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Abstract

Many environmental contaminants can disrupt the adaptive immune response. Exposure to the
ubiquitous aryl hydrocarbon receptor (AhR) ligand 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD)
and other agonists suppresses the antibody response. The underlying pathway mechanism by
which TCDD alters B cell function is not well understood. The present study investigated the
mechanism of AhR-mediated pathways and mode of suppression by which TCDD perturbs
terminal differentiation of B cells to plasma cells and thereby impairs antibody production. An
integrated approach combining computational pathway modeling and /n vitro assays with primary
mouse B cells activated by lipopolysaccharide was employed. We demonstrated that suppression
of the IgM response by TCDD occurs in an all-or-none (binary) rather than graded mode: i.e., it
reduces the number of IgM-secreting cells in a concentration-dependent manner without affecting
the IgM content in individual plasma cells. The mathematical model of the gene regulatory circuit
underpinning B cell differentiation revealed that two previously identified AhR-regulated
pathways, inhibition of signaling protein AP-1 and activation of transcription factor Bach2, could
account for the all-or-none mode of suppression. Both pathways disrupt the operation of a
bistable-switch circuit that contains transcription factors Bcl6, Prdm1, Pax5, and Bach2 and
regulates B cell fate. The model further predicted that by transcriptionally activating Bach2,
TCDD might delay B cell differentiation and increase the likelihood of isotype switching, thereby
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altering the antibody repertoire. In conclusion, the present study revealed the mode and specific
pathway mechanisms by which the environmental immunosuppressant TCDD suppresses B cell
differentiation.
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Introduction

Activation of the humoral immune response to microbial challenge is an integral component
of adaptive immunity. Many environmental pollutants and pharmaceutical compounds can
modulate this process (Dooley and Holsapple, 1988; Salazar et al., 2005; Peden-Adams et
al., 2008). To understand the toxicity mechanisms of environmental immunotoxicants, it is
crucial to examine how these chemicals perturb the signaling dynamics of the molecular
pathways and circuits underlying the physiological processes in immune cells. Studying the
relevant pathways as dynamic systems and how they are perturbed by exogenous agents is a
necessary step toward mechanistically-based interpretation and prediction of dose responses
and improved risk assessment for human immune health.

Halogenated aromatic hydrocarbons (HAHS) are a ubiquitous class of environmental
immunosuppressants, the most potent of which is 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) (Kerkvliet, 2002; Sulentic and Kaminski, 2011). It has been well established that
mature B cells are a highly sensitive target of TCDD (Sulentic and Kaminski, 2011). By
acting via the aryl hydrocarbon receptor (AhR), TCDD suppresses the terminal
differentiation of B cells into antibody-secreting plasma cells (Tucker et al., 1986; Sulentic
et al., 1998; Vorderstrasse et al., 2001). Although some of the molecular targets of AhR in B
cells are known (Suh et al., 2002; Henseler et al., 2009; De Abrew et al., 2011), it is largely
unclear how the transcriptional dynamics of the B cell-specific gene circuit is perturbed by
these targeted AhR pathways. Differentiation of B cells to plasma cells is an all-or-none
phenomenon in individual cells, which express either low or high levels of immunoglobulin,
respectively. Consequently, two distinct modes of suppression of the antibody response by
TCDD are plausible in theory (Fig. 1A). In an all-or-none (binary) mode, the fraction of B
cells that differentiate into antibody-secreting plasma cells would be reduced as the TCDD
concentration increases, while the amount of immunoglobulin produced and secreted per
plasma cell is unaffected. In a graded mode of suppression, the amount of immunoglobulin
produced and secreted per plasma cell would be reduced by TCDD in a concentration-
dependent manner while the fraction of plasma cells formed is largely unaffected.
Additionally, a hybrid mode exhibiting a mixture of binary and graded suppression is also
possible. The binary mode of suppression has been suggested based on earlier studies using
Jerne plaque or ELISpot assays (Tucker et al., 1986; Schneider et al., 2008; Lu et al., 2010).
However, since neither of these assays provides quantitative measurement of the
intracellular immunoglobulin content in individual cells, the exact mode by which TCDD
suppresses the antibody response and the responsible AhR signaling mechanism remain to
be determined.

Terminal differentiation of B cells into plasma cells is believed to be controlled by a bistable
gene regulatory network, which ensures all-or-none and irreversible differentiation
dynamics (Bhattacharya et al.,, 2010; Muto et al., 2010; Martinez et al., 2012). The putative
bistable-switch circuit is formed by interconnected feedback loops (Fig. 1B) composed of
multiple transcription factors (TFs) including B cell lymphoma 6 (Bcl6), PR domain zinc
finger protein 1 (Prdm1), paired box 5 (Pax5), BTB and CNC homology 2 (Bach2), and
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others (Lin et al.,, 2002; Shaffer et al., 2002; Vasanwala et al., 2002; Sciammas and Davis,
2004; Tunyaplin et al., 2004; Shapiro-Shelef and Calame, 2005; Ochiai et a/., 2006; Mora-
Lopez et al., 2007). Numerous studies have demonstrated that mature B cells and plasma
cells have mutually exclusive expression profiles of these TFs, suggesting that these two cell
types represent the two attractor states of the bistable-switch circuit (Barberis et a/., 1990;
Turner et al., 1994; Cattoretti ef al., 1995; Muto ef al., 1998; Johnson et al., 2005; Ochiai et
al., 2006). A number of signal transduction pathways activated by antigens and cytokines
can converge onto the bistable circuit as inputs to trigger the switch, driving B cells to
differentiate into plasma cells (Calame, 2008). For the bacterial endotoxin
lipopolysaccharide (LPS), a common polyclonal activator, toll-like receptor 4 (TLR4)-
mediated activation of activator protein 1 (AP-1) appears to be the primary signaling
pathway (Vasanwala et al., 2002; Ohkubo et al., 2005). Pax5, highly expressed in B cells to
maintain their identity and subsequently repressed in plasma cells, can be viewed as a
primary output of the bistable system, and along with other TFs such as Bach2, it represses
the production of immunoglobulin molecules in B cells (Muto et a/., 1998; Delogu et al.,
2006).

