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ABSTRACT

The influence of interindividual variability is not typically assessed in traditional toxicological studies. Given that chemical
exposures occur in heterogeneous populations, this knowledge gap has the potential to cause undue harm within the
realms of public health and industrial and municipal finances. A recent report from the National Research Council (NRC)
suggests that when accounting for interindividual variation in responses, traditionally assumed nonlinear dose-response
relationships (DRRs) for noncancer-causing endpoints would better be explained with a linear relationship within the low-
dose region. To address this knowledge gap and directly test the NRC’s assumption, this study focused on assessing the
DRR between 2,3,7,8-tetracholorodibenzo-p-dioxin (TCDD) exposure and immune suppression in a cohort of unique human
donors. Human B cells were isolated from 51 individual donors and treated with logarithmically increasing concentrations
of TCDD (0–30 nM TCDD). Two endpoints sensitive to TCDD were assessed: (1) number of IgM-secreting B cells and (2)
quantity of IgM secreted. The results show that TCDD significantly suppressed both the number of IgM-secreting B cells and
the quantity of IgM secreted (P< .05). Statistical model comparisons indicate that the low-dose region of the two DRRs is
best explained with a nonlinear relationship. Rather than assuming low-dose linearity for all noncancer-causing DRRs, our
study suggests the need to consider the specific mode of action of toxicants and pharmaceuticals during risk-management
decision making.
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Understanding of the dose-response relationship (DRR) for any
given chemical lies at the heart of risk assessment.
Traditionally, data derived from lab-based toxicology studies
are extrapolated in assessing the potential adverse health ef-
fects of chemicals in the human population. As traditional
laboratory-based toxicology studies are performed on a small
number of individuals or inbred mouse strains and as chemical
exposures occur in a heterogeneous population of individuals,

there lies a disconnect between lab-based toxicology and
population-level risk assessment. Little is known regarding the
degree of variability in a DRR within a heterogeneous popula-
tion (Rhomberg, 2011).

A recent report published by the National Research Council
(NRC) suggested that interindividual variability within the
human population would effectively linearize the low-dose re-
gion of DRRs for all noncancer-causing chemicals (NRC, 2009).
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This proposal by the NRC was based primarily on theoretical
evidence and, if correct, would have significant implications in
risk-management decision making (Rhomberg, 2009, 2011;
White et al., 2009). As chemical exposures elicit toxicity through
differing modes of action and as potencies will be dependent on
many factors including genetic susceptibility, background
exposures, and other concurrent stressors, a generalized statis-
tical model for noncancer-causing effects of chemical exposures
warrants scientific proof. Here, we address the NRCs assump-
tion by statistically modeling the low-dose region of a receptor-
mediated DRR induced by 2,3,7,8-tetrachlorodibenzo-p-dioxin
(TCDD) using primary B cells isolated from 51 unique human
individuals.

TCDD is a ubiquitous and persistent environmental contam-
inant primarily formed as a byproduct of waste-incineration
and industrial processes. TCDD exposures are linked to several
complex disease states in human cohorts including diabetes,
metabolic syndrome, and cancer (Leng et al., 2014; Marinkovic
et al., 2010; Uemura et al., 2009; Warner et al., 2013). TCDD is a po-
tent activator of the aryl hydrocarbon receptor (AHR), an
environment-sensing protein within the PAS superfamily
(McIntosh et al., 2010). Prior to activation, the AHR is present in
the cytoplasm bound to a dimer of the 90 kDA heat shock pro-
tein (HSP90) and the AHR-interacting protein (also known as
ARA9 and XAP2) (Carver et al., 1998; Heid et al., 2000; LaPres et al.,
2000; Meyer and Perdew, 1999). Upon ligand binding, the recep-
tor translocates to the nucleus and dimerizes with the AHR nu-
clear translocator to form a functional transcription factor (Abel
and Haarmann-Stemmann, 2010; Sorg, 2014). Activation of the
AHR is responsible for most of TCDD-induced toxicity.

