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ABSTRACT

THE ROLE OF PAIRED BOX 5, BLYMPHOCYTE-INDUCED MATURATION
PROTEIN-1 AND ACTIVATION PROTEIN-1 IN THE SUPPRESSION OF B CELL
DIFFERENTIATION BY 2,3,7,8-TETRACHLORODIBENZO-p-DIOXIN

By

Dina Schneider

2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a persistent environmental
contaminant. The majority of TCDD-mediated toxicities are believed to be mediated
through the aryl hydrocarbon receptor (AHR). AHR is a transcription factor acting
through dioxin response elements (DREs) located in regulatory regions of numerous
genes. Alterations in gene expression because of AHR-DRE interactions have been
postulated to result in toxicity. The primary humoral (IgM) response in B cells is
markedly suppressed by TCDD. However, the exact mechanism of TCDD-mediated
suppression of the IgM response remains to be elucidated. We hypothesized that TCDD
impairs the IgM response to bacterial lipopolysaccharide (LPS) by interfering with
terminal B cell differentiation program. The objective of the present studies was to
identify the molecular mechanism whereby TCDD impairs terminal differentiation in B
cells. Surface markers major histocompatibility complex (MHC) class II, cluster of
differentiation 19 (CD19) and syndecan-1 were altered by TCDD treatment in LPS-
activated CH12.LX cells, a murine B cell line, during a 72 h culture period indicating

suppression of differentiation by TCDD. In addition, x-box protein-1 (XBP-1), a



transcription factor critically involved in the IgM secretion, was suppressed by TCDD.
Furthermore, transcription factor Pax5, a repressor of terminal differentiation, was
downregulated by LPS, whereas TCDD attenuated the LPS-induced downregulation of
Pax5. Blimp-1, an important upstream transcriptional repressor of Pax5 was induced
by LPS and suppressed by TCDD at the mRNA level. This finding is in agreement
with the TCDD-mediated suppression of Blimp-1 DNA-binding activity in the Pax5
promoter. Electrophoretic mobility shift assay (EMSA) of three putative activator
protein -1 (AP-1) response elements found in the mouse B lymphocyte-induced
maturation protein - 1 (Blimp-1) promoter demonstrated an increase in AP-1 binding in
LPS-activated cells, which was attenuated in the presence of TCDD. By contrast,
DRE-like sites DRE-75 and DRE-107 identified in the Blimp-1 promoter, and DRE-
506 site identified in the paired box 5 (Pax5) promoter, exhibited no specific inducible
protein binding, suggesting no impact on the dysregulation of Pax5 and Blimp-1 by
TCDD. In summary, these results demonstrate that TCDD impaired terminal B cell
differentiation in concordance with the suppression of a critical differentiation pathway
through AP-1, Blimp-1 and Pax5. The contribution of the current studies to the field of
immunotoxicology is in demonstrating that the suppression of the IgM response in B
cells by TCDD is (1) a result of impaired B cell differentiation program, (2) is
mediated, in part, by TCDD interference with an early B cell activation event, and (3)

likely involves genomic and non-genomic AHR-mediated mechanisms.
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INTRODUCTION
L TCDD

A. Sources of TCDD

TCDD is a common byproduct and trace contaminant in a wide variety of
chemical reactions. It has been and continues to be generated worldwide by a number of
industrial processes such as paper pulp bleaching and metal smelting, waste incineration
and wood and coal burning and is released into the atmosphere during natural processes,
such as forest fires (Thornton et al., 1996; Travis and Hattemer-Frey, 1991). Some
TCDD is generated as a byproduct in the course of manufacturing of phenoxyacetic acid
herbicides, 2, 4 —dichlorophenoxyacetic acid (2,4-D) and 2,4,5-trichlorophenoxyacetic
acid (2,4,5-T), and may be found as a trace contaminant in products containing these
compounds. Whereas the agricultural use of 2,4,5-T in United States was banned by the
US Environment Protection Agency in 1979 due to concerns of human reproductive
toxicity (Smith, 1979), 2, 4-D continues to be widely used today in the agricultural
settings in United States and worldwide, and may pose a risk of TCDD exposure.