From a dynamic system’s perspective, it could be argued that if TCDD blocks the signal
transduction pathways that trigger the bistable gene circuit or interfere with the operation of
the circuit itself, it would make the switching of the circuit by an activator more difficult. B
cells would then be less likely to differentiate into plasma cells. However, for cells that do
manage to switch the circuit on in the presence of TCDD, immunoglobulin genes would still
be expressed at full levels because of the all-or-none nature of a bistable switch. This would
lead to a binary mode of suppression. Alternatively, if TCDD directly inhibits the
transcription and/or secretion of immunoglobulin molecules without interfering with the
bistable switching process per se, B cells would differentiate into plasma cells unobstructed,
but with each plasma cell producing a smaller amount of immunoglobulin molecules. This
would produce a graded mode of suppression. Since TCDD suppresses the plasma cell
response by perturbing multiple components of the underlying molecular network (Fig. 1B)
including AP-1, Bach2 and immunoglobulin heavy chain (IgH) (Suh et a/., 2002; Henseler
et al., 2009; De Abrew et al., 2011), the possibility for both binary and graded modes of
suppression exists. By using an integrated approach of /n vitro experimentation and
computational modeling of pathway perturbation, we demonstrate here that TCDD
suppresses B cell differentiation in an all-or-none fashion at the level of individual cells. Our
modeling study indicates that this all-or-none mode of suppression likely results from
perturbations of pathways that interfere with the bistable gene circuit regulating B cell fate.

Materials and Methods

Animals

Chemicals

Virus-free, female B6C3F1 mice (6 weeks of age) were purchased from Charles River
(Portage, MI, USA). Mice were randomized, transferred to plastic cages containing bedding
(five per cage), and quarantined for 1 week. Mice were given food and water ad /ibitumand
not used until their body weight reached 17-20 g. All experiments were approved by the
Michigan State University Institutional Animal Care & Use Committee (East Lansing, Ml,
USA).

TCDD was purchased from Accustandard (New Haven, CT, USA) and prepared in dimethyl
sulfoxide (DMSO; Sigma-Aldrich, St. Louis, MO, USA). Stocks of Salmonella typhosa LPS
(Sigma-Aldrich) were prepared in individual aliquots and stored at —20° C until use.
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Primary splenocyte isolation and culture

Splenocytes were isolated aseptically from mouse spleens and cultured at 5 x 108 cells/ml in
complete media (RPMI 1640 supplemented with 10% bovine calf serum, streptomycin
sulfate, and 2-mercaptoethanol). Splenocytes were exposed to either LPS (dissolved in
RPMI1640), LPS + vehicle (0.02% DMSQ), or LPS + TCDD and incubated in 24-well
culture plates at 37°C with 5% CO,, for up to 72 h. No effect on cell viability was observed
at any of the TCDD concentrations used throughout the study.

Flow cytometry analysis

At the designated times (0, 24, 36, 48, 60, 72, 120 h), cells were harvested from culture. To
identify viable cells LIVE/DEAD Near-IR dye (Invitrogen, Carlsbad, CA, USA) was used
according to the manufacturer’s instructions. Proliferation was measured using
carboxyfluorescein diacetate succinimidyl ester (CFSE, Invitrogen) following
manufacturer’s instructions. Splenocytes at 1 x 107 cells/ml in HBSS were incubated in 5
UM CFSE for 10 min at 37°C with 5% CO, and washed 3 times with HBSS and re-
suspended to 5 x 108 cells/ml in complete media. B cells were identified using anti-CD19
staining (BioLegend, San Diego, CA, USA). Plasma cells were identified using anti-CD138
(BD Biosciences, San Diego, CA, USA). B cell receptors and Fc receptors were blocked in
FCS buffer (HBSS with 1% BSA, Sigma-Aldrich) and 0.1% sodium azide (Sigma-Aldrich)
before CD19, CD138 and intracellular anti-immunoglobulin M (IgM) staining was
preformed. Surface staining of CD19 and CD138 was performed at 4°C for 20 min in FCS
buffer and then the cells were washed twice in staining buffer. The stained cells were then
fixed with BD Cytofix (BD Biosciences). Intracellular IgM was measured in cells
permeablized with 1X BD PERM/WASH followed by intracellular staining with anti-IgM,
anti-1gG and anti-1gA (BD Biosciences). Cells were washed twice with PERM/WASH, re-
suspended in FCS buffer and analyzed using a Canto Il flow cytometer (BD Bioscience).
Analysis of data was performed using FlowJo software (Tree Star Inc. Ashland, OR, USA).

