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Suppression of humoral immune responses by 2,3,7,8-tetrachlor-
odibenzo-p-dioxin (TCDD) was first reported in the mid-1970s.
Since this initial observation, much effort has been devoted by
many laboratories toward elucidation of the cellular and molecular
mechanisms responsible for the profound impairment of humoral
immune responses by TCDD, which is characterized by decreased
B cell to plasma cell differentiation and suppression of immuno-
globulin production. These efforts have led to a significant body of
research demonstrating a direct effect of TCDD on B-cell
maturation and function as well as a requisite but as yet undefined
role of the aryl hydrocarbon receptor (AhR) in these effects.
Likewise, a number of molecular targets putatively involved in
mediating B-cell dysfunction by TCDD, and other AhR ligands,
have been identified. However, our current understanding has
primarily relied on findings from mouse models, and the translation
of this knowledge to effects on human B cells and humoral
immunity in humans is less clear. Therefore, a current challenge is
to determine how TCDD and the AhR affect human B cells. Efforts
have been made in this direction but continued progress in
developing adequate human models is needed. An in-depth
discussion of these advances and limitations in elucidating the
cellular and molecular mechanisms putatively involved in the
suppression of B-cell function by TCDD as well as the implications
on human diseases associated in epidemiological studies with
exposure to TCDD and dioxin-like compounds is the primary focus
of this review.
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Halogenated aromatic hydrocarbons such as the polychlori-
nated dibenzo-p-dioxins, dibenzofurans, and biphenyls are
persistent environmental toxicants. The most potent of this
class of chemicals is 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD), which is produced as a by-product during a variety

of industrial and municipal processes, many of which involve
the combustion of organic materials in the presence of chlorine.
TCDD has generated much public concern due to several
highly publicized incidents of human and wildlife exposure
(reviewed by White and Birnbaum, 2009). Additionally, the
sensitivity of rodent models to TCDD-induced toxicity has
fueled concern regarding the potential health risks to humans.
TCDD produces a broad range of biological effects in animal
and cellular models including death, a generalized wasting
syndrome, lymphoid involution (especially of the thymus),
hepatotoxicity, cardiotoxicity, teratogenicity, developmental tox-
icity, carcinogenesis, neurotoxicity, immunotoxicity, and various
biochemical effects (reviewed by Birnbaum and Tuomisto, 2000).

Alterations in immune function, primarily immune suppres-
sion, have been observed in virtually every species studied and
occurs at doses that do not produce obvious signs of toxicity
in vivo and at noncytotoxic concentrations in vitro (Holsapple
et al., 1991b; Kerkvliet, 2002). These alterations include
suppression of innate, humoral, and cell-mediated immunity.
The immune suppression produced by TCDD is mediated
through alterations in the function of various immune cell
types, including B cells, which is the focus of this review
(Holsapple et al., 1991a; Kerkvliet, 2002). B cells are essential
to antibody-mediated clearance of pathogens (i.e., antigens) as
they are the only immune cells that express immunoglobulin
(Ig) and that secrete antibodies (i.e., soluble Ig). The effects of
TCDD on humoral immunity have been extensively studied,
especially the effects on primary antibody responses, which are
highly sensitive to suppression by TCDD. The biological
processes that regulate humoral immune responses are complex
and, depending on the antigenic stimulus, can involve cell types
other than B cells, which contribute in an accessory manner
through cell-cell interactions with B cells and via the production of
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soluble regulatory mediators. These accessory cells and mediators
direct B cells through the stages of activation, proliferation, and
ultimately lead to differentiation into plasma cell effectors.

Since the mid-1970’s, when suppression of humoral immune
responses by TCDD was first reported, much effort has been
devoted by many laboratories to identify the cellular and
molecular mechanisms responsible for the profound impair-
ment that is observed on humoral immune responses and is
characterized by suppression of IgM and IgG secretion and
decreased B-cell differentiation into Ig-secreting cells (i.e.,
antibody-forming cells [AFCs] or plasma cells). The objective
of this review is to discuss, within the context of an extensive
peer-reviewed literature, the cellular and molecular mecha-
nisms putatively involved in the suppression of B-cell function
by TCDD as well as its implications on human diseases
associated in epidemiological studies with exposure to TCDD
and dioxin-like compounds.

EVIDENCE FOR DIRECT EFFECTS OF TCDD ON B-CELL
FUNCTION

Some of the earliest reports documenting marked suppres-
sion of humoral immune responses after TCDD treatment
of laboratory animals, principally mice, occurred during the
1970’s and early 1980’s (Clark et al., 1981; Holsapple et al.,
1986a; Vecchi et al., 1980a,b, 1983; Vos et al., 1973). Initially,
much effort was devoted toward identifying the specific
leukocyte subtype(s) directly targeted by TCDD, which were
responsible for suppression of the IgM response. Studies
employing defined antigens requiring differential cellular
cooperativity to induce an IgM response were used in
identifying which cell types were responsible for the
suppression of humoral immunity by TCDD. Treatment of
mice with TCDD and in vivo sensitization with T cell-
dependent antigens (e.g., sheep erythrocytes [sRBC] or
ovalbumin), T cell-independent antigens (e.g., dinitrophenyl
[DNP]-Ficoll or trinitrophenyl [TNP]-lipopolysaccharide
[LPS]), or polyclonal B-cell activators (e.g., LPS or anti-Ig),
all showed comparable suppression of in vivo IgM AFC
responses (Dooley and Holsapple, 1988; Tucker et al., 1986).
Likewise, direct addition of TCDD to naive spleen cell cultures
followed by in vitro sensitization with either SRBC or LPS
similarly showed marked and concentration-dependent sup-
pression of the IgM response (Dooley and Holsapple, 1988;
Tucker et al., 1986). Extension of these experiments employing
splenocytes isolated from TCDD-treated mice and ex vivo
sensitization affirmed suppression of the IgM response with the
magnitude of suppression being strikingly similar regardless of
the B-cell activator, sRBC, DNP-Ficoll, or LPS, and the
inherent accessory cell requirements (Dooley and Holsapple,
1988; Tucker et al., 1986). Collectively, at least two important
conclusions could be drawn from these studies. First, they
demonstrated the direct interactions of the chemical with
leukocytes because direct addition of TCDD to naive splenocyte
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culture recapitulated the suppression of primary humoral re-
sponses observed in vivo; hence, ruling out the involvement of
an unknown non-leukocyte-derived immunoregulatory factor
as a possible contributory mechanism. Second, these results
strongly suggested that in the case of TCDD-mediated IgM
suppression, the primarily effect was on B-cell function and not
via disruption of accessory cell function because the magnitude
of suppression of the IgM response was comparable regardless
of the antigenic stimulus used to drive B cells to IgM AFC.

Importantly, because the above studies utilized heterogeneous
splenocyte preparations, they did not rule out the possibility that
suppression of the IgM response by TCDD was due, at least in
part, to “by-stander” effects by leukocytes other than B cells.
This point is especially critical in light of the numerous
regulatory factors produced by leukocytes as well as the cell-cell
interactions that occur between different immunocompetent cell
types that can promote or dampen immune responses. To
address these and other caveats associated with experiments
utilizing heterogeneous leukocyte preparations, cell fractionation
studies were conducted in which splenocytes were isolated from
either TCDD- or vehicle-treated mice and fractionated into
adherent populations (macrophages) and nonadherent popula-
tions (B and T cells) followed by in vitro reconstitution in
various combinations and antigen sensitization. These types of
experiments initially ruled out the involvement of adherent cells,
principally cells of the monocytic lineages (i.e., macrophages
and dendritic cells), as being functionally altered by TCDD at
least in the context of participating in antibody responses and
instead associated the nonadherent cellular fraction, primarily
B and T cells as the affected cellular population(s) (Dooley and
Holsapple, 1988). The cell fractionation experiments were
further extended to examine B and T cells separately and
showed that only those experimental groups reconstituted with
B cells from TCDD-treated mice exhibited suppression of the
IgM response (Dooley and Holsapple, 1988). In addition,
purified splenic B cells from TCDD-treated mice exhibited
marked suppression of the IgM response when activated in vitro
with LPS (Dooley and Holsapple, 1988). These studies further
supported the concept that B cells are the principal cell type
targeted by TCDD in the suppression of IgM responses.

A number of laboratories also examined the direct effects of
TCDD in vitro on the IgM response using purified splenic
B cells isolated from naive mice. In studies by Luster et al.,
direct addition of TCDD to purified splenic B cells that were
activated with either TNP-LPS or with anti-Ig plus B-cell
growth factors and T-cell replacement factor strongly sup-
pressed the IgM AFC response (Luster ef al., 1988). In this
same study, no suppression of the LPS-induced IgM AFC
response by direct addition of TCDD at concentrations as high
as 100nM was observed, which was in contrast to similar
studies by Holsapple et al. (1986a), who showed an ICsq
concentration of 15nM TCDD for suppression of the LPS-
induced IgM AFC response. The primary difference between
these two studies was that Luster et al. (1988) used purified
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B cells which were activated with LPS derived from
Escherichia coli, whereas Holsapple et al. (1986a) used
unfractionated splenocytes and LPS derived from Salmonella
typhosa. Interestingly, Morris et al. (1993) purified splenic B
cells into high-density B cells, which they termed as being
predominantly “resting B cells” in Gy, and low-density B cells,
which they termed as being an ‘“‘activated” population of B
cells in G, of the cell cycle. These experiments showed that the
low-density B cells when stimulated with LPS (S. typhosa)
were sensitive to suppression by TCDD, as measured by
secreted IgM, further suggesting a direct effect on B cells. In
these same studies, the high-density B-cell population was
found to be refractory to the effects of TCDD (Morris et al.,
1993) leading the authors to speculate that B cells were most
sensitive to suppression by TCDD when in G; of the cell cycle.
More recent studies with B-cell lines, such as the murine line,
CHI12.LX, have confirmed that suppression of the LPS-induced
IgM response is through the direct action of TCDD on B cells
(Sulentic et al., 2000). Specifically, CHI12.LX cells can be
induced by LPS to secrete increased levels of IgM in the
absence of accessory cells or additional growth factors, and
direct addition of TCDD to cultured CH12.LX cells produces
a marked suppression of IgM secretion.