Once TCDD is released into the environment, it persists in soil and aquatic
sediments, resulting in animal exposure and bioaccumulation. Thus, significant amounts
of TCDD may accumulate in tissues of animals grown for human consumption. In
addition to natural accumulation in the food chain, TCDD has been recently detected in
ball clay that was commonly added to chicken and catfish feed, resulting in abnormally
high TCDD levels in these animal products marketed for general consumption.
Identification of high TCDD levels in chickens recently led to a ban on ball clay additives

use in animal feed by US Food and Drug Administration (Hayward et al., 1999). Today,



consumption of TCDD-contaminated food is the main route by which the general
population is exposed to this compound, with highest concentration of TCDD detected in
fish, meat and dairy products (Travis and Hattemer-Frey, 1991). In summary, TCDD
remains an eminent health concern due to its high environmental persistence and

presence in food products.

B. Human exposure to TCDD

It is believed that the general population is exposed to TCDD primarily through
diet, however the majority of our knowledge regarding TCDD-related adverse effects in
humans stems from observations in cohorts of individuals that were exposed to TCDD in
occupational accidents. Whereas dietary exposure implies exposure to low TCDD doses
over a long period of time, accidental exposures to TCDD are usually acute and doses are
higher. However, information gathered from the accidental TCDD exposure has been
seminal to our understanding of the TCDD-mediated toxicity in humans. Some of the
major documented instances of accidental human exposure to TCDD are discussed

below.

a. Nitro plant accident

One of the first major occupational exposure events involving TCDD occurred on
March 9, 1949 at the Monsanto Company’s chemical plant in Nitro, West Virginia. The
accident occurred in the process of trichlorophenol manufacturing. Pressure within the
reaction vessel exceeded the safety limits and the safety valve opened to release

pressurized TCDD-contaminated trichlorophenol inside the plant building (Gough, 1985).



A number of workers who were either present at the time of the accident or took part in
the cleanup of the contaminated facility were exposed to TCDD. This accident was later
recognized as a major event in occupational and environmental health, and led to a
number of seminal studies (Gough, 1985; Hay and Silbergeld, 1986; Senger, 1991; Zack

and Suskind, 1980).

b. Times Beach accident

Another major accident involving TCDD occurred in the early 1970s at Times
Beach, Missouri, where dioxin-contaminated waste was accidentally used for dirt road
spraying in order to reduce dust formation. The Northeast Pharmaceutical and Chemical
Corporation (NEPACCO) located in Verona, Missouri, was manufacturing
hexachlorophene from trichlorophenol contaminated with 3 to 5 ppm of dioxin. A sub-
contractor, Russell M.Bliss, was hired by NEPACCO to dispose of the oily residue from
the bottom of process vessels so-called “still-bottoms”. Waste oil was occasionally
sprayed on dirt roads and dirt surfaces to reduce the generation of dust. In 1971, Bliss
sprayed Shenandoah Stables and Jefferson Stables with “still-bottoms o0il” leading to
horses death and children sickness. These events prompted an investigation by the
Center for Disease Control and Prevention, which has identified dioxin-contaminated
trichlorophenol in both arenas. Further joint investigation by the Center for Disease
Control and the Environment Protection Agency revealed that miles of unpaved roads in
the town of Times Beach, Missouri that were extensively sprayed by Bliss between 1972
and 1976 contained dioxin at concentrations as high as 300 ppb (I.0.M., 1993).