The immune system is a sensitive target of TCDD-induced
toxicity (Holsapple et al., 1991; Kerkvliet, 2002). Within the im-
mune system, TCDD has been established to directly alter B-cell
function as evidenced by the suppression of humoral immune
responses (Crawford et al., 2003; Sulentic et al., 1998). Although
much of the current understanding of TCDD-induced B-cell dys-
function has been derived from mouse studies and murine cell
lines, recent publications using primary cells have confirmed
that TCDD suppresses the activation and differentiation of
human B cells (Lu et al., 2010, 2011; Phadnis-Moghe et al., 2015).
Furthermore, results from studies using a primary B-cell model
indicated that a subset of the human donors did not respond to
TCDD suggesting that this model might be valuable in modeling
interindividual variability (Lu et al., 2010).

In this study, B cells were isolated from a large number of
human donors (n¼ 51) to model the effect of increasing interin-
dividual variability in a DRR. Two TCDD-sensitive endpoints
were analyzed: (1) the number of IgM-secreting cells and (2) the
quantity of IgM secreted during the period of culture (Crawford
et al., 2003; Lu et al., 2010). The results from the endpoints were
statistically modeled at the individual level and as an averaged
population to address the potential effect of increasing interin-
dividual variability in the shape of a DRR. As receptor-mediated
responses may contain thresholds as information propagates
through a cascade of downstream nonlinear processes
(Kenakin, 2004; Zhang et al., 2014), an AHR-mediated response
in our human B-cell model serves as an excellent platform in
assessing whether nonlinear DRRs will linearize when encom-
passing interindividual variability (Bhattacharya et al., 2010;
Zhang et al., 2010). Results from this study will inform risk as-
sessment in regards to effect of human interindividual variabil-
ity in TCDD-induced immunosuppression. In addition, we
suggest that this study indicates the need to assess mode of ac-
tion of chemical-induced signaling as opposed to adopting a

generalized model when assessing risks associated with low-
dose exposures.

MATERIALS AND METHODS

Human leukocyte packs
Human leukocytes packs from 51 unique, anonymous, and non-
smoking human donors were acquired from the Gulf Coast
Regional Blood Center (Houston, Texas). Blood was screened for
human immunodeficiency virus and hepatitis prior to ship-
ment. Sex and age were not controlled. Given the anonymity of
blood donation, institutional review board approval was not
necessary.

B-cell isolation
Human naı̈ve B cells were isolated from peripheral blood mono-
nuclear cells (PBMCs) acquired via density gradient centrifuga-
tion of the blood in the presence of Ficoll-Paque Plus (GE
Healthcare, Piscatawy, New Jersey). The PBMCs were subjected
to negative selection of naı̈ve B cells using magnetic-activated
cell sorting naı̈ve human B-cell II isolation kits per
the manufacturer’s instructions (MiltenyiBiotec, Auburn,
California). B-cell purity, as determined by flow cytometry
(CD19þ cells), averaged 85%. Following isolation, B cells were
cultured in RPMI 1640 supplemented with 10% human AB
Serum (Atlantic Biologicals, Atlanta, Georgia), 100 U/ml of
penicillin, 100 lg/ml of streptomycin, and 50 lM of
2-mercaptoethanol.

TCDD exposure
TCDD (99.1% pure) was purchased from AccuStandard,
Incorporated (New Haven, Connecticut). Isolated naı̈ve B cells
(106 cells/ml) were left untreated (control), exposed to dimethyl
sulfoxide (DMSO, 0.04%, vehicle control), or TCDD (0.0001, 0.001,
0.01, 0.1, 0.3, 1, 3, 10, and 30 nM).

CD40 ligand activation
Naı̈ve human primary B cells were activated via coculture
in the presence of a mouse fibroblast cell line that expresses
membrane-bound human CD154/CD40 ligand (CD40L-L). CD40L-L
cells were maintained in Dulbecco’s Modified Eagle Medium as
previously described (Lu et al., 2009). Prior to coculturing, CD40L-L
cells were irradiated and seeded in 48-well culture plates at 104

cells/ml for a minimum of 24 h. Immediately following TCDD
treatment, the naı̈ve B-cell cultures were supplemented with
recombinant human interleukin-2 (0.2 U/ml; Roche Applied
Sciences, Indianapolis, Indiana), interleukin-6 (1 U/ml; Roche
Applied Sciences), interleukin-10 (0.2 ng/ml; Bender Medsystems,
Burlingame, California), and co-cultured for 4 days with irradi-
ated CD40L-expressing cells. The B cells were then transferred to
new 48-well culture plates and cultured for an additional 3 days
without CD40L-L cells. Culture conditions were maintained at
37 �C and 5% CO2.