Several studies have also investigated whether B cells exhibit
greater sensitivity as they progress toward fully differentiated
plasma cells. For example, in vitro time of addition studies
uncovered the temporal effects of TCDD by identifying a critical
period of time post-antigen sensitization during which TCDD
must be present to suppress antibody responses. In one study, the
greatest magnitude of suppression of the anti-sRBC IgM
response was achieved if TCDD was added to spleen cell
cultures either 60 min prior to antigen sensitization or at the time
of antigen sensitization. Addition of TCDD on day 1 post-
antigen sensitization resulted in a significant decrease in the
magnitude of the TCDD-mediated suppression and addition of
TCDD on days 2 through 5 post-antigen sensitization produced
no significant suppression of the IgM AFC response (Tucker
et al., 1986). Unfortunately, time points between antigen
sensitization and day 1 post-sensitization were not included in
this study. In a second study using spleen cell cultures activated
with LPS, suppression of the IgM AFC response could only be
produced if TCDD was added to splenocytes prior to 3 h post-
activation (Holsapple et al., 1986a). Taken together, these data
suggest that TCDD treatment interferes with an early B-cell
activation event, impeding B-cell differentiation into plasma
cells capable of productive IgM secretion. However, it is also
noteworthy that from studies with a variety of well-characterized
immunotoxicants, lymphocytes often exhibit a trend of becom-
ing increasingly refractory to suppression of their respective
effector functions as they progress toward terminal differentia-
tion. Nevertheless, the narrow window of sensitivity for
suppression by TCDD of the IgM AFC response in activated
B cells strongly suggests that TCDD must alter critical events
during B-cell activation.
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Evidence supporting the B cell as a direct target of TCDD-mediated
suppression of the antibody response

o Defined antigens requiring differential cellular cooperativity to induce an
IgM response supported the B cell as a direct target of TCDD.

o Analysis of fractionated splenic leukocyte populations from TCDD-treated
mice identified the B cell as the cell type principally affected.

o TCDD-mediated suppression of IgM responses has been demonstrated in
purified splenic B cells.

o Suppression of the IgM response by TCDD has been demonstrated in
AhR-expressing B-cell lines in the absence of other accessory cell types.

ROLE OF THE AhR IN B-CELL DYSFUNCTION

Most biological effects by TCDD are thought to involve the
aryl hydrocarbon receptor (AhR). The AhR and its dimeriza-
tion partner AhR nuclear translocator (ARNT) regulate
transcription by binding dioxin response elements (DRE) or
xenobiotic response elements in regulatory regions of dioxin-
sensitive genes (for review, see Okey, 2007; Swanson and
Bradfield, 1993). The most well-studied AhR-regulated genes
are metabolic enzymes whose upregulation by xenobiotics,
such as planar aromatic hydrocarbons, which bind and activate
the AhR, led to the initial theory that the AhR signaling
pathway evolved to mediate clearance of xenobiotics through
metabolism. However, the wide variety of toxic responses
induced by TCDD, the most potent AhR ligand that is also
resistant to metabolism, and the development of AhR-null mice
has provided considerable evidence for a role of the AhR
signaling pathway in physiological processes (Birnbaum and
Tuomisto, 2000; Fernandez-Salguero et al., 1995, 1997,
McMillan and Bradfield, 2007; Mimura et al., 1997; Schmidt
et al., 1996). Nevertheless, the exact mechanisms by which the
AhR mediates B-cell dysfunction remain poorly understood.
Several studies initially suggested a crucial role for the AhR in
the suppression of B-cell differentiation and antibody secretion
by TCDD (Davis and Safe, 1988; Kerkvliet et al., 1990; Luster
et al., 1988; Tucker et al., 1986; Vecchi et al., 1983). These
studies utilized a mixed cell population and either congenic
mouse strains that expressed either a low (AhRY)- or high

Evidence supporting a requisite role for the AhR in TCDD-mediated
suppression of antibody responses

e Mice possessing the gene that encodes one of the A/r’-alleles of the AhR
(e.g., C57BI/6) are more sensitive to suppression of humoral immune responses
by TCDD than mice expressing the Ahr®-allele of the AhR (DBA/2).

e Mice congenic at the Ahr locus demonstrated that expression of the A~
allele resulted in greater sensitivity to suppression of anti-sRBC IgM AFC
response by TCDD than expression of the Ahr? allele.

o TCDD treatment does not alter I[gM responses in mice null for the AhR.
e The murine CH12.LX B-cell line, which expresses high levels of AhR,
exhibits remarkable sensitivity to TCDD-mediated suppression of the IgM
response; whereas the murine BCL-1 cell line, which does not express the
AhR, is insensitive to TCDD-mediated antibody suppression.

o TCDD-induced changes in LSK HSC and B-cell subpopulations is
dependent on the AhR.
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(AhRP)- affinity form of the AhR or structure-activity
relationship studies with polychlorinated dibenzofuran con-
geners and therefore could not determine if the AhR was
directly or indirectly mediating the effects of TCDD on B-cell
function. Later studies identified functional AhR and ARNT in
mouse splenocytes (Williams et al., 1996) and primary mouse
B cells (Marcus et al., 1998) confirming the presence of
a functional AhR signaling pathway in B cells. Additional
support for an AhR-mediated mechanism in the effects of
TCDD on antibody secretion was obtained from an in vitro
B-cell model consisting of two surface Ig* (mature) B-cell
lines, the CH12.LX and the BCL-1, which differ in their
expression of the AhR and in their sensitivity to TCDD. Both
cell lines can be induced by LPS to secrete enhanced levels of
antibody. Similar to primary B cells (Crawford et al., 1997;
Marcus et al., 1998), TCDD treatment of LPS-stimulated
CHI12.LX cells resulted in a sensitive and marked suppression
of both IgM secretion (Sulentic et al., 1998) and the number of
IgM-secreting cells (Crawford et al., 2003). In contrast, LPS-
induced IgM secretion from the AhR-deficient BCL-1 cells was
refractory to TCDD (Sulentic ef al., 1998). Later studies using
AhR-null mice demonstrated a similar and essential role for the
AhR in TCDD-induced suppression of the IgM AFC response
(Vorderstrasse et al., 2001). In subsequent sections of this
review, the putative role of the AhR and its ability to modulate
B-cell function will be discussed in greater detail.

EFFECTS OF TCDD ON B-CELL MATURATION

Although investigated by only a few laboratories, there is
evidence supporting TCDD-mediated alterations on different
stages of the B-cell maturation process including the
pluripotent hematopoietic stem cells (HSC) of the bone
marrow. The HSC-enriched Lin /Sca-1"/cKit™ (LSK) cell
population was elevated by 24 h after in vivo exposure of mice
to TCDD and remained elevated through day 31 post-TCDD
treatment (Murante and Gasiewicz, 2000). Consistent with
these findings, Sakai et al. (2003) demonstrated an increase in
the HSC-enriched CD34~ LSK cell population following
in vivo exposure of mice to TCDD and extended these results
by demonstrating that the long-term reconstitution activity of
these cells was impaired by TCDD. These effects appear to be
dependent on the AhR because TCDD had no effect on these
endpoints in AhR-null mice (Sakai et al., 2003). Recent studies
demonstrated a similar increase in LSK that was AhR
dependent. The increase in LSK was likely due to increased
cell proliferation and an increased number of LSK cells in S
phase, which exhibited diminished short-term (6 weeks) and
long-term (40 weeks) reconstitution activity (Singh et al.,
2009b). As relates to B-cell maturation, the number of
functional colony-forming unit (CFU)-preB progenitors de-
creased over time (days 5 through 9 post-TCDD treatment),
whereas CFU-granulocyte, CFU-macrophage, and CFU-
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granulocyte-macrophage increased. The authors concluded
that TCDD increases multipotent progenitors (i.e., LSK) with
reduced ability to differentiate into the lymphoid lineage
(Singh et al., 2009b). Additionally, the effects on LSK
proliferation appears to be limited to immature HSC (i.e.,
LSK) because TCDD did not directly affect BrdU incorpora-
tion in lineage-specific cell populations and may reflect
a decrease or loss in sensitivity as maturity increases (Singh
et al., 2009b). Notably, AhR and ARNT messenger RNA
(mRNA) and protein expression was also evaluated in bone
marrow subsets (Lin/Sca-1", Lin"/Sca-1", LSK, and B220™)
and demonstrated AhR and ARNT expression in all of the
subsets including the B220" B-cell subset. In contrast,
Yamaguchi et al. (1997) did not detect the AhR in bone
marrow B220™ B cells or in an early pre-B-cell line, but as in
the above study, functional AhR was detected in bone marrow
stromal cell lines (Lavin et al., 1998; Yamaguchi et al., 1997)
and as mentioned earlier in splenic B cells (Marcus et al.,
1998). Taken together, these results support an AhR-dependent
effect by TCDD on early progenitor cell function. In-depth
reviews on the influence of the AhR in progenitor cell function
and response to xenobiotics have been recently published
(Hirabayashi and Inoue, 2009; Singh et al., 2009a).

Clearly, an effect on early LSK progenitor cells may be
a major contributor to the decrease in the B220" subset in bone
marrow following TCDD treatment (Thurmond and Gasiewicz,
2000; Thurmond et al., 2000). Analysis of B-cell maturation
subsets demonstrated a decreased percentage of pro/pre-B cells
within the total B220" population of bone marrow cells and
a decrease in the absolute number of pro/pre-B and immature
B cells at days 6, 9, and 10 post-TCDD treatment, all of which
returned to control levels by 31 days post-treatment (Thurmond
and Gasiewicz, 2000; Thurmond et al., 2000). This effect
correlated well with the reduced mRNA levels for terminal
deoxynucleotidyl transferase (TdT) and recombinase activation
gene-1 (RAG-1) in lymphocyte stem cells (Fine et al., 1989;
Frazier et al., 1994). Because TdT and RAG are more highly
expressed in pro- and pre-B-cell subsets (Hardy et al., 1991),
Thurmond et al. concluded that the decrease in TdT and RAG-
1 was likely an indirect effect due to decreased pro/pre-B-cell
numbers and altered LSK differentiation (Thurmond and
Gasiewicz, 2000). The effect of TCDD on mature B-cell
subpopulations in the bone marrow appears to be somewhat
conflicting because the same group demonstrated no effect on
mature B-cell numbers in one study (day 10 post-TCDD
treatment) (Thurmond ef al., 2000) and in another study
demonstrated a significant but reversible increase of the mature
B-cell population by 24 h which was time- and dose-dependent
and gradually decreased below the vehicle control by day 9,
returning to control levels on day 31 post-TCDD treatment
(Thurmond and Gasiewicz, 2000). The reason for this
discrepancy is unclear and may relate to differences between
days 9 and 10. Interestingly, TCDD treatment induced
a temporal increase in B-lymphocyte progenitor (B220"/
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CD24-/AA4.17) cells, which was detected by 24 h, became
maximum by day 9 and returned to normal on day 31 post-
treatment (Thurmond and Gasiewicz, 2000).