Extensive effort has been made since to eliminate TCDD and to establish safe TCDD



levels in the soil at Times Beach’s industrial and residential areas (Gough, 1991;

Paustenbach et al., 1992).

c. Seveso accident

In Europe, the most notorious chemical incident involving TCDD occurred in
Italy in 1976. A chemical manufacturing plant located near the town of Seveso
(ICMESA) produced trichlorophenol as an intermediate compound for the production of
hexachlorophene. As was revealed later, the trichlorophenol produced by the Seveso
plant was contaminated with TCDD. In July 1976, an explosion of a reaction vessel
containing trichlorophenol produced a release of a chemical mixture into the air, which
spread approximately half pound of TCDD over several square kilometers inhabited by
almost 40,000 people (Pesatori et al., 2003). The chemical fallout resulted in death of
small animals and birds. Residents were evacuated from the zones proximal to the plant
and strict measures were taken in order to limit human exposure to the released chemicals
in the zones designated as less contaminated (Pesatori et al., 2003). The only certain
effect of human exposure to TCDD at Seveso was chloracne. Increased mortality from
cardiovascular disease, diabetes, and cancer of gastrointestinal, lymphatic and
hematopoetic systems were also reported, but the results were not conclusive due to small

sample size and confounding factors (Bertazzi et al., 1998; Reggiani, 1978).

d. Operation Ranch Hand
Whereas the majority of human cases of acute exposure to TCDD occurred as a

result of industrial accidents, TCDD received the highest notoriety in United States due to



use of the defoliant Agent Orange in the course of Vietnam War. From 1962 to 1971, a
military operation called Ranch Hand was executed in Vietnam. The goals of this
operation were the defoliation of trees and plants to improve observation and the
destruction of enemy crops. During that period, nearly 19 million gallons of herbicides
were sprayed, of which at least 11 million gallons were agent orange, a 1:1 mixture of 2,
4-D and 2, 4, 5-T, used for defoliation of a wide array of broadleaf plant species (1.0.M.,
1993). It was later determined that 2,4,5-T, a component in the Agent Orange was
contaminated with TCDD at levels up to 50 ppm (1.0.M., 1993). Due to emerging
experimental evidence of birth defects in animals and the rising concern for human
health, the US Department of Defense temporarily suspended the use of 2, 4, 5-T, and
therefore Agent Orange in military operations in April 1970, and the Operation Ranch
Hand was eventually terminated October 31, 1971 (I1.0.M., 1993). It is believed today
that the majority of Vietnam veterans were under low risk of exposure to Agent Orange
(Young et al., 2004). However, in a subgroup of Operation Ranch Hand veterans who
were involved in handling and spraying of Agent Orange, high serum levels of TCDD
and a number of associated toxicities have been detected. Namely, among veterans of
Operation Ranch Hand with the highest serum TCDD levels, there was an increased
incidence of peripheral neuropathies, hepatic abnormalities and impairment of cognitive
functions (Barrett et al., 2001; Michalek et al., 2001). These and other incidents raised
concerns over the health outcomes of human exposure to TCDD, and deemed the
research of the TCDD toxicity in animal models and their correlation with human toxicity

necessary.



C. Signs of TCDD toxicity in animals and humans

A wide array of toxic effects has been associated with TCDD exposure in humans
and in animal models. In animal models, TCDD adverse effects include carcinogenicity,
reproductive and developmental toxicity, hepatotoxicity, nephrotoxicity, endocrine
toxicity and immunotoxicity. In humans, however, the only effects unequivocally proven
to result from TCDD exposure are chloracne and alterations in lipid metabolism
(Panteleyev and Bickers, 2006; Sweeney and Mocarelli, 2000). Furthermore, TCDD is
categorized as Class I carcinogen (i.e., “ a known human carcinogen”) by the
International Agency for Research on Cancer based on human epidemiological studies
and mechanistic studies in animals, but this classification remains controversial due to
weak evidence of TCDD carcinogenicity in humans (Cole et al., 2003). A generalized
profile of TCDD toxicity that takes into account the most prominent effects observed in

individual species and effects shared by multiple species is presented below.