Enzyme-linked immunospot assay
The number of IgM-secreting cells was quantified by enzyme-
linked immunospot (ELISPOT) as previously described (Lu et al.,
2010). Briefly, multiscreen 96-well filter plates (Millipore,
Billerica, Massachusetts) were coated with antihuman IgM anti-
body (5 lg/ml) (Sigma Aldrich, St. Louis, Missouri) overnight and,
subsequently, blocked with 5% bovine serum albumin (Sigma).
B cells were washed with RPMI 1640, resuspended in RPMI 1640,

DORNBOS ET AL. | 353

Deleted Text: -
Deleted Text: non-cancer causing
Deleted Text: TCDD
Deleted Text: TCDD
Deleted Text: AIP, 
Deleted Text: (ARNT) 
Deleted Text: B 
Deleted Text: While 
Deleted Text: B 
Deleted Text: Lu <italic>et<?A3B2 show $146#?>al.</italic>, 2011; 
Deleted Text: B 
Deleted Text: -
Deleted Text: -
Deleted Text: IgM 
Deleted Text: ; 
Deleted Text: -
Deleted Text: B 
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: -
Deleted Text: Materials and Methods:
Deleted Text: TX
Deleted Text: (IRB) 
Deleted Text: <italic>B</italic> 
Deleted Text: : 
Deleted Text: na&hx00EF;ve 
Deleted Text: na&hx00EF;ve 
Deleted Text: (MACS) N
Deleted Text: B 
Deleted Text: A
Deleted Text: B 
Deleted Text: GA
Deleted Text: : 
Deleted Text: T
Deleted Text: na&hx00EF;ve 
Deleted Text: : 
Deleted Text: Na&hx00EF;ve 
Deleted Text: -
Deleted Text: CD40L-L
Deleted Text:  (DMEM)
Deleted Text: -
Deleted Text: 48 
Deleted Text: ours
Deleted Text: na&hx00EF;ve
Deleted Text: B 
Deleted Text: IN
Deleted Text: , Indianapolis, IN
Deleted Text: CA
Deleted Text: <italic>(ELISPOT)</italic> 
Deleted Text: : 
Deleted Text: IgM 
Deleted Text: were 
Deleted Text: MA
Deleted Text: -
Deleted Text: ). 
Deleted Text: MO


supplemented with 10% bovine calf serum (HyClone, GE
Healthcare) and incubated in primary antibody-coated plates
overnight at 37 �C and 5% CO2. Biotin-conjugated antihuman
IgM antibody (Sigma) and, subsequently, streptavidin-
horseradish peroxidase (HRP) (Sigma) were added for 1-h
incubation at 37 �C and 5% CO2. All incubations were followed
with 3 washes with phosphate-buffered saline (pH 7.4) contain-
ing 0.1% Tween-20 (Sigma) and 3 washes with nanopure H2O.
The spots were developed with an aminoethylcarbazole stain-
ing kit (Sigma). The number of spots per well between
0.0001 mm2 and 9.6372 mm2 were quantified via the
Immunospot Software (Cellular Technology, Ltd, Shaker
Heights, Ohio) and normalized to the number of viable cells
plated in each well.

Enzyme-linked immunosorbent assay
The amount of IgM secreted into the culture media was quanti-
fied using a sandwich enzyme-linked immunosorbent assay
(ELISA). Briefly, Immulon 4 HBX 96-well microtiter plates (VWR
International, Radnor, Pennsylvania) were coated with antihu-
man IgM antibody (1 lg/ml; Sigma Aldrich) overnight. Culture
media was incubated over primary antibody-coated plates (1 h,
37�C) and was followed by exposure to an antihuman IgM-HRP
conjugate (Sigma; 1 h, 37 �C). Incubations were followed with 3
washes with phosphate-buffered saline (pH 7.4) containing
0.05% Tween-20 (Sigma) and one wash with nanopure H2O. 2,2’-
Azino-bis(3-ethylbenzothiazoline-6-sulphonic acid) (ABTS,
Roche Diagnostics) was then added as a colorimetric substrate
for the HRP. The rate of colorimetric change was quantified
with a Synergy HT microplate reader (BioTek, Winooski,
Vermont) at 405 nM for 1 h. Concentration of IgM in media was
calculated based on a standard curve (Sigma) created in each
plate.