Computational model construction and simulation

The computational model was constructed by expanding and updating a previous model of B
cell differentiation (Zhang et a/., 2010). Recently, we have identified Bach2 as a key target
gene of TCDD involved in the suppression of the IgM response (De Abrew et al., 2010; De
Abrew et al., 2011). The present study incorporated transcriptional regulations between
Bach2 and other factors, including its activation by AhR and Pax5 and repression of Prdm1
by Bach2 (Ochiai et al., 2006; Schebesta et al., 2007), and other related processes. Relevant
parameters were estimated and constrained by fitting the model output to experimental data
generated in the present study and obtained in the literature. Model details including ODEs,
parameter values, steady-state conditions, and simulations tools are provided in
Supplemental Tables S1 and S2.Ordinary differentiation equation (ODE)-based
deterministic simulation was used for stability analysis, and stochastic simulation, which
considers fluctuation of gene expression as normally occurring in cells, was used to model
the heterogeneous response among individual B cells. The deterministic version of the
model was implemented in PathwayLab (InNetics Inc., Linképing, Sweden), while the
stochastic version was implemented in BioNetS (Adalsteinsson et a/., 2004) based on
Gillespie’s stochastic simulation algorithm (Gillespie, 1977). Both deterministic and
stochastic versions of the model were exported into MatLab (The Mathworks, Inc., Natick,
MA, USA) for further analysis. Bifurcation diagrams were generated with the XPP-AUT
program (Ermentrout, 2002).
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LPS-activated all-or-none B cell differentiation

Flow cytometry revealed in the absence of LPS there was a single distinct B cell population
(CD19Mighy expressing low-level intracellular IgM (IgM'©%) among freshly isolated mouse
splenocytes (Fig. 2A). For cells continuously cultured with 5 pg/ml LPS, a distinct, second
CD19Mgh population displaying high levels of intracellular IgM (IgMhigh) gradually
emerged over time. Histograms of intracellular IgM fluorescence intensity gated on viable B
cells clearly showed two distinct peaks, separated horizontally by about two orders of
magnitude (Fig. 2B). The IgMNi9" population increased marginally at 24 h, but grew rapidly
to ~38% of total viable B cells by 72 h (Fig. 2D).

The pattern that B cells split into two distinct sub-populations, lgM!°% and IgMhidh, was
observed consistently across the entire range of LPS concentrations tested (Fig. 2E). As the
LPS concentration was raised, the fraction of cells in the IgMMi9" sub-population increased
with a concordant decrease of B cells in the IgM!°" sub-population (Fig. 2F). The respective
mean levels of intracellular IgM in IgM!°W and IgMMidh cells, as indicated by the horizontal
positions of the two corresponding histogram peaks, remained largely constant irrespective
of the LPS concentration, supporting the notion that an underlying all-or-none switch is at
work. Co-expression of CD138, a specific plasma cell surface marker, in these IgMNig" cells
confirmed their plasma cell identity (Fig. S1).

Simulation of B cell-specific bistable gene circuit recapitulates the all-or-none B cell
differentiation stimulated by LPS

The discrete process of cell differentiation is generally underpinned by molecular circuits
capable of being bistable (Xiong and Ferrell, 2003). We tested computationally whether the
gene circuit in Fig. 1B, consisting of key transcriptional regulations known in B cells, is
capable of generating bistability and sufficient to recapitulate the all-or-none IgM response
in individual cells. The model, once calibrated by fitting the temporal and dose response
data as presented above, would allow us to predict the patterns of response to perturbations
by various AhR-mediated pathways.

Phase-plane stability analysis (Strogatz, 1994) of the gene circuit, containing coupled
feedback loops of Bcl6, Prdm1, Pax5, and Bach2, indicated that the feedback system can be
bistable with two mutually exclusive attractor states: one with high Bcl6/Pax5/Bach2 and
low Prdm1/IgM, and the other with low Bcl6/Pax5/Bach2 and high Prdm1/IgM. The first
state is associated with the naive B cell phenotype, and the second state with the plasma cell
phenotype (Fig. 3A). This mutually exclusive expression profile has been well established
experimentally (Barberis et al., 1990; Turner et al., 1994; Cattoretti et al,, 1995; Muto et al.,
1998; Ochiai et al., 2006). Bifurcation analysis indicated that as the intensity of LPS
signaling surpasses a certain threshold, the system irreversibly switches from the low IgM-
expressing B cell state to the high IgM-expressing plasma cell state (Fig. 3B). Further, in
response to a pulse of LPS lasting 72 h, the system can settle into either a low or high IgM-
expressing steady state, depending on the LPS concentration (Fig. 3C). These deterministic
analyses demonstrated that the transcriptional feedback system shown in Fig. 1B can
function as an irreversible bistable switch that can be triggered by LPS.