a. Chloracne and hyperkeratosis

Chloracne and hyperkeratosis are among the most consistent effect associated
with acute human exposure to TCDD. In fact, chloracne was one of a few symptoms that
were shown to be proportional to the serum concentrations of TCDD in the exposed
population (Sweeney and Mocarelli, 2000). Although the mechanism of TCDD-mediated
chloracne eruption is not clearly understood, impaired vitamin A metabolism in the skin
(Coenraads et al., 1994) and TCDD-induced activation of skin stem cells (Panteleyev and
Bickers, 2006) have been proposed as possible mechanisms for the TCDD-induced

chloracne formation. Rabbits, monkeys, cows and hairless mice also exhibit chloracne



(Andersen et al., 1994; Knutson and Poland, 1982; Puhvel et al., 1982). In vitro studies
utilizing mouse and human keratinocytes have shown that the TCDD-induced
hyperkeratosis was dose-related (Greenlee et al., 1985a; Knutson and Poland, 1980),

providing additional evidence for the dependence of chloracne eruption on TCDD.

b. Wasting syndrome

The most common effect of TCDD and related compounds in rodents is wasting
syndrome — a starvation-like effect leading to weight loss and lethality. Symptoms of
wasting syndrome are reduction in adipose tissue mass, hypertriglyceridemia and
redistribution of fatty acids (Brewster and Matsumura, 1988; Chapman and Schiller,
1985; Gasiewicz and Neal, 1979). Animals affected by wasting syndrome gradually
develop hypoglycemia, which has been attributed to the TCDD-mediated inhibition of
phosphoenol pyruvate carbokinase (Stahl et al., 1993; Weber et al., 1995), and eventually

die.

c. Hepatotoxicity

Liver is another target organ of TCDD. Hepatic effects in rodents and humans
range from CYP450 enzymes induction, hepatomegaly, fatty change and bile duct
hyperplasia to impaired liver function. In rats and mice, the appearance and severity of
TCDD-induced hepatotoxicity depends on the expression of AHR (Birnbaum et al., 1990;
Shen et al., 1991). In addition TCDD exposure is also associated with reduction in bilary
excretion (Yang et al., 1977) and accumulation of porphyrins in the liver, kidney and

spleen (Goldstein et al., 1982). Induction of liver enzymes is the most extensively



studied effect of TCDD. The induction of mixed-function oxidase and the aryl
hydrocarbon hydroxylase (AHH) and ethoxyresorufin-O-deethylase (EROD) as markers
of CYP1A1 induction are considered the most sensitive biochemical responses to TCDD,
and have been used to determine the relative potency of dioxin-like compounds in
relation to TCDD (Poland and Glover, 1973; Safe, 1990). Induction of liver enzymes is
species-dependent. For example, in guinea pig, species most sensitive to mortality by
TCDD, the induction of AHH activity is slight, even at lethal doses (Neal et al., 1979).
By contrast, in Syrian Golden hamsters induction of cytochrome P450 enzymes was
observed at doses significantly lower than doses required to produce tissue damage and
lethality (Gasiewicz et al., 1986). In mice, cytochrome P450 enzyme induction
segregated with the Ah locus. Namely, in CS7BL/6J mice (AHR-responsive) TCDD was
ten-fold more potent than in DBA/2 mice (AHR-nonresponsive) (Nebert, 1989; Poland
and Knutson, 1982). A similar relationship has been observed in C57BL/6L mice

congenic at the Ah locus (Birnbaum et al., 1990).

d. Vitamin A storage by the liver

According to several reports, another biological function of the liver, vitamin A
storage, is compromised by TCDD exposure. Vitamin A storage is sensitive to TCDD
even at low doses in a variety of species. TCDD is capable of decreasing the vitamin A
storage in the liver of rats, guinea pigs and mice (Brouwer et al., 1989; Hakansson and
Hanberg, 1989; Hakansson et al., 1991; Kay et al., 1997; Thunberg et al., 1979). The
proposed mechanism for impaired vitamin A storage in the liver is inhibition of the

storage of vitamin A in the livers stellate cells (Hakansson and Hanberg, 1989). A single



dose of TCDD administered to a female Sprague-Dawley (SD) rat decreased vitamin A
levels in liver, as well as in lung, intestines, and adrenal gland, while increased vitamin A
concentrations in serum, kidneys and urine. Concomitantly, the free fraction of serum
retinol binding protein was increased by 150% (Brouwer et al., 1989). The dysregulation
of vitamin A by TCDD has been proposed to contribute to a number of TCDD-induced
toxicities. For example, the enhanced vitamin A metabolism has been linked to cleft
palate (Birnbaum et al., 1989) and liver tumor promotion (Bock and Kohle, 2005) by

TCDD in mice.