Statistical ANOVA
ANOVA with Dunnett’s 2-tailed post hoc was used to assess the
potential differences between dose groups and the vehicle con-
trols using version 3.0.2 of R (R Core Team, 2015). Statistical
assumptions of constant variance and normality of the distribu-
tions were checked prior to analysis. All data were log-
transformed to achieve a normal distribution prior to statistical
analyses. P� .05 was considered significant.

Defining nonresponsive donors
Given the anonymous nature of blood donation, unique individ-
ual B cells can only be assayed as technical replicates. As
ANOVA to define statistical significance requires multiple bio-
logical replicates, a cut-off was used in defining “nonresponsive
donors.” Any dose-response that indicated a� 10% change was
considered a nonresponsive donor for that particular endpoint.

Statistical modeling of the individual DRRs
All dose-response endpoints from the 51 donors were fit to stat-
istical models at the individual (ie, 1 biological replicate) level. A
series of models were fit using the BMD Software (U.S.
Environmental Protection Agency or EPA) including the Hill,
exponential 1, exponential 2, exponential 3, exponential 4,
exponential 5, polynomial 2�, power, and a linear model
(Supplementary Table 1). Model fit and statistical assumptions
were assessed to ensure adherence to recommendations out-
lined by the EPA (Davis et al., 2011). All data were log-
transformed to achieve a normal distribution and equal var-
iance across dose groups prior to statistical analyses. All best fit
model coefficients acquired from the BMD software were

validated with maximum-likelihood estimation using code
developed in-lab with the version 1.0.17 of the bbmle package in
R (Bolker, 2010; R Core Team, 2015).

Statistical modeling of the population DRRs
The mean values for each dose group of each individual were
combined (ie, 51 biological replicates) and used in assessing the
shape of the low-dose region of the DRRs. Data were log-
transformed to achieve a normal distribution and equal var-
iance among dose groups prior to statistical analyses. First, the
half-maximal inhibitory concentrations (IC50) for the DRRs was
determined with maximum-likelihood estimations of the coef-
ficients in a 4-parameter logistic model using code developed
in-lab using bbmle package in R (Bolker, 2010; R Core Team,
2015). IC50 values were confirmed with Hill model coefficients
that were acquired with the BMD software. The low-dose region
of the DRRs was defined as those below the established IC50 val-
ues. The BMD software was then used to identify the best fitting
model for the low-dose region of the DRRs. In all instances, stat-
istical assumptions and model fit were assessed via the previ-
ously mentioned recommendations of the EPA (Davis et al.,
2011). All coefficients acquired from the BMD software were
validated with maximum-likelihood estimation using the
bbmle package in R (Bolker, 2010; R Core Team, 2015).

RESULTS

TCDD-Induced Suppression of IgM Secretion From CD40L-Activated
Human Primary B Cells
Results from the population of donors assayed indicate a signif-
icant reduction in both endpoints tested: (1) the number of IgM-
secreting cells as determined by ELISPOT (Fig. 1A, n¼ 51) and
(2) the quantity of secreted IgM in the supernatant at the end of
the period as determined by ELISA (Fig. 1B, n¼ 49). Notably, stat-
istically significant suppression was found at TCDD
levels� 0.3 nM for the number of cells secreting IgM (Fig. 1A,
P� .05, effect size (g2)¼ 0.14) and at� 0.01 nM for the quantity of
IgM present in the culture supernatant (Fig. 1B, P� 0.05, effect
size (g2)¼ 0.10). There were no significant differences between
nontreated CD40-L-activated B cells and the vehicle (DMSO-
treated) controls for either endpoint (data not shown).