We then simulated the bistable network model stochastically to account for fluctuations in
gene expression that are normally expected in single cells, which can produce cell-to-cell
variability in responses (Kaern et al., 2005). Stochastic gene expression can render the
bistable switching event probabilistic, such that whether and when an individual B cell
would differentiate into a plasma cell becomes a random event, with the probability
dependent on the stimulation strength (Zhang et a/., 2010). A simulation of 20,000 B cells
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continuously stimulated by 5 pg/ml LPS for 72 h revealed a bimodal distribution of
intracellular 1IgM that closely resembles that observed experimentally (compare Figs. 2B and
2C). The IgMNi9h cells appearing at early time points (24 and 36 h) have a somewnhat lower
intracellular IgM content than those appearing later, as indicated by the left-ward shift of the
associated IgMNi9" peaks (Fig. 2C, mean fluorescence intensity of IgMM9M peak is 31, 47,
64,77, and 87 for 24, 36, 48, 60, and 72 h, respectively). This shift was also observed in the
experimental data, albeit to a lesser extent (Fig. 2B). The lower IgM at early times can be
attributed to the fact that the switching process of the bistable gene circuit, once initiated,
does not complete instantaneously. The inversion of the B cell-specific gene expression
profile requires a finite amount of time. Thus the IgMM3M histogram peaks at early time
points likely captured those B cells still en route to becoming plasma cells that would
eventually produce IgM maximally (Fig. S2A). Importantly, the stochastic model was able
to reproduce the experimentally observed temporal change of the IgMN9" population (Fig.
2D), and the IgMMi9" cells accumulate at a rate positively correlated with LPS concentration
(Fig. S2C).

The IgM histograms of simulated B cells captured at 72 h showed a clear bimodal
distribution very similar to those observed experimentally, with LPS concentration affecting
largely the percentage of IlgMM3h cells rather than the intracellular IgM content in those cells
(Fig. 2G, mean fluorescence intensity of IgMN9" peak is 73, 82, 85, 86, 87, and 87 for 0.2,
0.6, 1.7, 2.5, 5, and 10 pg/ml LPS, respectively). The stochastic model was able to reproduce
the experimental concentration-response relationship between LPS concentration and the
percentage of IgMMi9" cells (Fig. 2H). In contrast to the all-or-none IgM response in
individual cells, the concentration response at the cell population level was graded.

Bach2 and delayed B cell differentiation

Bach2 plays a key role in promoting class switch recombination (CSR) and somatic
hypermutation in B cells (Muto et al., 2004; Watanabe-Matsui et a/., 2011). It can be
transcriptionally activated by Pax5, and both of these TFs repress the Prdm1 gene, thus
forming a coherent feed-forward loop (Mangan et al., 2003; Ochiai et al., 2006; Mora-Lopez
et al., 2007; Schebesta et al., 2007). We have recently identified Bach2 as a transcriptional
target of AhR, which partially mediates the suppression of B cell differentiation by TCDD
(De Abrew et al., 2010; De Abrew et al., 2011). Phase-plane analysis suggested that the
gene circuit would still be bistable if the Bach2 gene were deleted (Fig. 3D). However, the B
cell attractor state would become less stable by virtue of being situated closer to the unstable
steady state that separates the B cell and the plasma cell attractor states, suggesting increased
probability of B cells switching to plasma cells. Stochastic simulations showed that LPS at
0.45 ug/ml produced ~15% IgMNigh cells with Bach2 intact in the regulatory circuit, whereas
with /n silico Bach2 deletion the percentage rose more than three-fold to ~55% (Fig. 3E).
These results are quantitatively comparable to the augmented plasma cell response observed
with splenic B cells from Bach2~/~ mice compared to Bach2*/* mice (Muto et a/., 2010),
suggesting the strengths of transcriptional regulations involving Bach2 are reasonably
parameterized in the model. Moreover, normalization of the two 1gMNi3h cell responses (i.e.,
with and without Bach?2) revealed that in addition to suppressing the final fraction of
IgMhigh cells formed, Bach2 is also responsible for a relatively delayed response at the cell
population level (Fig. 3E inset).

AhR-mediated TCDD pathways and alternative modes of suppression

With the stochastic bistable-switch model calibrated with respect to the experimental data on
LPS-stimulated IgMNig" cell response and Bach2~/~ B cells, we next set out to
computationally evaluate the possible modes of suppression of the IgM response by TCDD.
In our previous work, we have experimentally identified three molecular targets in B cells
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that could be regulated by AhR: the signaling complex AP-1, Bach2, and IgH (Suh et al.,
2002; Sulentic et al., 2004; Henseler et al., 2009; Schneider et al., 2009; De Abrew et al.,
2010; De Abrew et al., 2011). Since these three targets reside in distinct locations with
respect to the B cell transcriptional network (Fig. 1B), each of the AhR-mediated pathways
may perturb the bistable gene circuit differently, producing different response patterns. We
computationally analyzed the effect of each pathway separately, by keeping the other two
disabled in turn.

The first pathway involves inhibition by AhR of the AP-1 protein (Suh et al., 2002;
Schneider et al., 2009), which transmits the stimulatory signal of LPS to the core B cell
transcriptional circuit (Fig. 4A, top panel). Bifurcation analysis showed that through
inhibiting AP-1, TCDD raised the threshold of LPS signaling required to trigger the bistable
switch, without affecting the IgM level associated with the plasma cell state (Fig. 4A,
middle panel). In a stochastic gene expression environment, this increased threshold would
lead to a reduced probability of bistable switching. Stochastic simulations supported this
prediction: the fraction of IgMMi9" cells appearing in response to LPS stimulation was
suppressed by TCDD in a concentration-dependent manner, without the IgM level altered in
those cells (Fig. 4A, bottom panel). This simulation result is consistent with an all-or-none
mode of suppression.