€. Impairment of thyroid function

Chronic and subchronic exposures to TCDD may impair thyroid functions. Dose-
dependent reductions of plasma thyroxine levels have been observed in TCDD-exposed
animals. Decrease in plasma thyroxine levels was detected in SD rats (Van Birgelen et
al., 1995) and in adult great blue heron (Janz and Bellward, 1996). The disbalance of
thyroid hormones was associated with the TCDD-induced induction of hepatic UDPGT
isozymes (Lucier et al., 1973; Lucier et al., 1986). The induced UDPGT isozymes
conjugate thyroxine, leading to deactivation and elimination of this thyroid hormone

(Bastomsky, 1977; Henry and Gasiewicz, 1987).

f. Diabetes
Recent epidemiological studies suggested that increased diabetes risk exists in
human populations exposed to low levels of TCDD and TCDD-like compounds (Everett

et al., 2007; Fujiyoshi et al., 2006; Pesatori et al., 2003). Several molecular entities have



been linked to this toxicity of TCDD. Epidemiological study in Operation Ranch Hand
veterans reported that the induction in the mRNA levels of glucose transporter GLUT4
and the inflammatory mediator nuclear factor kappa B (NF-kB) correlated with the
development of diabetes (Fujiyoshi et al., 2006). The involvement of AHR in glucose
metabolism is evidenced by the fact that AHR-knockout mice had altered insulin
regulation and glucose tolerance tests (Thackaberry et al., 2003), providing additional

evidence for the putative involvement of TCDD in diabetes etiology.

g. Cross-talk between TCDD and sex steroids

Activity of sex steroids is affected by TCDD exposure. Specifically, estrogen
seems to contribute to the capacity of TCDD to induce tumors. Long-term TCDD
exposure bioassays demonstrated liver tumors in female, but not male rats (Kociba et al.,
1978). This tumorogenic effect can be effectively prevented by removing ovaries from
female rats before exposure to TCDD (Lucier et al., 1991). The metabolism of
testosterone is disrupted by TCDD as well. Namely, the activity of testicular 16-a-
testosterone hydroxylase, 6-f-hydroxytestosterone and 7a-hydroxytestosterone, was
decreased in SD rats post single peritoneal dose of TCDD (Mittler et al., 1984). In
addition, decreased levels of testosterone and dihydrotestosterone were detected in serum
of male SD rats following TCDD exposure (Moore et al., 1985). Modulation of the
hepatic microsomal testosterone hydroxylases has been also observed in young male

Wistar rats (Keys et al., 1985).
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h. Developmental toxicity
In general, developmental effects of TCDD were found to be dependent on

regimen, dose and gestational period throughout which the experimental species at
question were exposed to TCDD. For the majority of species, developing fetus is more
sensitive to TCDD as compared with an adult, i.e., toxic effects were observed at lower
doses.

In fish, TCDD is most toxic at the early stages of life. For example, rainbow
trout, and zebrafish embryos and fry sac showed increased sensitivity to TCDD compared
to adult animals (Prasch et al., 2003; Zabel et al., 1995). TCDD toxicity in fish is
manifested in edema, hemorrhages, arrested growth and development, and ultimately
death. These effects are believed to be mediated through AHR, which is assumed to be
present in the early life stages of fish (Binder and Lech, 1984; Binder and Stegeman,
1983).