TABLE 1. Results of Modeling the Individual Donor DRRs

Model Type Percentage of Individuals

ELISPOT (n¼ 51) (%) ELISA (n¼ 49) (%)

Exponential 4 29.4 16.3
Power 17.6 30.6
Exponential 2 17.6 6.1
Hill 15.7 30.6
Polynomial 2� 11.8 14.3
Linear 3.9 2.0
Exponential 5 3.9 0
Exponential 3 0 0

Results indicate the majority of the donors fit best to nonlinear models as

opposed to the linear model. The results were acquired via the BMD software

and were confirmed via maximum likelihood estimation R code written in-lab.
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Variability in IgM Response of CD40L-Activated Human Primary B
Cells
Different donors were found to respond to increasing (TCDD) to
differing degrees suggesting a high degree of interindividual
variability within the data sets (Fig. 2). Approximately 11% (6 of 51)
of the donors appeared nonresponsive to TCDD-induced
decrease in the number of B cells secreting IgM. This is similar
to previously published research (Lu et al., 2010). In contrast to
“responsive” donors whose B cells displayed significant sup-
pression at� 0.1 nM, the nonresponsive donors displayed no
significant change in response at any TCDD concentration.
Interestingly, there is a significant difference in the number of B
cells secreting IgM when comparing the nonresponsive and
responsive cohorts following exposure to the vehicle control
(P¼ .043) (Fig. 3A). Such results suggest that the nonresponsive
cohort’s B cells activate to a lesser degree in the presence of
CD40 ligand. Unexpectedly in analyzing the concentration of
IgM secreted into the media, the number of donors deemed
nonresponsive dropped to approximately 8% (4 of 49) (Fig. 3B).
Again, the concentration of IgM secreted in responsive cohort
was found to be statistically lower at (TCDD)> 0.01, whereas the
nonresponsive cohort was not statistically affected by TCDD.
Unlike the previous endpoint that showed a statistical differ-
ence between the mean numbers of cells secreting IgM exposed

to the vehicle control, this endpoint did not have statistical dif-
ferences in comparing the responsive and nonresponsive
cohort. The lack of statistical difference is likely due to the lack
of statistical power in the nonresponsive cohort (n¼ 4) for this
particular endpoint.

Modeling the DRRs of the Individual Donors
Individual responses for both endpoints were fit to the models
available in the BMD software. In all cases during modeling of
the individual responses, the best fitting model was chosen by
the lowest Akaike Index Criterion (AIC) value (Akaike, 1974). For
the number of cells secreting IgM (ELISPOT data), most of the
individual responses best fit to the exponential 4 model (29.4%
Table 1) with a small percentage of donors that were best fit the
linear model (3.9%, Table 1). For the quantity of IgM secreted
(ELISA data), an equal percentage of individuals best fit to the
Hill and Power model (30.6%, Table 1), whereas only a small
number of individual donors fit to the linear model (2.0%, Table
1). The donors that best fit to linear models were all within the
nonresponsive cohorts previously noted. Thus, as expected for
a TCDD-induced receptor-mediated response, the vast majority
of the individual responses best fit to nonlinear models.

Determining Low-Dose Regions of Dose-Response Relationships
The goal of this study is to determine the shape of the DRR in
the low-dose region of a noncancer DRR. In defining the low-

FIG. 1. 2,3,7,8-tetracholorodibenzo-p-dioxin (TCDD)–induced suppression of IgM

response in primary human B cells. Increasing levels of TCDD induces a dose-

dependent decrease in the number of IgM-secreting cells (A; n¼51) and the con-

centration of IgM secreted into culture medium (B; n¼49). *P< .05 as compared

with the vehicle Error bars indicate SEM response. Abbreviation: ELISPOT,

enzyme-linked immunospot.