The second AhR-mediated pathway involves transcriptional activation of Bach2 by TCDD
(Fig. 4B, top panel) (De Abrew et al., 2010; De Abrew et al., 2011). Bistable switching of
the core circuit requires an inversion of the B cell-specific transcriptional profile (where
Bach2 expression is high) to a plasma cell-specific profile (where Bach2 expression is low).
Thus by maintaining Bach2 at a high level, TCDD would increase the difficulty with which
the bistable circuit is flipped on, thereby increasing the threshold of LPS stimulation. Such
an effect is indicated in the bifurcation diagrams, which also show that TCDD has little
effect on the IgM level associated with the plasma cell state (Fig. 4B, middle panel). Similar
to the AP-1 pathway, stochastic simulations indicated that activation of Bach2 by TCDD
also impaired B cell differentiation in an all-or-none manner (Fig. 4B, bottom panel).

The third AhR-mediated pathway involves direct repression by TCDD of the IgH gene
(Sulentic et al., 2004; Henseler et al., 2009), a key component of the immunoglobulin
molecule (Fig. 4C, top panel). Since IgH is located outside of (a) the core feedback loops
that make up the bistable switch and (b) the signaling pathway transducing extracellular
stimuli to the switch, suppression of IgH by TCDD is not expected to interfere with the
bistable switch itself or its activation. Bifurcation analysis supports this conjecture, showing
that TCDD suppresses the IgM level associated with the plasma cell state, without altering
the activation threshold of LPS stimulation (Fig. 4C, middle panel). This pathway should
therefore lead to suppression of B cell differentiation in a graded manner. Stochastic
simulations confirmed that the fraction of IgM"9" cells (which is 1 minus the fraction of
IgM!°W cells, which remained essentially constant) was unaffected, whereas the mean IgM
level in those cells decreased with TCDD, as indicated by the leftward shift of the IgMnigh
peak (Fig. 4C, bottom panel).

TCDD impairs B cell differentiation in an all-or-none manner

We next experimentally tested whether TCDD impairs B cell differentiation in a binary or
graded fashion. Flow cytometry revealed that the fraction of the IgMNi9" cell population
obtained in the continuous presence of 5 pg/ml LPS for 72 h decreased with increasing
TCDD concentration, without any appreciable down-regulation of the intracellular IgM level
in these cells (Figs. 5A and 5B). The fraction of 1gMNi9" cells was maximally suppressed at
30 nM TCDD, reaching only about one third of the vehicle control. It is important to
emphasize that consistent with earlier reports (Holsapple ef al., 1986; Crawford et al., 2003),

Toxicol Appl Pharmacol. Author manuscript; available in PMC 2014 April 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Zhang et al.

Page 8

TCDD had no effect on LPS-induced proliferation (Fig. S3A). Cell viability was also
unaffected (result not shown). Moreover, the suppression of lgMN3h cells observed on day 3
cannot be attributed to a simply shift of the normal response to LPS to a later time as no
further increase in IgMNi9" cells was observed on day 5 (Fig. S3B). In addition, the decrease
in IgMNig" cells by TCDD was not due to increased differentiation of B cells to other
isotypes of antibody-producing cells (Fig. S3C). Collectively, these results demonstrated
that TCDD suppresses LPS-stimulated B cell differentiation in an all-or-none fashion, by
reducing the fraction of 1gMNi9" cells formed.

The observed all-or-none mode of suppression suggests that among the three AhR-mediated
pathways analyzed above, the pathways of AP-1 inhibition and Bach2 up-regulation by
TCDD are likely to be at work while direct repression of IgH transcription may play a
modest, if any, role in suppressing the IgM response. We went on to assign an appropriate
weight to each of the AhR-mediated TCDD pathways to further constrain the model
quantitatively according to the experimental data (see Table S2 for details). Briefly, since
direct suppression of IgH appears to have only a negligible effect on the IgM response, we
assumed the rate of IgM transcription in simulated plasma cells is maximally reduced by 5%
by TCDD. We have recently reported that 10 nM TCDD up-regulated Bach2 gene
transcription by about 1.5- to 3-fold in resting CH12.LX mouse B cells (De Abrew et al.,
2011). Accordingly, we parameterized the model such that 10 nM TCDD would increase
Bach2 protein expression by about 2-fold. Lastly, the parameters controlling the inhibition
of the AP-1 pathway by AhR was adjusted such that with all three pathways participating,
the maximal suppression of the 1gMM8h cell population by TCDD would reach one third of
the control, matching the experimental data reported above. When the final calibrated model
was stochastically simulated, it was indeed able to reproduce the observed all-or-none mode
of suppression by TCDD (Fig. 5C). Moreover, the model quantitatively recapitulated the
observed concentration-response relationship between TCDD concentration and the
percentage of IgMMi9" cells (Fig. 5D). It is clear that although TCDD suppressed the plasma
cell response in an all-or-none fashion in individual cells, the population-level response
shows a graded behavior due to cell-to-cell heterogeneity, an effect captured by stochastic
simulation.

With the calibrated model, it would be intriguing to investigate whether the AP-1 and Bach2
pathways, both of which can mediate an all-or-none mode of suppression by TCDD, can
produce outcomes that differ in other aspects, such as the timing of the differentiation
process. Stochastic simulations showed that when either of the two AhR-mediated pathways
was blocked individually in the final model, suppression of the IgMMi9" response was
reversed partially and to a comparable extent (Fig. S4A). Normalization of the responses
revealed that the appearance of IgMN9h cells was time-delayed when TCDD acts primarily
through the Bach2 pathway rather than through the AP-1 pathway (Fig. S4B).