Among birds, chicken has been the most sensitive species for developmental
toxicity of TCDD. Exposure of fertilized chicken eggs to TCDD resulted in pericardial
and subcutaneous edema, liver lesions, inhibition of lymphoid development in thymus
and Bursa of Fabricius, beak deformities, cardiovascular malformations and mortality
(Cheung et al., 1981; Nikolaidis, 1990; Wood et al., 2002). Compared to chicken,
responses to TCDD varied in other species. For example, in ring-necked pheasants
injection of TCDD to the embryo resulted in embryo mortality, but other signs of toxicity
observed in chickens, such as cardiac malformations, did not occur (Nosek et al., 1992).

Mammalian embryos and fetuses are also more sensitive to TCDD than adult

animals, as has been shown for hamsters, rats and macaque monkeys (Moran et al., 2004;
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Olson et al., 1980a; Olson et al., 1980b; Sparschu et al., 1971). Gestational exposure to
TCDD in mammals typically results in thymic hypoplasia, subcutaneous edema,
decreased fetal growth and perinatal mortality. In the mouse, hydronephrosis is the most
sensitive effect of prenatal toxicity, followed by cleft palate formation and thymic
atrophy, subcutaneous edema and mortality (Abbott et al., 1987a; Abbott et al., 1987b;
Courtney, 1976; Courtney and Moore, 1971; Neubert and Dillmann, 1972). Similarly, in
the rat, TCDD prenatal toxicity is manifested by internal hemorrhage, subcutaneous
edema, decreased fetal growth, and mortality (Brouwer et al., 1995; Sparschu et al.,

1971)

i. Carcinogenicity

TCDD is linked to a number of cancers in animals and humans. Evidence for
cancer in human studies has been presented for Seveso accident, (Bertazzi et al., 2001;
Pesatori et al., 2003), Operation Ranch Hand (Akhtar et al., 2004) and additional TCDD
human exposure accidents (Johnson, 1991; Kogevinas, 2000). Long term TCDD
exposure studies in rodents demonstrate that TCDD is carcinogenic for mice and rats
(Kociba et al., 1978). The observed effects included tumors of nasal turbinates and hard
palate, lung, thyroid, liver, and thymus. In addition, carcinogenicity following long term
TCDD exposure has been reported in hamsters, which developed facial skin carcinoma
(Rao et al., 1988).

The mechanism of TCDD carcinogenic effects is not completely understood, but
it is clear that TCDD is not a direct genotoxic agent, as it does not form DNA adducts

(Randerath et al., 1988; Turteltaub et al., 1990). Furthermore, TCDD is negative in the
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Salmonella/Ames test in the presence or absence of mixed-function oxidase activating
system (Shu et al., 1987; Wassom et al., 1977). Consequently, TCDD acts as promoter
rather than as an initiator in the two-stage liver and skin tumor promotion models (Lucier
et al., 1991; Pitot et al., 1980; Poland and Knutson, 1982). In rat liver, TCDD promotion
of diethylnitrosamine-initiated tumors was dependent on ovarian hormones, and occurred
to a lower extent in ovarectomized females as compared to intact females (Graham et al.,
1988; Lucier et al., 1991). Unexpectedly, some in vitro studies suggest that TCDD acts
as an antiestrogen in rat uterus (Safe et al., 1991) and human breast cancer cells
(Narasimhan et al., 1991), suggesting that the dependence of the TCDD-induced tumors
on estrogen in rat is tissue-specific.