FIG. 2. Interindividual variability in response to 2,3,7,8-tetracholorodibenzo-p-

dioxin (TCDD)–induced suppression of IgM secretion. Percent inhibition for each

individual donor was calculated by normalizing results from each dose to that

individual’s vehicle control (100%). The black line indicates the mean response

of all donors. Results indicate a large degree of differences amongst individual

donor’s B cells response to increasing concentrations of TCDD within the end-

points of interest: (A) the number of cells secreting IgM (enzyme-linked immu-

nospot [ELISPOT] data) and (B) the concentration of IgM secreted into the culture

media (ELISA data).
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dose region, the DRR of the number of IgM-secreting B cells
(ELISPOT) and the quantity of IgM-secreted (ELISA) data were
first fit to a 4-parameter logistic model using maximum likeli-
hood estimation with R code written in-lab (Prentice, 1976).
Results indicate that the TCDD-induced IC50 of the ELISPOT and
ELISA data were 0.533 6 0.954 and 0.003 6 0.007 nM, respectively
(Table 2). The IC50 values were further confirmed by the coeffi-
cient estimations from the fitting of the endpoints of interest to
the Hill function using the BMD software (Table 2). Results
were confirmed by visual inspection of a graphical representa-
tion of the models overlaying the log-transformed data
(Supplementary Fig. 1A and B). The calculated IC50 values were
used to define the cut-off point for the low-dose region of the
DRR. Specifically, all doses below or at the next available dose of
the IC50 were considered part of the low-dose region of the
curve.

Statistical Modeling the Low-Dose Region of DRR
The low-dose region of the number of B cells secreting IgM
(ELISPOT) and the concentration of IgM-secreted (ELISA) data
sets were fit to the models available in the BMD software to
determine the best fitting statistical model. In comparing linear
and nonlinear models, our results suggest that the low-dose

region of both DRRs were best explained by the power model
(Table 3). Based on the AIC values of the models available in the
BMD software, the linear model was the least adequate in
explaining the data (Supplementary Table 2). Results are also
presented by overlaying the graphical representation of best-
fitting power model and the linear model over the log-
transformed response variable further suggesting that the
power model fits better to the observed data (Figs. 4A and B).
The results from the power and linear model of both DRRs
were also reverse-transformed to visualize the shape within
the low-dose region on a continuous, nontransformed scale
(Supplementary Fig. 2A and B).

DISCUSSION

In a recent report entitled “Science and Decisions: Advancing
Risk Assessment,” the NRC suggested that, during risk-
management decision making, the low-dose region of non-
cancer DRRs should be assumed as linear without the presence
of thresholds. As reviewed by Rhomberg et al. (2011), the NRC
(2009) has based their assumption on 3 primary arguments: (1)
the “additivity to background argument” that indicates that
increasing exposure to agents will lead to linear increases of
response over the spontaneous background levels in a popula-
tion; 2) the “population heterogeneity argument” that suggests
that, regardless of the shape of the individual DRRs, the dose-
response curve will linearize when incorporating the inter-
individual variability of the human population; and (3) the
“epidemiological evidence argument” that cites epidemiological
studies that have suggested a no-threshold response to increas-
ing exposures (White et al., 2009). The focus of this report is on
the argument regarding population heterogeneity. Notably, as
toxicological studies often focus on mechanistic details in single
cell lines or inbred mouse strains, there are little data to inform
on the influence of population heterogeneity on the shape of
DRRs (Rhomberg, 2011). The NRC did not evaluate the potential
effect of population heterogeneity with adequate peer-reviewed
data sets (NRC, 2009). Foremost, the NRC’s assumption general-
izes the shape of the low-dose region for all chemical exposures;
however, as chemicals have different modes of action, it is
unlikely that all chemically affected biological processes, such
as receptor-mediated events, will result in a linear low-dose
region (Bogen, 2016). Given the potential risks associated with
invalid assumptions in regards to the low-dose regions of non-
cancer DRRs, such as unsafe exposures in susceptible individu-
als and financial burden associated with the chemical
monitoring and cleanup, the NRC’s assumption warrants fur-
ther scrutiny and evaluation.