An analysis of B-cell maturation subsets in the context of
AhR expression exhibited a significantly higher total B220"
population of cells in bone marrow of AhR-null mice as
compared with AhR™" mice, and this appears to be due to an
increase in the number of pro/pre-B cells and immature B cells
with no effect on the total number of mature B cells (Thurmond
et al., 2000). Whereas TCDD decreased the number of pro/pre-
B cells and immature B cells, which was shown to be
dependent on the AhR. Therefore, the AhR appears to
significantly regulate the B-cell maturation process, particularly
the pro/pre-B- and immature B-cell subpopulations (Thurmond
et al., 2000). AhR expression in both nonhematopoietic and
hematopoietic compartments appears to be required for
both normal levels of and TCDD-mediated effects on B-cell
subsets as evidenced by hematopoietic chimeric studies
(Thurmond et al., 2000). Analysis of splenic B cells in AhR-
null mice demonstrated slightly decreased B-cell numbers in
10-week-old mice and a more marked decrease in 7-month-old
mice (Fernandez-Salguero et al., 1995, 1997). This is in
agreement with a proposed developmental arrest of the bone
marrow mature B-cell subpopulation (B220"/IgM™) and
impairment of B cell release into the periphery (Thurmond
and Gasiewicz, 2000; Thurmond et al., 2000). However,
a different AhR-null derived mouse model did not demonstrate
decreased B220/IgM™ B cells in the spleen (Schmidt et al.,
1996). Because the above B-cell maturation studies were
conducted with the AhR-null mice exhibiting decreased splenic
B220" B cells, it is unclear if both AhR-null mouse models
would exhibit similar changes in B-cell subsets compared with
AhR™* mice. To further understand the biological role of the
AhR, Andersson et al. (2003) generated mice that expressed
a constitutively active AhR (CA-AhR). Analysis of the B-cell
subpopulations in the bone marrow and spleen from CA-AhR
mice demonstrated an increase in the mature B-cell population
compared with wild-type AhR™" mice (Andersson er al.,
2003). This was consistent with the increase in mature B cells
in the bone marrow of wild-type mice treated with TCDD
(Thurmond and Gasiewicz, 2000; Thurmond et al., 2000).
Conversely, there was very little effect on the pro/pre-B-cell
subpopulations in CA-AhR mice (Andersson et al., 2003) as
opposed to the decrease seen in wild-type mice treated with
TCDD (Thurmond and Gasiewicz, 2000; Thurmond et al.,
2000). Probably, the most significant effect of CA-AhR
expression was a marked decrease in the CD5" B1 cells. B1
cells are primarily located in peritoneal and pleural cavities and
originate in the fetal liver and omentum instead of the bone
marrow where conventional B (B2) cells are derived. B1 cells
unlike B2 cells are self-renewing and spontaneously secrete
high levels of antibodies (mostly IgM) with limited antigen
specificity and are believed to play an important role in innate
immunity.
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The mechanism by which AhR may modulate an effect on
B-cell maturation has been postulated to involve a number of
proteins, including NF-xB, paired box protein-5 (Pax-5), and
CD19 (Andersson et al., 2003; Thurmond and Gasiewicz,
2000; Thurmond et al., 2000). All of which are important
regulators of B-cell maturation. NF-kB/Rel proteins are
significant regulators of B-cell maturation and differentiation
processes. Additionally, several studies, recently summarized
in two comprehensive reviews (Tian, 2009; Vogel and
Matsumura, 2009), have established a complex interaction
between the AhR and NF-kB/Rel signaling pathways, which
may contribute to the effects of TCDD on B-cell maturation.
Pax-5 is essential for B-cell development and may also be
a mechanism for the effects of TCDD on B-cell maturation and
differentiation (see below discussion). Interestingly, Masten
and Shiverick (1995) have identified a DRE core motif within
a Pax-5-binding site that is located in the CD19 promoter
region. CD19 is a signal transducing protein that is expressed
through the early stages of B-cell development but is lost upon
B-cell differentiation to a plasma cell (Tedder e al., 1994).
Masten and Shiverick (1995) have also demonstrated a TCDD-
induced suppression of CD19 mRNA expression in a human
B-cell line. They proposed that decreased CD19 is a result of
the AhR nuclear complex interfering with the binding of Pax-5
to a common DNA-binding site in the CD19 promoter region.
Notably, this interaction between Pax-5 and the AhR is limited
to the human CD19 promoter and to a moderate affinity Pax-5
site, which may not play a prominent role in CD19 expression
(Kozmik et al., 1992); however, nucleotide analysis has
identified a DRE-like site within the transcription initiation
region of both the mouse and human CD19 genes. It remains to
be determined whether these DRE sites mediate an effect on
CDI19 gene expression. Furthermore, AhR agonists including
TCDD inhibited basal and LPS-induced interleukin (IL)-6
expression by a bone marrow stromal cell line perhaps in an
NF-kB-dependent manner (Jensen et al., 2003). IL-6 has many
functions including effects specific to progenitor cells and the
maintenance of B-cell progenitors (Kishimoto, 2006; Ogawa,
1993). Therefore, a decrease in IL-6 may contribute to the
effects of TCDD on the maturation of B-cell subsets.
Additionally, a recent study by Dinatale et al. (2010)
demonstrated AhR binding to DRE-like sites upstream of the
IL-6 promoter, supporting an AhR-mediated mechanism;
however, unlike the previous study, TCDD and IL-1p cotreat-
ment produced a synergistic induction of IL-6 transcription in
MCF-7 cells. The significance of these findings within the
context of B-cell maturation remains unclear.

EFFECTS OF TCDD ON B-CELL ACTIVATION

A number of studies have explored the effects of TCDD
treatment on cell activation events in conjunction with
induction of antibody responses using heterogeneous leukocyte
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preparation as well as purified B cells. Kramer et al. (1987)
showed that in vitro TCDD treatment of naive murine
splenocytes in the absence of antigen stimulation induced
a threefold increase in the background number of IgM AFC,
which occurred in the absence of increased cell proliferation
and was accompanied by an increase in non—protein kinase C
(PKC) associated basal kinase activity. TCDD treatment of
these naive splenocytes led to the phosphorylation of a number
of unknown low- to mid-ranged molecular weight proteins
from 12 to 63 kDa within 30 min, with some increases in
phosphorylation occurring as rapidly as 10 min. In a similar
study, direct addition of TCDD (10nM) to purified mouse
splenic B cells also induced phosphorylation of membrane-
associated proteins spanning a molecular weight range from
17 to 105 kDa as measured at 140 min post-TCDD treatment
(Clark et al., 1991). Treatment of cells with TCDD in
combination with anti-Ig plus B-cell growth factors appeared
to further enhance the magnitude of phosphorylation of several
of these proteins. As in the Kramer er al. (1987) study,
TCDD-induced protein phosphorylation was found to occur
independently of PKC activation. Moreover, increased phos-
phorylation was observed of tyrosine containing control
peptides added to cell lysates isolated from TCDD-treated
cells when compared with cell lysates from untreated cells,
suggesting that the TCDD-induced kinase activity was likely
due to the activation of one or more tyrosine kinases. The
above results in mouse leukocyte preparations are contrasted
against similar studies performed in the mouse hepatocyte line,
hepalclc7, in which TCDD induced a rapid activation of PKC
(within 10 min) followed by increased levels of fos and jun
family member proteins and activator protein 1 (AP-1) DNA-
binding activity (Puga et al., 1992). Importantly, TCDD-
mediated PKC activation was preceded by a rapid (within
2 min) and robust increase in intracellular calcium concen-
trations. By contrast, TCDD treatment of resting mouse splenic
B cells only modestly induced the basal level of intracellular
calcium as measured at 18 h post-TCDD with no change in
intracellular calcium at 60 min (Karras et al., 1996). B cells
treated with TCDD (5nM) and activated with anti-Ig, exhibited
a modest twofold increase in intracellular calcium compared
with anti-Ig plus vehicle. The TCDD-induced phosphorylation
of cellular proteins in leukocytes and hepatocytes, especially
those occurring within 10 min of TCDD treatment, as well as
the rapid increase in intracellular calcium in hepatocytes are
important as they are indicative of biological events that occur
independently of AhR-mediated nuclear translocation and
changes in gene transcription while potentially still involving
the AhR. In addition, the differences in the profile of activity
between hepatocytes and leukocytes in the signaling events
affected by TCDD are indicative of cell type—specific effects.

More recently, the effect of TCDD on the amount of active
(i.e., phosphorylated) ERK, AKT, and JNK was assessed
simultaneously in individual resting and activated mouse
B cells by flow cytometry in a multiparametric analysis (North
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et al., 2010). Each of these three kinases is critically involved
in Toll-like receptor (TLR)-mediated B-cell activation (Bishop
et al., 2000; Yi et al., 1996). Specifically, the percentage of
PERK, pAKT, and pJNK B cells was monitored at 15, 30, and
60 min post-TLR-4-, TLR-7-, or TLR-9-induced activation
(using LPS, R848, or CpG, respectively) in the absence and
presence of TCDD. Not unexpectedly, each of the TLR ligands
activated each of the aforementioned kinases but with modestly
different kinetics. Most importantly, TCDD treatment consis-
tently decreased the percentage of TLR ligand—driven
pERK™E" pAKT"E" and pJNK™E" B cells with the most
striking effect being on the decreased percentage of pERK™e",
pPAKT™€" and pJNK"E" triple-positive B cells at 15 min post-
R848 activation compared with the vehicle control group.
TCDD also markedly suppressed the IgM response induced by
each of the TLR ligands. TCDD produced no effect on
background kinase activity in nonactivated B cells. Concurrent
with the decreased percentage of pERK™ME" pAKTME" and
pJNKhigh produced by TCDD treatment, there was also
a marked decrease in the percentage of B cells expressing
CD80 and CD86, a hallmark of B-cell activation. Therefore, in
addition to changes at the level of gene transcription, which
have been widely demonstrated to occur though ligand
activation of the AhR, TCDD treatment can also induce
biochemical changes in cells through mechanisms that are
independent of AhR-mediated gene regulation. Moreover,
the TCDD-mediated early changes in various aspects of cell
signaling are consistent with time of addition studies,
suggesting that TCDD perturbs an early B-cell activation
event that leads to impairment of plasma cell formation and Ig
production.

Lymphocytes in general express relatively low levels of AhR
when compared with other cells yet they are one of the most
sensitive targets of TCDD. Interestingly, activation of mouse
and human B cells (Allan and Sherr, 2005; Crawford et al.,
1997; Marcus et al., 1998; Sulentic et al., 1998) and mouse
T cells (Lawrence et al., 1996) leads to an upregulation of the
AhR. It is tempting to speculate that the upregulation of AhR
upon activation contributes to the sensitivity of lymphocytes to
TCDD-induced toxicity. Furthermore, in the absence of
addition of exogenous AhR ligands, activation of splenocytes
induced CYP1A1 expression and AhR-DRE binding (Craw-
ford et al., 1997). These effects on AhR expression and activity
in stimulated lymphocytes are not unique to mouse cells but
have more recently been demonstrated in human primary
B cells following activation with two different B-cell stimuli:
(1) bacterial CpG, which activates through TLRY and
resembles B-cell activation during an innate immune response
and (2) CD40 ligand, which binds the CD40 receptor expressed
on the B-cell surface and models an adaptive immune response
in which T-helper cells expressing surface CD40 ligand
directly interact with and activate B cells (Allan and Sherr,
2005). These results suggest a physiological role for the AhR
during B-cell activation; however, the precise role is unclear
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because it appears that B cells from AhR-null mice
(Vorderstrasse et al., 2001) and AhR-deficient BCL-1 cells
(Sulentic et al., 1998) can be induced to secrete antibody.
Overall, there is surprisingly little known concerning the
physiological role of the AhR in cellular processes, including
those processes important to B-cell activation.