Discussion

Cells can respond to external perturbations with diverse gene expression patterns, which
may vary in either an all-or-none or graded fashion (Rossi et a/., 2000; Biggar and Crabtree,
2001; Louis and Becskei, 2002; Joers et al., 2004). The all-or-none mode of protein
expression may arise from mechanisms including discrete gene promoter dynamics,
ultrasensitive switches, and bistability (Huang and Ferrell, 1996; Ozbudak et a/., 2004;
Pirone and Elston, 2004; Zhang et al., 2006). As an important class of environmental
toxicants, TCDD and other AhR ligands have been shown to induce cytochrome P450 1A1
gene expression in a binary, switch-like manner in hepatocytes through an unknown
mechanism (Tritscher et al., 1992; Broccardo et al., 2004). In the present study, we
demonstrated that TCDD suppresses the differentiation of mature B cells into IgM-secreting
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cells in an all-or-none fashion. As the concentration of TCDD increases, fewer fractions of
B cells can transition into the plasma cell state. However, for those B cells that make into
plasma cells, the intracellular IgM level is uncompromised by TCDD exposure.

To mechanistically understand this all-or-none phenomenon, it is necessary to closely
examine: (1) the B cell-specific molecular circuit as a dynamic system that underlies the
physiological differentiation process; and (2) the TCDD-activated AhR pathways that
perturb the dynamic system. The core transcriptional circuit in B cells contains
interconnected double-negative feedback loops, consistent with the network structure
capable of bistable switching (Ferrell, 2002). Therefore, it is reasonable to postulate that the
all-or-none mode of impairment of B cell differentiation by TCDD may be a consequence of
interfering with the underlying bistable switch. Based on the gene circuit model which was
experimentally-constrained, we predicted that among the three AhR-implicated pathways
previously identified in B cells, perturbation through the AP-1 and/or Bach2 pathways is
likely to result in an all-or-none mode of suppression by TCDD (Figs. 4A and 4B). In
contrast, the pathway involving direct repression of IgH transcription by TCDD can only
produce graded suppression as an outcome (Fig. 4C).

The premise that all-or-none suppression by TCDD is achieved through interference with
the B cell bistable switch is consistent with our previous findings that TCDD gradually lost
its ability to suppress the IgM response as the onset time of its application post B cell
activation was pushed back (Tucker et al., 1986; Crawford et al., 2003). A likely explanation
for this phenomenon is that for TCDD to disrupt the differentiation process, it must be
present in the cellular environment prior to the bistable switch being turned on. Once B cells
are committed to the plasma cell fate with the activation of the irreversible bistable switch,
TCDD can no longer exert influence on the differentiation program. In contrast, if direct
repression of IgH expression were the primary mechanism, TCDD-mediated suppression of
the antibody response would not have been as time-sensitive. In that case, TCDD could
repress immunoglobulin expression at any time, even after B cells have become plasma
cells.

We have previously shown that TCDD treatment of B cells leads to deregulation of AP-1
and Bach2, two critical regulators of Prdm1. Specifically, TCDD inhibited AP-1 DNA
binding activity to the Prdm1 promoter, which acts as a positive transcriptional regulator of
Prdm21(Schneider et al., 2009). TCDD also transcriptionally up-regulated Bach2, which acts
as a repressor of Prdm1 (De Abrew et al., 2010; De Abrew et al., 2011). Although
modulation by TCDD of both the AP-1 and Bach2 pathways could mediate the all-or-none
suppression of the B cell response to LPS, their relative contributions are unknown. Our
experimentally calibrated computational model suggested that both pathways could exert
suppression to a comparable extent (Figs. S4A). We have previously demonstrated that the
suppression of antibody secretion by TCDD can be reversed by approximately 40% when
TCDD-induced up-regulation of Bach2 gene expression is blocked by siRNA interference in
CH12.LX B cells (De Abrew et al., 2011). Notably, blocking the up-regulation of the Bach2
pathway in our computational model achieved a similar magnitude of recovery (Fig. S4A).
Despite the comparable extent of suppression by the AP-1 and Bach2 pathways, each
pathway appears to affect the dynamics of plasma cell accumulation differently, as predicted
by our model. When examining the normalized responses, it is evident that when Bach? is
the primary pathway mediating the immunotoxicity of TCDD (i.e. with the AP-1 pathway
blocked), the emergence of plasma cells occurred at later times compared with the situation
when AP-1 is the primary pathway (i.e., with the Bach2 pathway blocked) (Fig. S4B).

In the B cell regulatory circuit, Pax5, Bach2, and Prdm1 form a coherent feed-forward loop
where Pax5 activates Bach2 and both of these TFs repress Prdm1 (Ochiai et al., 2006; Mora-
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Lopez et al., 2007; Schebesta et al., 2007). This type of feed-forward loop can introduce a
time delay in signaling (Mangan et a/., 2003). In the context of our model, the feed-forward
loop ensures that a decrease in the level of Pax5 would not result in an immediate de-
repression of Prdm1, since Bach2, which also represses Prdm1, is unlikely to disappear
immediately with Pax5. Thus by providing a time delay within the feedback loop, Bach2
tends to stabilize the B cell state and postpone switching to the plasma cell state. High levels
of Bach2 during B cell activation can promote CSR in B cells before they differentiate into
the default IgM-secreting plasma cells, thus diversifying the isotype of the antibody
response (Muto ef al., 2010). Conversely, as our model suggested, absence of Bach2 in the
regulatory circuit would destabilize the B cell state, making the switching to the plasma cell
state more readily (Fig. 3D). This could explain the more rapid and robust response of B
cells harvested from Bach2~/~ mice compared to wild-type cells, along with a lower
proportion of non-1gM isotypes (Muto et al., 2004; Muto et al., 2010). Deletion of Bach2 in
our model recapitulated this augmented plasma cell response and its earlier activation (Fig.
3E).