By comparison, in some instances exposure to TCDD was associated with
decreased incidence of cancer. For example, carcinogenic changes in mammary glands
were detected with lower frequency in rats following a two-year TCDD exposure, as
compared with the non-exposed control rats (Kociba et al., 1979; Kociba et al., 1978).
Similarly, follow-up study of cancer occurrence performed on individuals exposed to
TCDD during the Seveso accident revealed decreased incidence of breast and
endometrial cancers in women residing in the TCDD-contaminated zones (Bertazzi et al.,
1993). Whereas the exact explanations for these instances of reduced cancer incidence
remain to be elucidated, recently published report demonstrates the ability of TCDD to
promote degradation of a number of steroid receptors, among them the estrogen receptor
(Ohtake et al., 2007). In their studies, Ohtake and colleagues have demonstrated that
TCDD-dependent degradation of estrogen receptor o and some androgen receptors is

mediated through the formation of steroid receptor complex with an atypical ligase E3,
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targeting the steroid receptor molecule for degradation via the ubiquitin pathway. Hence,
the reduced incidence of breast and endometrial cancers, which are often estrogen-
receptor-dependent, may be in part due to the TCDD-induced degradation of the estrogen
receptors.

The International Agency for Research on Cancer lists TCDD as class I human
carcinogen since 1997 (McGregor et al., 1998). This assessment is based on substantial
evidence in animal models, limited human evidence obtained from epidemiological
studies in four industrial cohorts, and supportive mechanistic evidence. The
epidemiological human evidence was that TCDD increased the incidence of all cancers
combined in four cohorts of individuals exposed to TCDD in industrial settings. The
judgment of the mechanistic evidence was based on the fact that many of the
carcinogenic effects of TCDD in rodents were AHR-dependent, that AHR is evolutionary
conserved among species, and that the concentration of TCDD in heavily exposed human
population were similar to the concentrations sufficient to produce tumors in rat two-
stage carcinogenic models (Steenland et al., 2004). However, this classification has been
disputed based on the fact that TCDD exhibited a modest risk to increase the incidence of
a number of human cancers, but did not pose a significant risk to development of any
particular cancer type (Cole et al., 2003). Overall, existing evidence suggests that the
carcinogenic risk of TCDD exposure may have been overstated. In the future, better
understanding of the biologic mechanisms underlying the TCDD-mediated

tumorogenicity will be necessary to better assess the risks of exposure to this compound.
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J- Immunotoxicity

The ability of TCDD to induce toxicity in the immune system has been
established by evidence derived from studies in animal species, including rodents, guinea
pigs, rabbits, and marmosets (Holsapple et al., 1991a; Kerkvliet, 1995; Neubert et al.,
1993; Ross et al., 1997; Vos and van Loveren, 1995). Human studies in TCDD-exposed
populations have indicated numerous abnormalities of the immune system, but the results
were inconclusive and the recent follow-up studies have not identified consistent
relationships between TCDD exposure and immune system abnormalities (Baccarelli et
al., 2002; Michalek et al., 1999), possibly due to confounding variables present and small
sample sizes. Nevertheless, the immune system is thought to be one of the systems most
sensitive to TCDD toxicity (Holsapple et al., 1991b; Kerkvliet, 1984; Vos et al., 1973).
The immunosuppressive effects of TCDD include involution of lymphoid organs,
especially of the thymus, suppressed cytotoxic T cell responses to antigens, suppressed
immunoglobulin production, and in some cases, paradoxical induction of immune
mediators (Funseth and Ilback, 1992; Neff-LaFord et al., 2003) .

One of the first reports linking TCDD exposure to immune toxicities in multiple
animal species has shown that host resistance to pathogens was compromised by TCDD
(Vos et al., 1973). Specifically, the delayed type hypersensitivity (DTH) response to
tuberculin in guinea pigs and the graft versus host response (GVH) in mice were
suppressed by TCDD. In addition, host resistance to influenza A virus (Neff-LaFord et
al., 2003), and to nematode parasite Trichinella Spiralis (Luebke et al., 2002), and
cytotoxic T lymphocyte response (Kerkvliet et al., 2002) in mice were found to be

suppressed by TCDD. The cellular and mechanistic aspects of the TCDD-mediated
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immunotoxicity are discussed in detail in section II C.

D. Molecular mechanisms of TCDD action
a. AHR is a receptor for TCDD and other structurally related
compounds

TCDD (Fig.1) is the most toxic congener in the class of structurally related
halogenated aromatic hydrocarbons (HAH), a family of polycyclic organic compounds
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