TCDD-MEDIATED SUPPRESSION OF B-CELL
PROLIFERATION AS A PUTATIVE CAUSE OF IMPAIRED
DIFFERENTIATION

Historically, suppression of humoral immune responses after
TCDD treatment has been assessed primarily either by the
Jerne plaque assay or ELIspot, both of which enumerate the
number of antibody-secreting cells (AFC response), or by
ELISA, which measures the amount of antibody secreted by
B cells (antigen specific or total) most often in culture super-
natants or serum. Of these approaches, the most widely used has
been the Jerne IgM AFC response. Almost without exception,
TCDD-mediated suppression of the IgM AFC response has been
observed regardless of the antigenic stimulus and whether
TCDD treatment was performed in vivo or by direct addition of
TCDD to B cells in culture. In spite of extensive research, the
molecular mechanism responsible for the decreased number
of IgM AFC and decrease IgM production remains poorly
understood but is indicative that TCDD impairs B cell to plasma
cell differentiation.

Resting B cells in response to antigenic stimulation undergo
four to six rounds of cell division prior to initiating the
differentiation program that leads to plasma cell formation and
high-level Ig secretion. One putative mechanism by which
TCDD could mediate a decrease in IgM AFCs is through
a generalized suppression in B-cell proliferation. Some of the
earliest investigations suggested the contrary by demonstrating
that TCDD produced modest effects on B-cell proliferation in
spite of the strong magnitude of suppression on humoral
immune responses. In mice receiving a single 5 pg/kg dose of
TCDD, a greater than 80% suppression of the in vivo anti-
SRBC IgM AFC response was produced with no significant
effect on spleen cellularity, leading the authors to conclude that
TCDD primarily impairs B-cell differentiation and not pro-
liferation (Tucker et al., 1986). Similar results were observed in
these same studies using LPS to induce IgM AFC. Likewise,
Dooley and Holsapple (1988) showed that five consecutive
days of TCDD administration by oral gavage at doses up to
10 pg/kg produced no significant decrease in spleen weight or
body weight, suggesting no direct cytotoxic effects on spleen
cells. In a related study, mice dosed for 14 consecutive days by
oral gavage with 1,2,3,6,7,8-hexachlorodibenzo-p-dioxin and
sensitized with sSRBC on day 11 demonstrated an 18% decrease
in spleen cell number at 2.0 pg/kg while exhibiting a 70%
suppression of the IgM AFC response (Holsapple ez al., 1984).
In yet another study, a single 20 pg/kg oral dose of TCDD to
mice suppressed germinal center (GC) formation in the spleen
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and decreased the frequency of high-affinity AFC, which the
authors ascribed to decreased B-cell proliferation (Inouye
et al., 2003). Their conclusion was based primarily on
a decrease in the absolute number of splenic B cells recovered
at the time of sacrifice; in spite of the fact that the percentage
of total B cells to other cell types in the spleen was either
similar to or within 5% of the control, being more consistent
with the interpretation that TCDD produced a modest overall
decrease in all cell types in the spleen.

The effect of TCDD on B-cell proliferation has also been
examined in vitro. Direct addition of TCDD at concentrations up
to 10nM to cultured mouse splenocytes activated with anti-Ig
plus B-cell growth factors strongly suppressed the IgM response
but not B-cell proliferation even at TCDD concentrations as high
as 50nM (Luster et al., 1988). Direct addition of TCDD at
concentrations up to 33nM to mouse spleen cell cultures
activated with LPS also showed no suppression on the
lymphoproliferative response (Holsapple et al., 1986b). Simi-
larly, activation of naive mouse B cells with CD40L plus IL-2,
IL-6, and IL-10 in the presence of TCDD at concentrations up to
30nM produced minimal affects on the number of rounds B cells
proliferated, although a slightly lower percentage of cells were
observed in the later rounds of proliferation in the TCDD
treatment group (Lu ez al., 2010). Somewhat in contrast, TCDD
was reported to suppress LPS-induced proliferation of low-
density B cells (“activated” population of B cells in G;) but not
high-density B cells (i.e., “resting B cells” in G,), which were
closely correlated with suppression of IgM secretion (Morris
et al., 1993). The effects of TCDD on cell division in the
CHI12.LX cell line have also been examined within the context
of LPS-induced IgM secretion. In these experiments, TCDD
produced a concentration-dependent suppression of secreted
IgM with 92% suppression at 72 h in supernatant IgM at 10nM
TCDD and a 37% decrease in cell number, which was correlated
with an increase in doubling time from ~16 to 20 h (Crawford
et al., 2003).

Collectively, these studies show that B-cell proliferation
induced by a variety of different stimuli signaling through
a number of different receptors including the B-cell antigen
receptor, TLRs, and CD40 can be affected by TCDD but that
the effects are modest in comparison to the magnitude of IgM
suppression. Therefore, although a decrease in B-cell pro-
liferation may be a contributing factor, it cannot account solely
for the magnitude of suppression produced by TCDD on
humoral immunity.

POSSIBLE MOLECULAR TARGETS INVOLVED IN B-CELL
DYSFUNCTION BY TCDD

The AhR signaling pathway culminates in transcriptional
regulation through binding of the AhR nuclear complex to
DRE sites within regulatory regions of dioxin-sensitive genes.
Undeniably, metabolic genes, particularly CYP1A1, have been
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the most thoroughly studied. However, it is commonly
believed that an upregulation of metabolic genes is not a toxic
response per se and is not responsible for the various dioxin-
induced toxicities observed in various animal models. Research
has been and continues to be directed toward identifying genes
whose regulation has been altered by TCDD. These transcrip-
tional changes are complex and can be envisioned to result
from a combination of events including through direct
transcriptional regulation by the AhR, via secondary genes
whose regulation is affected by genes directly regulated by the
AhR and transcriptional events influenced by ‘“‘secondary”
signaling events initiated by AhR activation but independent of
AhR DNA binding. Such a complex scenario is likely
responsible for the plethora of toxic effects and diverse genes
identified to be transcriptionally regulated after TCDD
treatment. Congruently, an assortment of genes, including
those encoding cell signaling proteins, cell survival, and
apoptotic proteins, cytokines, and transcription factors have
been shown to be upregulated or downregulated by TCDD. In
addition, DRE-like sites have been identified in the promoter
regions of numerous genes some of which have been found to
be modulated by AhR activation and some that have yet to be
tested (Lai er al., 1996; Schneider et al., 2009). Recently,
a combination of whole-genome microarray-based chromatin
immunoprecipitation (ChIP-on-chip) and time course gene
expression microarray analysis was performed on the mouse
B-cell line CH12.LX following exposure to LPS or LPS and
TCDD to identify the primary and downstream transcriptional
elements of B-cell differentiation that are altered by the
AHR (De Abrew et al., 2010). ChIP-on-chip analysis identified
1893 regions with a significant increase in AhR binding with
TCDD treatment. Transcription factor binding site analysis on
the ChIP-on-chip results showed enrichment in AhR response
elements. Other transcription factors showed significant coen-
richment with AhR response elements. When ChIP-on-chip
regions were compared with gene expression changes at the
early time points (8 and 12 h post-TCDD treatment), 78 genes
were identified as potential direct targets of the AhR, which are
now being further investigated on an individual basis. Because
the primary focus of this review is on the impairment by TCDD
of B-cell effector function, we will focus on specific proteins
involved in B cell to plasma differentiation, including the
transcriptional regulation of the Ig heavy chain, Paired Box
Protein 5 (Pax5), B lymphocyte-Induced Maturation Protein-1
(Blimp-1), and B-Cell Lymphoma 6 Protein (BCL6).

Ig Heavy Chain Regulation and the 3'IgH Regulatory
Region

The primary antibody response is characterized by the
differentiation of antigen-activated virgin B cells into IgM-
secreting plasma cells. Ig molecules typically are composed of
four polypeptide chains, two light chains and two heavy chains,
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joined into a macromolecule by disulfide bonds. IgM is
secreted by plasma cells in a polymeric form in which
individual IgM monomers are joined together by a J chain into
pentamers or hexamers. A coordinated and increased rate of
transcription of genes coding for the light chain, heavy chain,
and joining chain is necessary for high-level production of IgM
that is characteristic in plasma cells. Of these three Ig chains, to
date the regulation of the murine Ig heavy chain (IgH) locus is
the most extensively characterized.

In CHI2.LX cells, the IgH gene was inhibited by TCDD
(Henseler et al., 2009; Sulentic et al., 2000; Yoo et al., 2004).
Expression of the light chain (IgL) and the J chain of Ig are
likewise suppressed by TCDD (Yoo et al., 2004). Studies
focused primarily on IgH gene expression and Ig protein
secretion demonstrated a structure-activity relationship with
polychlorinated dibenzo-p-dioxins such that suppression of the
aforementioned was closely correlated with AhR-binding
affinity. These findings are highly consistent with studies
demonstrating an essential role for the AhR in suppression of
humoral immune responses. Further analysis of these results
demonstrated a general concordance between the ICs, values for
IgH expression and Ig secretion and the ECsq for induction of
CYP1A1 expression, which further supports a common AhR-
mediated mechanism (Sulentic et al., 2000). Because CYP1A1
induction is an established AhR/DRE-mediated event, suppres-
sion by TCDD of IgM secretion may be, at least in part, due to
an AhR/DRE-mediated effect on IgH gene expression. Consis-
tent with this, DRE-like sites have been identified within the
3'IgH regulatory region (3'IgHRR) and AhR/ARNT binding to
these DRE sites has been demonstrated (Sulentic et al., 2000).

Regulation of the mouse IgH locus is governed through
a complex interaction of several regulatory elements whose
activity is B cell specific and dependent on the state of B-cell
maturation. The most 5’ regulatory element is the Vy
promoter, which lies immediately upstream of each variable
region and contributes to B cell specific activity of the IgH
locus (Fig. 1). A 40-kb region, downstream of the o constant

Human IgH locus

uwd va 7, Yeo, o3NgHRR v, v, & o 0OpIIgHRR
Doy oy vy
V, VDJ Ep {r:,&,\{g, ‘@{5"?