By maintaining Bach2 gene expression at an elevated level, TCDD could presumably
postpone the bistable switching event underlying B cell differentiation and allow more time
for CSR to occur. This leads us to predict that while TCDD generally reduces the fraction of
activated B cells that eventually differentiate into plasma cells, in the process it may
simultaneously alter the proportion of relevant non-lIgM-secreting plasma cells as a result of
more frequent CSR. Although this prediction remains to be tested experimentally, previous
studies have demonstrated that TCDD acting through AhR increased circulating IgA levels
while suppressing other types of antibody response in mice infected by influenza virus
(Warren et al., 2000; Lawrence and Vorderstrasse, 2004). In B cells, many signal
transduction pathways activated by specific antigens, interleukins and cytokines converge to
the core bistable circuit containing Bach2 (Calame, 2008). Therefore the all-or-none mode
of suppression by TCDD is likely to be conserved in B cells activated by stimuli other than
LPS.

Previously, IgH was identified as a direct transcriptional target responsible for TCDD/AhR-
mediated suppression of LPS-induced IgM secretion in the CH12.LX mouse B cell line
(Sulentic et al., 2004; Henseler et al., 2009). The present study suggests that the AhR-to-IgH
pathway likely plays a very modest repressive role in primary mouse B cells. This
conclusion is based on the fact that neither a graded nor hybrid (mixed binary/graded) mode
of response to TCDD was observed. The inferred lack of involvement of direct IgH
suppression in primary mouse B cells is in fact consistent with our previous /n vitro findings
that the amount of IgM secreted into the cell culture — an endpoint reflecting both the
number of plasma cells formed and amount of IgM produced per plasma cell — was
suppressed by TCDD to an extent that is not significantly higher than the reduction in the
number of plasma cells (Tucker et al., 1986; Sulentic et al., 1998; Crawford et al., 2003;
Schneider et al., 2008). However it is also possible that IgH may be produced in excess
compared with other immunoglobulin components such as the light and J chains, such that
direct repression of IgH by TCDD would not lead to an observable decrease in the amount
of the final assembled immunoglobulin molecules.

An integrated approach employing both experimental studies and mathematical modeling is
increasingly utilized to understand the gene network dynamics and the roles of constituent
transcription factors involved in B cell activation and differentiation (Muto et a/., 2010;
Sciammas et al., 2011; Martinez et al., 2012). While these studies focused primarily on the
physiological B cell activation process, our study examined how the process is perturbed by
environmental toxicant TCDD to disrupt humoral immunity. None of these models
including our own are inclusive to incorporate all known gene components and interactions
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implicated in the B cell transcriptional events, owing to insufficient information on
molecular regulation details or irrelevance to the model focus. As the wiring diagram of the
gene circuit is resolved in greater details, more complete mathematical descriptions of B cell
activation, including clonal expansion and cell death, are expected to follow, which will
serve as an improved platform to further help investigate how environmental
immunotoxicants affect the antibody response.

In conclusion, we have demonstrated that B cell terminal differentiation is disrupted by the
environmental contaminant TCDD in an all-or-none manner and that this mode of
suppression could result from perturbation of a bistable gene circuit underpinning B cell
differentiation. As the field of toxicity testing and risk assessment for environmental
toxicants moves steadily toward alternative testing methods, the integrated approach
exploited here represents an emerging direction in which computational modeling of
pathway perturbation is used to mechanistically interpret /n vitro toxicity data and make
quantitative predictions.
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(A) Schematicillustration of modes of suppression of the antibody response by TCDD.
In each histogram, left peak represents naive B cells and right peak represents plasma cells.
Intracellular immunoglobulin expression level can be measured by fluorescence intensity
using flow cytometry. (B) Schematic illustration of theregulatory network underlying
LPS-stimulated B cell terminal differentiation and its disruption by TCDD through
AhR-mediated pathways. Arrows and blunted lines indicate activation and repression,
respectively.
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Figure 2. LPS-stimulated dynamic- and dose-response of differentiation of B cellsinto IgM-

