concentrations were determined

LISA. Wells containing only DC or T cells were below the limit of detect
ata points represent the means6 SEM (n 5 4/group). Data are representat
f three (IFN-g) or four (proliferation, IL-2) experiments. *Different fro

vehicle (p # 0.05).
TCDD was an increase in CD24 expression. Since high leve
ss

c T

-
se

a
re

i-
of
y
ne
y
C

e-

y

of CD24 are coexpressed with CD8a on lymphoid DC (Vre
mec et al., 1992), it suggests that TCDD treatment migh
selectively increasing this subset of DC. This possibilit
intriguing because current evidence suggests that lympho
may play a role in downregulation of an immune respo
including the induction of tolerance (Suss and Shortman, 1
Kronin et al., 1996). Interestingly, when CD8a expression o
DC from TCDD-treated mice was examined, the percenta
DC staining positive for CD8a increased, but the intensity
the staining decreased. Although this staining pattern
founded a straightforward interpretation of the data, it
noteworthy that the increased percentage of CD8a1 DC oc-
curred on the same days that DC numbers decreased
spleen. Thus, taken together, these results suggest that
may selectively reduce the myeloid DC population rather
increase the CD8a1 lymphoid DC. Additional markers defi
ing the lymphoid and myeloid subpopulations of DC will n
to be examined to verify subtype-specific TCDD effects.

In contrast to the increased expression of other acce
molecules, TCDD caused a marked reduction in LFA-1
pression on DC. This reduced expression is unlikely to re
activation of DC since LFA-1 is upregulated on activa
macrophages and T cells (Kurtzingeret al., 1981; Strassman
et al., 1985, 1986). Furthermore, LFA-1 expression was
reduced on splenic DC subjected to overnight culturing (In
et al., 1994, and our unpublished observations), a stimulus
causes a substantial increase in expression of activation
ers such as B7 and CD40. LFA-1 is ab-2 integrin protein tha
is important in cell–cell adhesion and plays a role in leuko
trafficking and extravasation into tissue (Andrewet al., 1998;
Ma et al., 1994). For example, studies by Maet al. (1994)
howed that blocking LFA-1in vivo reduced the antige

FIG. 7. Effect of TCDD exposure on IL-12 production by DC in a mix
leukocyte reaction. Spleens were removed from C57BL/6 mice 3 days
treatment with vehicle (open bars) or 15mg/kg TCDD (solid bars). Splee
were pooled from three animals and dendritic cells were isolated by co
nase digestion, density gradient centrifugation, and transient adhere
plastic. 13 104 DC were cultured alone or with 33 105 allogeneic T cell
enriched from spleens of untreated DBA/2 mice. Culture supernatants
harvested at indicated times, and cytokine concentration was determin
ELISA. Data points represent the means6 SEM (n 5 4/group). Data ar
representative of three experiments. Dashed line represents limit of de
for ELISA. Wells containing only T cells were below the limit of detecti
*Different from vehicle (p # 0.05).
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induced migration of DC to the lymph nodes and the su
quent development of a contact hypersensitivity respo
Therefore, it is possible that the reduced LFA-1 expres
induced by TCDD may interfere with antigen-specific act
tion of T cells by inhibiting the ability of DC to carry antig
to the T cell areas of the lymphoid organs. In addition
LFA-1 plays a role in general trafficking of DC, a decreas
expression of this molecule could affect normal repopulatio
splenic DC lost to cell turnover or death and thus could acc
for the loss of splenic DC we observed in TCDD-treated m
Further studies are warranted to address the functional s
icance of decreased LFA-1 expression.

Finally, the increased production of IL-12 by DC fro
TCDD-treated mice observed in the absence of exoge
antigen, although consistent with DC activation, was u
pected given the results of other studies in our labora
Specifically, exposure to TCDD during the development o
immune response to allogeneic tumor cells or to ovalbu
suppressed thein vitro production of IL-12 by antigen-restim

lated spleen cells (Shepherdet al., submitted for publication
nd unpublished observations). It is possible that these

rasting results illuminate differences in TCDD’s effects on
n the presence and absence of antigen. Alternatively,

acrophages and other inflammatory cells also make IL-
s possible that the decreased IL-12 production reflects a
ressive effect of TCDD on other IL-12-producing c
resent in the spleen.
In conclusion, our studies have shown that splenic DC

CDD-treated mice demonstrate enhanced expression of
ccessory molecules required for activation of T cells, pro
ore IL-12, and are relatively more efficient at stimulatin

ells in vitro compared to DC from vehicle-treated mi
lthough these findings were contrary to our original hyp
sis, there are several potential mechanisms that could lin
ctivation to suppression of the immune response. In fu
tudies, we are particularly interested in the relationship
ween DC survival and immune suppression as well as
ffects of TCDD on different DC subpopulations.
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