Mouse IgH locus
L % % T T € o

Vy VDJ E ¥ o
H H («2’ .,f\;\ é}, {%’
FIG. 1. Schematic of the human versus mouse IgH gene locus. Simplified

diagram of a rearranged human and mouse Ig heavy chain (IgH) locus which
includes the variable heavy chain promoter (Vy), the intronic or p enhancer
(Ep), the heavy chain constant regions for the p-, 6-, y-, &-, o-isotypes and
subclasses (black rectangles), the germline promoters upstream of each heavy
chain constant region (open rectangles), and the enhancers (hs3, hs1,2, and hs4)
of the 3'IgH regulatory region (3'IgHRR).
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region (Ca), demonstrates enhancer activity that is largely
restricted to plasma cells and appears to regulate processes
late in B-cell differentiation such as upregulation of IgH gene
expression and secretion as well as class switch recombina-
tion (Klein er al., 1984; Madisen and Groudine, 1994;
Saleque et al., 1997; Singh and Birshtein, 1993; Wabl and
Burrows, 1984). Class switch recombination is a DNA
recombination event by which B cells shift from the
production of IgM to the expression of IgG, IgE, or IgA
isotypes. Within this regulatory region, four separate
enhancers, hs3a, hsl,2, hs3b, and hs4, corresponding to
DNasel hypersensitive (hs) sites, were identified and are
collectively termed the 3'IgHRR (formerly the 3’ a enhancer)
(Fig. 1). Using various B-cell lines at differing maturation
phases, the activity of the 3'IgHRR enhancers appeared to be
dependent on the developmental stage of the B cell with hs4
being activated at the pre-B-cell stage, whereas hs1,2 and hs3
were only active in mature B cells (Chauveau er al., 1998;
Mills et al., 1997; Ong et al., 1998; Stevens et al., 2000).
Measurement of enhancer activity in mature B cells identified
hs1,2 as having the greatest activity followed by hs4, and the
least active was hs3 (Mills et al., 1997); however, the greatest
enhancer activity was observed when all four enhancers were
linked (Chauveau et al., 1998; Stevens et al., 2000; Mills
et al., 1997).

DNA-binding sites for several transcription factors, in-
cluding NF-kB/Rel (bind B sites), Pax5 previously termed
B cell-specific activator protein (BSAP), Oct, and AP-1, have
been identified within the 3'IgHRR and appear to be important
regulators of its activity (Kanda et al., 2000; Khamlichi et al.,
2000; Michaelson et al., 1996; Saleque et al., 1999; Stevens
et al., 2000). Interestingly, mutational analysis of kB, Pax5, or
Oct binding sites within the hs1,2 or hs4 enhancers (when in
isolation) demonstrated a negative influence of these transcrip-
tion factors on hsl,2 basal activity versus a positive influence
on hs4 basal activity in mature B cells (Michaelson et al.,
1996). A similar dichotomy in the effects of TCDD on hs4
versus 3’'IgHRR activity was identified and demonstrated
a synergistic and sensitive activation of LPS-induced hs4
activation (maximum at 3.0nM TCDD) and a markedly
sensitive suppression of LPS-induced 3'IgHRR activity
[maximum at 0.3nM or 90 pg TCDD which, depending on
the lipid content of individuals, may be within the range of
current human body burdens (lipid-adjusted TEQ for PCDD/
PCDF was 2-20 ppt for the year 2000)] (Sulentic et al., 2004).
Studies by Michaelson et al. (1996) have identified kB binding
as a critical regulator of basal hs4 activity in mature B cells and
in plasma cells. This appears to translate to an important effect
on the overall 3'IgHRR activity because mutation of the kB
motif within the hs4 enhancer led to a significant suppression
of 3'IgHRR activity (Kanda et al., 2000). Interestingly, the
observed dichotomy between NF-kB/Rel regulation of the hs4
versus hsl,2 enhancers in mature B cells is not observed in
plasma cells in which kB binding becomes a positive regulator
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of both the hs4 and the hs1,2 (Michaelson et al., 1996). This
suggests either a shift in the NF-xB/Rel dimers (homo- or
heterdimers of RelA, cRel, RelB, p50, p52) binding to the kB
site within the hs1,2 and/or an altered interaction between the
NF-kB/Rel proteins and other transcription factors, such as
Pax5 (which is downregulated in plasma cells), Oct, AP-1, or
perhaps the AhR, which is induced by TCDD to bind DRE-like
sites within the hs4 and hs1,2 enhancers (Sulentic et al., 2000).

TCDD-induced suppression of Ig may be mediated directly
through binding of the AhR to DREs within the regula-
tory regions of the Ig genes (such as 3'IgHRR) and/or
indirectly through regulation of other transcriptional factors
known to regulate these genes (Sulentic et al., 2004; Yoo
et al., 2004). For example, Pax5, the NF-xB/Rel proteins,
Oct-1, and AP-1 are all modulated by TCDD and are
significant regulators of B-cell activation and differentiation
and of 3'IgHRR activation (Kanda et al., 2000; Michaelson
et al., 1996; Puga et al., 2000; Schneider et al., 2008; Suh
et al., 2002; Sulentic et al., 2000; Yoo et al., 2004). For NF-
kB/Rel proteins, previous reports have identified interactions
between the NF-xB/Rel and AhR signaling pathways, which
has been postulated as an important mechanism in mediating
the toxicities of TCDD (Tian et al., 2002; Vogel et al., 2007a,
2007b). Consequently, the overall effect of TCDD on the
3’IgHRR may involve an interaction between these regula-
tory proteins within and between the enhancers of the
3'IgHRR.

Regulatory Mechanisms Controlling B-Cell Differentiation
into Plasma Cells

Terminally differentiated antibody-secreting plasma cells are
the end stage of the humoral immune response. Based on
studies in mouse and to a lesser extent human B cells, three
transcription factors which sequentially influence each others
expression, BCL6, Blimp-1 (the gene product of prdm-1), and
Pax5, have emerged as crucial regulators of the B-cell
differentiation program (Fig. 2).
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FIG. 2. Schematic representation of the regulators controlling B cell to
plasma cell differentiation. Positive regulation is depicted with arrows and
negative regulation is depicted by brackets.
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Paired Box Protein 5

Pax5 has emerged as a key regulator not only of B-cell
development but also of B-cell differentiation and of the IgM
response via transcriptional repression of IgH, Igk, and the
J chain. Pax5 is a highly expressed transcription factor
throughout B-cell development, including in pre-B cells,
immature B, and mature B cells. Targeted disruption of the
Pax5 gene resulted in a blockade in B-cell development at the
pro-B-cell stage establishing its essential role in B-cell
development (Nutt et al., 1999; Urbanek et al., 1994). When
B cells begin to differentiate into plasma cells, Pax5 is
progressively decreased (Barberis et al., 1990; Rinkenberger
et al., 1996) concordant with one of its principal functions,
repression of IgH, Igik, and J chain. Repression of IgH is
mediated by Pax5 through its binding to Pax5 DNA-
recognition motifs present in the hs1,2 and hs4 domains within
the 3'IgHRR (Neurath ez al., 1995, 1994). More recently, it has
been demonstrated that repression of hs1,2, enhancer activity
by Pax5 also involves the recruitment of a member of the
Groucho family corepressors, Grg4 (Linderson et al., 2004).
Such a mechanism of corecruitment of additional DNA-
binding proteins can explain how Pax5 can repress certain
genes (e.g., IgH, Igk, and J chain) while simultaneously
positively regulating others (e.g., CD19). Pax5 repression of
Igk expression, although less well understood, appears to be
mediated by disruption of Igk 3’ enhancer activity by
suppressing the transactivating capability of the transcription
factor, PU.1, through direct protein:protein interactions (Maitra
and Atchison, 2000). Likewise, repression of the J chain by
Pax5 is through DNA binding to a negative regulatory element
located on base pairs —113 to —97 within the J chain promoter
and thus blocking the ability of PU.1 and B-MEF-2 to bind
their respective response elements (Wallin et al., 1999). In
addition, Pax5 also strongly represses the expression of a fourth
gene that is essential for IgM secretion, XBP-1, which it does
by binding to and inhibiting Xbp-/ promoter activity (Reimold
et al., 1996). XBP-1 is a basic-region leucine zipper protein in
the ATF/CREB family of transcription factors and has been
linked to triggering the assembly of the secretory apparatus
necessary for IgM secretion by plasma cells (Calfon et al.,
2002). XBP-1 is one of only a few proteins known to be
essential for Ig secretion, as demonstrated in mouse lymphoid
chimeras deficient in XBP-1, which possessed a normal
number of activated B cells that proliferated, secreted normal
amounts of cytokines, and formed GCs but expressed very
little Ig and were devoid of plasma cells (Reimold er al.,
2001). Conversely, in Pax5-deficient cells, XPB-1 and
Blimp-1 expression were found to be upregulated and IgM
secretion was significantly elevated, a profile of activity
concordant with differentiated B cells. These characteristics
of differentiated B cells were all reversed when Pax5
expression was restored (Nera et al., 2006). These findings
are important not only because they demonstrate the crucial
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role Pax5 plays in B-cell differentiation but also suggest
reciprocal repression between Pax5 and Blimp-1. More
recently Blimp-1 repression by Pax5 has been confirmed
(Mora-Lopez et al., 2007). Collectively, the above studies
implicate Pax5 as a potent repressor of IgH, Igk, J chain,
XBP-1, and Blimp-1 but alone insufficient to activate the
terminal differentiation program in B cells as evidenced by
functional deletion (cre/loxP) of Pax5 in mature B cells
(Horcher et al., 2001).

B lymphocyte—Induced Maturation Protein-1 (Blimp-1)

Blimp-1, termed by some as the B cell “master regulator,” is
a 96-kDa transcriptional repressor whose activity is conferred
by binding a 12-bp consensus site (Keller and Maniatis, 1991).
Blimp-1 is a critical regulator of plasmacytic differentiation
and is highly expressed in plasma cells (Kallies et al., 2004;
Shapiro-Shelef and Calame, 2005; Shapiro-Shelef et al., 2003).
Ectopic expression of Blimp-1 is in itself sufficient to drive
BCL-1 cells and splenic B cells to differentiation into IgM-
secreting plasma cells (Angelin-Duclos ez al., 1999; Piskurich
et al., 2000; Schliephake and Schimpl, 1996; Turner et al.,
1994). Although not fully understood how a single transcrip-
tional repressor can regulate B-cell differentiation, the effect of
Blimp-1 on four known targets that are also critically involved
in B-cell differentiation provide important insights. First,
Blimp-1 strongly represses Pax5 transcription (Lin et al.,
2002), which in turn releases IgH, Igk, J chain, and XBP-I
from Pax5-mediated repression (Fig. 2). Second, Blimp-1
represses c-myc transcription (Lin et al., 1997), which in turn
stops the cell cycle and proliferation (Eilers, 1999). Third,
Blimp-1 represses BCL6, which also leads to cessation of
cell cycle and proliferation. It is noteworthy that as in the case
of Pax5 and Blimp-1, BCL6 and Blimp-1 also reciprocally
repress each other. Hence, in the absence of appropriate
signaling events initiated during B-cell activation, Blimp-1 is
dually repressed by BCL6 and Pax5 to keep B cells from
aberrantly initiating the B-cell differentiation program. Fourth,
Blimp-1 represses class II, major histocompatibility complex
transactivator (CIITA) (Piskurich et al., 2000), which in turn
leads to the downregulation of MHC class II expression on
plasma cells (Silacci et al., 1994).