secreting cells

(A) Co-plots of fluorescence intensity of antibodies against surface CD19 and intracellular
IgM in primary mouse splenocytes treated with 5 ug/ml LPS continuously and analyzed at
time points indicated. (B) Histograms of intracellular IgM in CD19-gated viable B cells
from panel A. For time points of 0, 24, 36, 48, 60, and 72 h, the percentage of lgMMigh cells
is 1.30%, 3.12%, 8.56%, 23.41%, 28.37%, and 38.67%, respectively. (C) Histograms of
IgM in 20,000 stochastically simulated B cells activated by 5 pg/ml LPS. The scale
difference in the Y axis between panels B and C (also for comparable panels in F and G and
Fig. 5A, 5B and 5D) was due to the difference in the number of bins used to plot the
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experimental and simulated histograms. Fractions of IgM'®" and IgMNig" cells, which
correlate with the area-under-the-curve of associated histogram peaks, are independent of
the scale difference. (D) Fitting of the dynamic change of percentage simulated IgM"i9h cells
in panel C to the experimental data in panel B. (E) Co-plots of fluorescence intensity of
surface CD19 and intracellular IgM in primary mouse splenocytes treated continuously for
72 h with LPS of various concentrations indicated (ug/ml). (F) Histograms of intracellular
IgM in CD19-gated viable B cells from panel E. For LPS concentrations of 0.2, 0.6, 1.7, 2.5,
5, and 10 pg/ml, the percentage of IgMNi9N cells is 9.49%, 20.52%, 24.53%, 28.87%,
36.49%, and 35%, respectively. (G) Histograms of IgM in 20,000 stochastically-simulated B
cells stimulated by various concentrations of LPS. (H) Fitting of the concentration-response
of percentage simulated 1gMM9h cells in panel G to the experimental data in panel F. au:
arbitrary unit of fluorescence intensity.
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Figure 3. Deterministic analysis of the B cell-specific gene circuit and effect of Bach2 deletion
(A) Reciprocal steady-state stimulus-response curves between Prdm1 and Pax5 in the
absence of LPS and TCDD. The dashed curve was obtained by varying Prdm1 as an
independent stimulus and the steady-state level of Pax5 as the response; the solid curve was
obtained by varying Pax5 as an independent stimulus and the steady-state level of Prdm1 as
the response. Intersection points 1 and 2 (filled circles) are stable steady states representing
the B cell and plasma cell states respectively, and point 3 (empty circle) represents an
unstable steady state. (B) Bifurcation diagram showing that as the signaling intensity of LPS
(represented by LPS_TLR4, which is LPS-occupied TLR4 receptor) reaches a certain
threshold, the system can irreversibly switch from the B cell state expressing low-level IgM
to plasma cell state expressing high-level IgM. (C) Transient LPS signal can irreversibly
switch the bistable system from a low IgM-expressing state to a high IgM-expressing state.
Trajectories were generated with a 72-h pulse of LPS (square wave on top) at various
concentrations (0, 0.05, 0.1, 0.2, 0.3, and 0.4 ug/ml for solid curves; 0.5, 0.6, 0.8, 1.0, 1.2,
and 10 pg/ml for dashed curves). (D) Phase-plane stability analysis of deletion of Bach2.
Stimulus-response curves were obtained similarly as in panel A except the solid gray curve
(Prdm1 vs. Pax5 response) which was obtained in the absence of Bach2 gene (i.e. Bach2-/
-). (E) Dynamic changes of percentage IgMNi9" cells from 20,000 stochastically-simulated
Bach2+/+ (solid curve) and Bach2—/- (dashed curve) B cells stimulated continuously with
0.45 pg/ml LPS. Inset: normalized responses. For panels A-D, the unit of state variables
Prdm1, Pax5, IgM, and LPS_TLR4 is number of molecules per cell.
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Figure 4. Computational analyses of mode of suppression of B cell differentiation driven by three
alternative AhR-mediated TCDD pathways

(A) Pathway I: AhR represses AP-1 signaling (top panel). The deterministic threshold level
of LPS-liganded TLR4 receptors (LPS_TLR4), required to trigger switching from the low
IgM-expressing state to the high IgM-expressing state, increases with TCDD concentration,
without affecting the level of IgM associated with the IgMNi9" plasma cell state (middle
panel). This suggests an all-or-none mode of suppression, which is corroborated by
stochastic simulation (bottom panel). (B) Pathway Il: AhR up-regulates Bach2 (top panel).
The threshold level of LPS_TLR4 also increases with TCDD concentration, without
tangibly affecting the level of IgM associated with the plasma cell state (middle panel). This
again presages an all-or-none mode of suppression, as confirmed by stochastic simulation
(bottom panel). (C) Pathway I11: AhR represses IgM directly (top panel). The threshold level
of LPS_TLR4 is not affected, however, the level of IgM associated with the plasma cell
state decreases as TCDD concentration increases (middle panel). This suggests a graded
mode of suppression, as confirmed by stochastic simulation (bottom panel). To analyze each
pathway illustrated in panels A, B, and C separately, model parameters (Kdsy, a71, Kdgs)
were set to the following sets of values, respectively: (0.75e4, 0, 1.7e9), (2.5€8, 10, 1.7€9),
and (2.5e8, 0, 2e3). In all stochastic simulations (bottom panels), 20,000 B cells were
stimulated with 10 ug/ml LPS for 72 h in the presence of TCDD at various concentrations
indicated.
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Figure5. All-or-none mode of suppression of B cell differentiation into |gM high cells by TCDD
(A, B) Histograms of intracellular IgM in CD19-gated viable B cells from flow cytometry
analysis. Primary mouse splenocytes were simultaneously treated with 5 pg/ml LPS and
various concentrations of TCDD for 72 h. For TCDD concentrations of 0.03, 0.1, 0.3, 1, 3,
10, and 30 nM, the percentage of IgMM9h cells is 35.35%, 34.93%, 27.49%, 23.94%,
12.71%, 12.22%, and 10.78%, respectively. (C) Histograms of IgM in 20,000 stochastically
simulated B cells simultaneously exposed to 5 ug/ml LPS and various concentrations of
TCDD for 72 h, with all three calibrated AhR-mediated TCDD pathways kept active. (D)
Fitting of the concentration-response of percentage simulated IgMMidh cells in panel C to the
experimental data in panels A and B.
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