B-Cell Lymphoma 6 Protein (BCL6)

BCL6 is a zinc finger transcription factor which functions
primarily as a sequence-specific transcriptional repressor.
Despite its importance in B-cell differentiation, BCL6 is best
known for its role in non-Hodgkin’s lymphoma, a group of
heterogeneous cancers most commonly derived from GC
B cells and in which BCL6 is frequently expressed as a result
of chromosomal translocations (Ye et al., 1997). BCL6 protein
is tightly regulated, being predominately expressed in mature
B cells with highest expression in GC B cells; however, BCL6
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is not found in pre-B cells or plasma cells. The primary role of
BCL6 is to promote GC differentiation and to block
plasmacytic differentiation. This notion is supported by
a number of related observations in addition to its high level
of expression in GC B cells. For example, mice deficient in
BCL6 display normal B cell, T cell, and lymphoid organ
development but fail to develop GCs (Dent et al., 1997;
Ye et al., 1997). Likewise, it has been shown that nascent pre-
GC-B cells upregulate BCL6 protein, migrate to the follicular
area, and initiate GC formation (Fukuda er al.,, 1997).
Conversely, downregulation of BCL6 in B cells is through
degradation by ubiquitin/proteasome pathway and is associated
with induction of Ras/MAPK activity (Niu et al., 1998). More
recently, studies aimed at understanding BCL6-mediated
blockade of plasmacytic differentiation demonstrated that
BCL6 represses the transcription of Blimp-I via a novel
regulatory pathway that targets the Blimp-1 promoter. Specif-
ically, the zinc finger domain of BCL6 can bind Jun proteins, c-
Jun, JunB, and JunD but not fos family members (Vasanwala
et al., 2002). By doing so, BCL6 sequesters crucial Jun
proteins involved in the formation of AP-1 complexes to inhibit
transactivation through AP-1 sites located at —1813 and
—1647 bp in the human Blimp-1 promoter (Vasanwala et al.,
2002). Analogous AP-1 sites have been identified within the
mouse Blimp-1 promoter.

Effects of TCDD on the B-Cell Differentiation Program

As discussed above, the discovery of functionally relevant
DREs within the regulatory domains of the 3'IgHRR (Sulentic
et al., 2000) led to the identification of one of the first genes
directly targeted by the ligand-activated AhR and contributing
to TCDD-mediated impairment of B-cell function. Likewise, it
provided, at least in part, a potential mechanism explaining the
significant decreases in IgH mRNA levels observed in activated
B cells treated with TCDD. However, further examination also
revealed that in addition to decreased IgH mRNA levels,
in vitro TCDD treatment of LPS-activated splenic B cells
(Schneider et al., 2008) as well as CH12.LX cells also
produced a comparable decrease in mRNA levels of Igk and
J chain. Based on the critical role Pax5 plays in coordinately
repressing IgH, Igk, and J chain, the effects of TCDD on Pax5
regulation were further examined in the CH12.LX cell line.
As would be predicted, LPS activation of CH12.LX cells
induced a time-dependent downregulation in Pax5 mRNA
levels over a 72-h time period, which was closely correlated
with downregulation of Pax5 protein levels and DNA-binding
activity to a Pax5 consensus site (Yoo et al., 2004). Conversely,
in the presence of TCDD, downregulation of Pax5 mRNA
levels, protein, and DNA-binding activity was impaired and
was in turn closely correlated in a time-dependent manner with
suppression of LPS-induced IgM secretion. Moreover, the
impaired downregulation of Pax5 mRNA levels was observed
in multiple splice variants of Pax5 (Schneider et al., 2008). In
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addition, in the presence of TCDD, LPS-activated CH12.LX
cells also showed a decreased level of the active 54 kDa form
of XBP-1 protein when compared with LPS-activated controls
further confirming the functional consequences of the aber-
rantly elevated Pax5 levels. Evaluation of Xbp-I mRNA levels
likewise demonstrated time-dependent induction over 72 h
post-LPS activation in CH12.LX cells and mouse splenocytes,
which was suppressed in the presence of TCDD (Schneider
et al., 2008). Finally, confirmatory experiments using ectopic
expression of Pax5 in CH12.LX cells showed suppression of
LPS-induced IgM secretion, which mimicked that observed
with TCDD treatment (Schneider et al., 2008). Taken together,
TCDD-mediated suppression of IgH, Igk, and J chain as well
as XBP-1 are all consistent with the inability of B cells to
appropriately downregulate Pax5.

Although transcriptional regulation of Pax5 has only been
partially elucidated, recent studies have investigated putative
mechanisms by which TCDD treatment might lead to
abnormally high levels of Pax5 in activated B cells, hence
blocking B cell to plasma cell differentiation. Motif analysis of
the Pax5 promoter identified 10 putative DRE-like sites within
the first —3500-bp region of the transcriptional start site.
Unfortunately, experiments assessing whether TCDD treatment
induces Pax5 transcription through one or more of these
putative DRE-like sites, using a Pax5 promoter reporter for
transient transfection assays in CHI12.LX cells were not
informative due to the expulsion of the reporter plasmid by
24 h (Schneider et al., 2009). Importantly, similar experiments
transfecting the Pax5 promoter reporter into Hepa 1clc7 cells
and NIH3T3 cells, which are more amendable to transfection,
showed no induction of reporter activity above background
after TCDD treatment, suggesting that the activated AhR likely
does not directly induce Pax5 transcription. Additional studies
in CH12.LX cells examining Blimp-1 activity showed that LPS
activation of CH12.LX cells induced Blimp-1 DNA binding in
a time-dependent manner to the Blimp-1 response element
within the Pax5 promoter. By contrast, a significant decrease in
Blimp-1 DNA-binding activity was observed in LPS-activated
CHI2.LX cells concomitantly treated with TCDD when
compared with time-matched controls. The most pronounced
effects on Blimp-1 being observed at 24 and 48 h post-LPS
activation (Schneider ez al., 2009). In addition, Blimp-I mRNA
levels were closely correlated with Blimp-1 DNA-binding
activity thus showing strong induction in response to LPS
activation in the absence of TCDD and marked impairment in
the presence of TCDD. A detailed analysis of the first —2000
bp of the Blimp-1 promoter identified two putative DRE sites
located within the first —350 bp of the transcriptional start site.
Electrophoretic mobility shift assays demonstrated very low
TCDD-inducible DNA-binding activity to both of these DRE-
like sites (Schneider et al., 2009). Taken together, these studies
suggest that TCDD does not impair Blimp-1 transcription via
direct binding of the AhR to either of the putative DRE sites
identified within the Blimp-1 promoter.
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Transcriptional upregulation of Blimp-1 during B-cell
differentiation is controlled in part by AP-1 binding to multiple
TRE sites within its promoter (Vasanwala et al., 2002).
Concordant with TCDD suppressing Blimp-1 induction,
impairment of AP-1 DNA-binding activity by TCDD in
activated B cells was first reported in LPS-activated CH12.LX
cells and was correlated with a decrease in c-jun expression
(Suh et al., 2002). A more recent evaluation of three separate
TRE within the —2000 bp of the Blimp-1 promoter using
nuclear extracts from CHI2.LX cells showed induction of
AP-1 binding in response to LPS activation, which was markedly
impaired in a time- and concentration-dependent manner in
the presence of TCDD treatment (Schneider et al., 2009). In
addition, the TCDD-mediated inhibition in AP-1-binding
activity was sustained up to 72 h post-LPS activation.
Interestingly, TCDD treatment in nonactivated B cells pro-
duced a modest induction of AP-1 binding to several of the
TRE within the Blimp-1 promoter, which is consistent with
a prior report by Puga et al. who showed TCDD-mediated
induction of AP-1 binding in cultured mouse hepatoma cells
and postulated a mechanism involving AhR-dependent p38-
MAPK activation (Puga et al., 2000; Weiss et al., 2005).
Presently, the molecular mechanism responsible for modula-
tion of AP-1 activity in B cells by TCDD treatment is
intriguing but difficult to explain in the context of AhR
activation. It is also noteworthy as discussed in an earlier
section that altered levels of kinase activity after TCDD
treatment have been demonstrated, specifically on pERK,
pAKT, and pJNK as rapidly as 15 min post-B-cell activation
(North et al., 2010). These early events that almost certainly
occur independent of AhR-mediated transcriptional changes do
not rule out the involvement of the AhR at the level of protein-
protein interaction and may represent critical events that lead
to impaired AP-1 function, Blimp-1 upregulation, and al-
tered B-cell differentiation. In addition, in a recent study in
which a combination of whole-genome microarray-based
ChIP-on-chip and time course gene expression microarray
analysis was performed on CH12.LX cells following ex-
posure to LPS or LPS and TCDD, Bach2, a transcriptional
repressor of Blimp-1 was identified (De Abrew et al., 2010).
AhR-mediated upregulation of Bach2 may represent another,
as well as important, contributing event in the molecular
mechanisms by which TCDD impairs B-cell differentiation.

North et al. (2009) recently investigated the effects of TCDD
on B-cell differentiation after induction of a primary immune
response in vivo. In these studies, mice were administered
a single dose of TCDD by oral gavage and then sensitized with
LPS 4 days later. These studies showed a dose-dependent
suppression of the IlgM AFC responses as well as a correspond-
ing decrease in CD138" B cells (i.e., plasma cells) with TCDD
treatment. Analysis by real-time PCR of splenic mRNA on
sequential days up to day 3 post-LPS sensitization revealed that
TCDD dose dependently suppressed LPS-induced IgH, Igk,
J chain, XBP-1, and Blimp-1. In addition, as assessed by flow
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cytometry, TCDD also impaired the upregulation of Blimp-1 at
the protein level on CD19" B cells. These findings are
important because they confirmed in vivo for the first time
observations previously made in vitro in B-cell lines as well as
primary B cells showing altered B-cell differentiation by
TCDD including deregulation of Blimp-1 and XBP-1.

Recently, stochastic modeling of B-cell differentiation and
its suppression by TCDD as well as a systems computational
biology modeling approach has been used to further charac-
terize the interactions between BCL6, Blimp-1, and Pax5
during B-cell differentiation (Bhattacharya et al., 2010; Zhang
et al., 2010). Computational modeling in this area has focused
in part on the interactions between BCL6, Blimp-1, and Pax5
because these three key regulators form two coupled mutually
repressive feedback loops at the Blimp-1 node predicting that
they can function as a bistable biological switch directing
B cells to differentiate into plasma cells. The interest on
this putative bistable switch is that in biological systems, it is
becoming increasingly clear that coupled feedback loops, as
formed by BCL6, Blimp-1, and Pax5, increase the robustness
of the bistable properties of the signal transduction circuitry
as well as the biological behavior that ensues. Hence, in
B cells, there is increasing evidence that this bistable switch
dictates whether the B cell remains as a B cell or whether it
initiates terminal differentiation into a plasma cell. Using
a bifurcation analysis, the model proposes that TCDD
suppresses plasmacytic differentiation by raising the threshold
dose of antigen necessary to trigger the bistable switch. The
most significant implication from this computation model is the
prediction that suppression of humoral responses by TCDD is
due to a decrease in the overall proportion of B cells that
receive sufficient antigenic stimulation to trigger the bistable
switch to initiate B cell to plasma cell differentiation
(Bhattacharya et al., 2010). The predicted phenomenon is
highly consistent with past observations that suppression of
primary humoral immune responses by TCDD is accompanied
by a decrease in the total number of IgM plasma cells.

EFFECTS OF TCDD ON HUMAN B CELLS

A significant data gap is studies investigating the effects of
TCDD and dioxin-like compounds on human primary B cells.
This data gap is due to several factors. First, inducing human
primary B cells in vitro to become antibody-secreting cells
historically has been technically challenging. Human B cells do
not respond to LPS as they lack TLR-4. Some success of
activating human B cells to become antibody secretors has
been achieved with pokeweed mitogen, although antibody
responses tend to be relatively modest. Other activation stimuli
include the super-antigen, toxic shock syndrome toxin-1
(TSST-1), CpG, and CD40 ligand. Notably, all are polyclonal
B-cell activators because inducing primary antibody responses
using specific antigens is limited by small numbers of B-cell
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precursors possessing appropriate antigenic specificity to any
given antigen. Second, a routine source of human B cells has
also been an obstacle. Sources include human spleens from
accident victims as well as tonsils from patients undergoing
tonsillectomy. The former is not a reliable routine source
and the later has drawn concern as tonsils are typically not
removed from healthy patients. The most noninvasive source
of human B cells is peripheral blood; however, B cells only
constitute ~5% of circulating leukocytes. Recently, due to
enhanced cell isolation/purification technologies, peripheral
blood has become a reliable and readily available source of
human B cells. Another major deterrent of immunotoxicology
studies of human primary B cells has been the inherent
donor-to-donor variability.

In spite of the above challenges, several studies have
investigated the direct effects of TCDD on human primary
B cells. In one study, human tonsillar lymphocytes were
stimulated in vitro with pokeweed mitogen, in the absence
and presence of TCDD followed by measurements of total
IgM, IgG, and IgA by reverse plaque assay. TCDD was
found to have no effect on either the pokeweed mitogen-
induced Ig responses or [*H]-thymidine incorporation as
a measure of B-cell proliferation (Wood et al., 1992). Studies
were performed in parallel using mouse spleen cells, which
demonstrated strong suppression of the anti-sRBC IgM AFC
response but no suppression of either pokeweed mitogen-
induced IgM response or proliferation. By contrast, in a second
study by the same laboratory, purified human tonsillar B cells
activated with TSST-1 exhibited TCDD-mediated suppression of
the IgM response in the absence of effects on proliferation (i.e.,
[*H]-thymidine incorporation) (Wood and Holsapple, 1993).
Among the four donors assayed in this study, variability in
sensitivity between donors was observed with ICsq values for
suppression of the IgM response being < 0.3, < 0.3-5.0 and
~25nM. No suppression of TSST-1-induced B-cell prolifera-
tion was observed. Recently, a study was conducted in which
the direct effects of TCDD were evaluated in purified naive
(CD19"CD27") peripheral blood B cells from 12 donors.
Human naive B cells were used specifically because this
population of B cells most closely reflects the population of
B cells found in the mouse spleen, which is typically greater
than 95% CDI197CD27~ (Lu et al., 2009). The study
objectives were twofold: (1) to assess the induction of known
AhR-responsive genes in primary human B cells as a measure
of early biological responses to TCDD and (2) to evaluate the
direct effect of TCDD on CD40 ligand—induced IgM secretion
by human primary B cells (Lu et al., 2010). These studies
showed that AhR-responsive genes (i.e., CYPIAI, CYPIBI,
AHR repressor, and TCDD-inducible poly [ADP-ribose] poly-
merase) in human B cells exhibited slower Kkinetics and
reduced magnitude of induction by TCDD when compared
with mouse B cells, which was consistent with the generally
observed 10-fold lower sensitivity of human AhR to TCDD
binding and CYPIA! induction (reviewed by Harper et al.,
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2002 and Denison et al., 2002). Nevertheless, these studies
confirmed activation by TCDD of the AhR signaling cascade in
human primary B cells. In addition, these studies identified two
general phenotypes among the 12 donors with the majority of
donors (i.e., 9 of 12 donors) exhibiting similar sensitivity to
suppression by TCDD of the IgM response as mouse B cells
from C57Bl/6 mice with significant suppression at 10 and
30nM TCDD. These donors were termed “responders.”
Assuming the 10-fold lower TCDD-binding affinity to the
human AhR, when compared with TCDD-responsive mouse
strains, the comparable sensitivity of human and mouse B cells
to TCDD suppression of the IgM response suggest that in these
donors, there are important mechanistic differences in how
TCDD impairs this B-cell function that is independent of
differences in AhR-binding affinity for TCDD. Importantly, no
effect by TCDD was observed on B-cell proliferation as
assessed by carboxyfluorescein succinimidyl ester (CSFE)
staining, which was consistent with prior studies in human
B cells (Wood and Holsapple, 1993; Wood et al., 1992). In
contrast, a minority of donors (3 of 12 donors) showed no
suppression of the IgM response by TCDD even at high
concentrations (50—100nM) and therefore were termed ‘“non-
responders.” Interestingly, sequence analysis of exons of the
human AHR for three “responsive” and three “nonresponsive”
donors showed that two of the three nonresponsive donors
possessed previously characterized polymorphisms within the
exons of the AHR: one has 132 T>C in codon 44 of exon 2
encoding part of the basic-helix-loop-helix domain and the
other has 1661 G>A in condon 554 of exon 10 encoding
the transactivation domain (Harper et al., 2002). The poly-
morphism identified at condon 554 G>A was previously
shown to cause failure to induce CYPIAI induction
in vitro when combined with two other AHR polymorphisms
(Wong et al., 2001). By contrast, no polymorphisms were
identified within the exons of the AHR from all three
responsive donors. Although it is tempting to speculate that
the absence of sensitivity in nonresponsive donors was due, at
least in part, to polymorphisms within the AHR, the findings
at this point are at best only suggestive. Taken together,
although there have only been a limited number of published
investigations employing human primary B cells, the existing
data demonstrate that TCDD is capable of suppressing the
primary antibody response in human B cells. Moreover, the
relative sensitivity of human B cells to suppression by TCDD
appears to be comparable to that observed in responsive
mouse strains, such as the C57B1/6 and B6C3F1. Equally
intriguing is the observation that in the limited study of 12
donors, 3 donors were found to be unresponsive to
suppression of the IgM response even at considerably high
TCDD concentrations of 50-100nM, suggesting the existence
within the general population of sensitive and less sensitive
subpopulations to suppression of humoral immune responses
by TCDD. There is considerable evidence for species and
strain differences in sensitivity to TCDD and other AhR
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ligands, which may be related to differences in the AHR gene
(e.g., Ahr’ versus Ahr? mouse alleles; species differences in
ligand selectivity) or differences in another component of the
AhR or dioxin response pathway (e.g., AhR affinity
for TCDD is similar in the dioxin-resistant hamster vs. the
highly dioxin-sensitive guinea pig). These topics are
covered in-depth in several fairly recent reviews (Denison
et al., 2002; Flaveny and Perdew, 2009; Hahn, 2002; Harper
et al., 2002).

IMPLICATION OF TCDD-MEDIATED B-CELL TOXICITY
ON HUMAN HEALTH

As already discussed, there have been a limited number of
studies investigating the effects of TCDD specifically on human
primary B-cell function, with several having demonstrated
suppression of antibody responses under in vitro conditions.
However, presently, the long-term consequence of TCDD-
mediated B-cell immunotoxicity on human health, especially
that which is supported by epidemiologic findings, is less
unclear. A longitudinal study of a cohort of Dutch children
suggested an association between prenatal exposure to TCDD
and dioxin-like compounds and changes in humoral immune
status. Specifically, at 42 months of age, children within this
cohort demonstrated an association between reduced vaccine
titers, increased incidence of chicken pox, and increased
incidence of otitis media with higher TEQ (ten Tusscher et al.,
2003). In another study, 20 years after the industrial accident in
Seveso, Italy, 62 individuals from the most highly exposed zone
were compared for immunologic effects of dioxin with 58
individuals in a surrounding noncontaminated area. Interest-
ingly, circulating plasma IgG levels were markedly decreased
with increasing TCDD plasma levels (Baccarelli et al., 2002). In
fact, the changes in circulating IgG associated with TCDD
plasma levels were highly significant after adjustment for age,
smoking, and consumption of domestic livestock and poultry.
This epidemiologic evidence taken together with the limited
number of in vitro studies further supports that humoral immune
responses in humans can be suppressed by TCDD exposure.
Less clear is what level of exposure to TCDD and dioxin-like
compounds is required to impair humoral immunity and whether
these levels are attainable through environmental exposure.
Furthermore, an interesting study by Kimata et al. demonstrated
that TCDD (100 pM—10nM) increased the production of IgE (no
effect on IgG1, IgG2, IgG3, IgG4, IgM, IgA1l, or IgA2) from B
cells isolated from patients with allergic rhinitis, atopic eczema/
dermatitis syndrome, or bronchial asthma and activated in vitro
with anti-CD40 plus IL-4 (Kimata, 2003). In this study, TCDD
had no effect on antibody secretion in similarly activated B cells
isolated from healthy control patients. In contrast, rat and mouse
studies evaluating the effects of TCDD on allergic reactions
demonstrated a decrease in IgE titers (Fujimaki er al., 2002;
Luebke et al., 2001).
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Potential impact of TCDD on human health

e Reduced vaccine titers, increased incidence of chicken pox, and increased
incidence of otitis media within a Dutch children cohort.

o Decreased plasma IgG levels correlated with TCDD plasma levels in
Seveso, Italy, residents living in a high TCDD exposure zone.

o Increased IgE production from B cells isolated from patients with allergic
rhinitis, atopic eczema/dermatitis syndrome or bronchial asthma and
activated in vitro.

o Sufficient evidence and limited/suggestive evidence for

a positive association between non-Hodgkin’s lymphoma and

multiple myeloma, respectively, and exposure to dioxin-like
compounds.

o Greater incidence of non-Hodgkin’s lymphoma in residents living in close
proximity to a solid waste incinerator, an area possessing the highest
concentrations of TCDD, in Besangon, France.

B-cell leukemias are a second category of B-cell sequelea for
which an epidemiological association with TCDD exposure has
been identified. In 1993, a National Academy of Sciences
(NAS) Committee on Vietnam Veterans and Agent Orange
concluded that there is sufficient evidence for a positive
association between non-Hodgkin’s lymphoma and exposure
to the herbicides, 2,4-D, 2,4,5-T, and its contaminant TCDD
(Committee to Review the Health Effects in Vietnam Veterans
of Exposure to Herbicides, 1994). As a follow-up in 1996, the
NAS concluded that there is also limited/suggestive evidence
between exposure to the herbicides, 2,4-D, 2,4,5-T, and its
contaminant TCDD and multiple myeloma. In addition, several
epidemiological studies have established an association
between occupational or accidental exposure to chemicals
contaminated with dioxins and non-Hodgkin’s lymphoma
(Becher et al., 1996; Hooiveld et al., 1998; Kogevinas et al.,
1997, 1995; Saracci et al., 1991). Less clear is the impact of
exposure to low environmental levels of TCDD and dioxin-like
compounds on human health. Although exposure through the
consumption of high-fat containing foods is typically consid-
ered the primary source of human exposure to TCDD,
municipal incineration represents a significant source for the
generation of dioxin-like compounds. Interestingly, a case-
controlled study was conducted after the identification of a
cluster of non-Hodgkin’s lymphoma patients living in close
proximity to a solid waste incinerator in Besangon, France.
Among individuals living in the area with the highest
concentrations of dioxin, there was a 2.3 times greater
incidence of non-Hodgkin’s lymphoma than those living in
surrounding areas with lower dioxin concentrations (Floret
et al., 2003).

The molecular mechanisms responsible for suppression of
TCDD-mediated antibody responses and non-Hodgkin’s
lymphomas, although presently unknown, may be mechanis-
tically related. Studies in murine models have unequivocally
demonstrated that TCDD treatment impairs B cell to plasma
cell differentiation, which is closely correlated with strong
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attenuation of Blimp-1 upregulation. Blimp-1 is essential for
plasma cell formation and high-level IgM secretion. Charac-
teristic of B-cell lymphomas is a blockage in B-cell
differentiation and uncontrolled proliferation. Importantly,
the Blimp-1 locus lies on chromosome 6q21-q22.1, a region
frequently deleted in B-cell lymphomas, suggesting that it
may harbor a tumor suppressor gene. Notably, diffuse large
B-cell lymphoma (DLBCL) represents the most frequent type
of B-cell non-Hodgkin’s lymphoma in the adult, accounting
for 40% of all diagnoses (Abramson and Shipp, 2005). In
a recent study, most non—GC-type DLBCL cases (n = 20/26,
77%) lacked Blimp-1 protein expression (Pasqualucci et al.,
2006). In addition, this study also found that a significant
number of patients of activated B cell-like DLBCL, also
a subclass of non-Hodgkin’s lymphomas possess an inactive
Blimp-1 gene. These studies strongly suggest that altered
regulation of Blimp-1 is a critical event in certain types of
non-Hodgkin’s lymphomas. In the case of TCDD exposure,
the deregulation of Blimp-1 may occur through alterations
in cell signaling which controls Blimp-1 expression and/
or function rather than through direct alterations to the
gene, such as deletions to the Blimp-1 locus described above.
This notion is further supported by studies of B-cell
differentiation in murine models which have demonstrated
that Blimp-1 and BCL6 reciprocally repress each others
expression (see Fig. 2), hence deregulation of Blimp-1 also
leads to altered regulation of BCL6. As already discussed, the
primary role of BCL6 is to block B cell to plasma cell
differentiation. BCL6 protein is tightly regulated and its
deregulation is believed to be one of the major contributing
factors in non-Hodgkin’s lymphoma (Bastard er al., 1994;
Otsuki et al., 1995).

An additional mechanism may include altered 3'IgHRR
activity. Burkitt’s lymphoma, another type of B-cell non-
Hodgkin’s lymphoma, has been characterized by a chromo-
somal translocation between the c-myc locus (chromosome 8)
and the Ig loci on chromosome 2, 14, or 22. The most common
is the chromosomal 8—14 translocation, which links the c-myc
proto-oncogene to the IgH gene and to the 3'IgHRR (Kanda
et al., 2000). Studies demonstrated that the kB site within the
hs4 enhancer is required for the transcriptional activation of
the translocated c-myc gene and that NF-kB/Rel proteins
regulate c-myc expression in human Burkitt’s lymphoma cell
lines (Kanda et al., 2000). Additionally, in a transgenic mouse,
the 3’ IgHRR was demonstrated to deregulate c-myc expression
in vivo. These mice displayed an increased c-Myc expression
selective to B cells, higher rates of cell proliferation and cell
cycle progression, and the development of B-cell lymphomas
histologically similar to Burkitt’s lymphoma (Wang and Boxer,
2005). These studies support a significant role of the 3'IgHRR
in c-myc deregulation and the development of Burkitt’s
lymphoma.

In determining the actual risk of altered 3'IgHRR activity
by TCDD and dioxin-like compounds and the development of
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Burkitt’s lymphoma in humans, an important consideration
would be whether the mouse and human 3'IgHRR are
regulated similarly. Comparisons between the mouse and
human /gH locus and the 3’ IgHRR have identified structural
differences including (1) a large duplication at the 3’ end of
the human IgH locus, which consists of several constant
region genes and the 3'IgHRR (Fig. 1); (2) a 3'IgHRR (hs3,
hs1,2, and hs4 homologous to mouse hs3a, hsl,2, and hs4)
located 3’ of Co; and Coa, with the two hsl,2 enhancers
inverted with respect to each other; and (3) an overall
similarity between the mouse and human core 3’'IgHRR
enhancer sequences (~500 bp) of ~65% (Chen and Birshtein,
1997; Mills et al., 1997; Pinaud et al., 1997). However, short
segments of high similarity were identified in the vicinity of
each 3'IgHRR enhancer (hs3a, hsl,2, and hs4), some of
which corresponded to known transcription factor binding
sites and to distinctive structural features (Sepulveda et al.,
2005). The human hs1,2 enhancer and to a lesser extent the
hs4 enhancer have also been shown in a human mature B-cell
line to activate the germline promoters for the o, o, and 3
heavy chains with the greatest activation occurring when all
of the human 3'IgHRR enhancers are linked (Hu ez al., 2000).
These results validate a role of the 3'IgHRR in human Ig
expression and class switch recombination as demonstrated in
mice.

Additionally, similar transcription factors such as NF-xB,
AP-1, Oct, and Sp-1 are thought to regulate the human hs3,
hs1,2, and hs4 enhancers (Denizot et al., 2001; Guglielmi
et al., 2004). Closer examination of transcription factor
binding sites has identified differences in that each of the two
human hs1,2 core regions contain one of the two Pax5 sites
found in the mouse hs1,2 and also lack one of the kB and pES
sites (Mills et al., 1997). Moreover, when fragments of the
human hs1,2 located immediately outside the minimal core
region were included in reporter assays, significantly less
reporter activity was observed, suggesting the possibility of
additional negative regulatory sequences. Similarly, the
human hs4 core lacks the Pax5 site and has one versus two
octomer sites (Mills et al., 1997; Sepulveda et al., 2004).
With further analysis, protein binding to either the kB or the
octomer site of the hs4 enhancer appeared to be critical to the
activity of both the human and the mouse hs4 in mature cells
(Kanda et al., 2000; Michaelson et al., 1996; Mills et al.,
1997).

Because TCDD has been shown to alter NFkB, Oct, and AP-1
binding and to suppress 3'IgHRR activity in mouse cellular
models, the human 3'IgHRR may be a sensitive target for
regulation by dioxins. Indeed, the overlapping DRE- and
kB-binding motifs are highly conserved between the mouse
and human hs4 enhancer with 10 of 11 identical nucleotides for
the DRE sequences and 9 of 10 identical nucleotides for the kB
sequences (Guglielmi et al., 2004). Additionally, the DRE in
the hs1,2 enhancer was also fairly well conserved with 8 of 11
nucleotides identical, including a consensus core DRE
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(GCGTG) (Denizot et al., 2001). Therefore, the human AhR/
ARNT may also bind to the DRE within the human hs1,2 and
hs4 enhancer. Additionally, the close proximity of the kB- and
DRE-binding motifs in the human enhancers may implicate an
interaction between the AhR and NF-kB/Rel as suggested in
the CH12.LX cells. Therefore, the human 3’'IgHRR may also
be sensitive target of TCDD and dioxin-like compounds.
Independent of the 3’IgHRR, other studies with mammary
cancer cell lines have demonstrated a TCDD-induced co-
operative interaction between the AhR and the NF-kB/Rel
subunit RelA that resulted in transactivation of a c-myc
promoter (Kim ez al., 2000). Therefore, multiple mechanisms
may play a role in the risk of developing non-Hodgkin’s
lymphomas following exposure to TCDD and other dioxin-like
compounds.

In summary, there is a significant body of research
demonstrating a direct effect of TCDD on B-cell maturation
and function as well as various lines of evidence supporting
an as yet undefined role of the AhR in these effects.
Additionally, considerable progress has been made in
identifying molecular targets that may be responsible in
mediating the effects of TCDD and other AhR ligands on
B-cell dysfunction. The immerging picture is, not
surprisingly, complex and one involving several molecular
pathways including the AhR. The actual interactions
between these pathways are unclear and appear to involve
interactions at various levels of regulation (i.e., transcrip-
tional, protein-protein, negative feedback loops, indirect and
direct effects, etc.). Our current understanding has primarily
relied on mouse models, and the translation to effects on
human B cells and humoral immunity is less clear.
Therefore, the current challenge is to determine how TCDD
and the AhR affect human B cells and humoral immunity and
to confirm or refute that similar molecular pathways
are affected in human B cells as in mouse B cells. As
discussed in this review, efforts have been made in this
direction but continued progress in developing adequate
human models is needed. Notably, there are examples
of differences between the human and mouse (e.g., DRE
and Pax5 regulation of CD19 and the Ig and 3'IgHRR
sequence differences) that may complicate the translation of
mouse studies to human. Likewise, it is noteworthy
that much of the current understanding surrounding the
molecular biology of B-cell maturation, differentiation, and
Ig gene regulation comes from studies performed in
the mouse and remains to be confirmed in human B
cells. Although the above discussion has focused primarily
on the immunotoxic effects of TCDD, the ever-increasing
evidence pointing toward a physiological role for the AhR
in biological processes supports continued efforts in
elucidating AhR function. Advancement in this area could
have significant clinical implications and facilitate
insight into disease processes and potential therapeutic
development.
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Summary of key findings for the effects of TCDD on B cells

e B cells are directly targeted by TCDD.

e B-cell activation induces marked upregulation of AhR expression.

o AhR expression in B cells is absolutely required for suppression of IgM
production by TCDD.

o B cells are affected by TCDD at multiple stages of maturation and
differentiation.

o TCDD affects immediate early events (i.e., transcriptionally independent)
as well as later events (i.e., transcriptionally dependent) in B cells.

o TCDD exerts modest effects on B-cell proliferation.

o A subset of genes have been identified in B cells that are transcriptionally
altered by the TCDD-activated AhR.

o TCDD impairs B-cell differentiation and IgM regulation.

o Suppression of IgM secretion has been demonstrated in mouse and human
B cells; however, it is yet unclear whether the molecular mechanisms for B-
cell suppression are identical in both species.
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