Receptor-mediated responses, from a biochemical stand-
point, are a nonlinear signaling process that may contain
thresholds arising from downstream activation and saturation;
such processes are traditionally modeled with a sigmoidal, Hill
model (Kenakin, 2004). The nonlinear nature of receptor-
mediated events provides an excellent platform to determine
whether individual nonlinear responses will linearize in the
low-dose region of a DRR when human interindividual variabil-
ity is considered. In this study, we used AHR-mediated suppres-
sion of the IgM response of CD40L-activated human primary B
cells to model the effect of increasing interindividual variability
(Lu et al., 2009). Two endpoints of interest were measured follow-
ing a 7-day exposure period: (1) the number of IgM-secreting
cells and (2) the quantity of IgM secreted into the culture
media. These two endpoints displayed concentration-
dependent suppression of B-cell function following TCDD

FIG. 3. Responsive and nonresponsive donors to increasing concentrations of

2,3,7,8-tetracholorodibenzo-p-dioxin (TCDD). Six donors were found to be non-

responsive to TCDD in enumerating the number of cells secreting IgM (enzyme-

linked immunospot [ELISPOT], A). Nonresponsive donors displayed a signifi-

cantly decreased number of IgM expressing cells when compared with the mean

response of the responsive donors exposed to vehicle control (*P¼ .043). Four of

the 6 nonresponsive donors identified in the ELISPOT were confirmed in the

concentration of IgM secreted (ELISA, B). These 4 nonresponsive donors did not

display a significantly decreased IgM in the media when compared with respon-

sive donors exposed to dimethyl sulfoxide (DMSO).
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treatment (P< .05) (Figs. 1A and B). The results are in accordance
with a previous report showing that TCDD significantly sup-
presses the number of cells secreting IgM (Lu et al., 2011). The
IC50 from the two endpoints were found to differ over 150-fold.
As determined by maximum likelihood-estimation, the IC50 for
TCDD-induced suppression was 0.533 6 0.954 nM for the number
of B cells secreting IgM and 0.003 6 0.007 nM for the quantity of
IgM secreted (Table 2). Such results suggest that the endpoint

measuring TCDD-induced suppression of IgM secreted by
human B cells is more sensitive when compared with the
decrease in IgM-secreting B cells. Notably, the disassociation
constant (Kd) of the human AHR with TCDD is estimated
between 1 and 12 nM and is dependent on the individual donor’s
AHRs that were tested (Ema et al., 1994; Harper et al., 2002;
Lorenzen and Okey, 1991). The IC50 found for the concentration
of IgM secreted into culture media in this study is well below the
Kd of the human AHR (Table 2). Such results suggest that very lit-
tle AHR activation is required to see a robust response in the
concentration of IgM secreted from human B cells.

As previously mentioned, variability in the sensitivity of
individual’s AHR induction by TCDD suggests that some indi-
viduals are more susceptible to TCDD-induced toxicity than
others (Harper et al., 2002; Lorenzen and Okey, 1991). Our results
support this notion of hypersensitive individuals. For both end-
points, there were individuals whose IgM response was
decreased at the lowest dose of TCDD (ie, 100 fM). Conversely,
there were also individuals who displayed an increased ability
to produce IgM response at low-dose TCDD. For both of these
cases, there is a lack of statistical power to draw conclusions;
however, both groups warrant further investigation. Given that
the AHR mediates most of the TCDD-induced toxic responses
and as polymorphisms in differing mouse strains affect sensi-
tivity to TCDD, polymorphisms in the human AHR gene have
been postulated to play a role in the interindividual variability
in responses to TCDD (Okey, 2007; Okey et al., 2005). A previous
report suggested that some human donors did not have B cells
that responded to increasing concentrations of TCDD and this
might be due to polymorphisms found in the transactivation
domain of the AHR of these nonresponsive individuals (Harper
et al., 2002; Lu et al., 2010). Similarly, a cohort of 6 nonresponsive
donors appears to be activated to a lesser degree than the
cohort of responsive donors in the present study (Fig. 2A). We
hypothesize that the lack of response in the number of cells
secreting IgM to TCDD is due to a lesser degree of CD40L-
mediated activation of the B cells from these individuals as the
number of cells secreting IgM was significantly decreased in
these donors. Differences in CD40L activation among our cohort
of donors may be due to a plethora of reasons including poly-
morphisms within CD40 receptor gene, previous and present
exposures, infections, inflammation, and many other factors of
which we are unable to gather information due to the anonym-
ity of blood donation (Blanco-Kelly et al., 2010; Jacobson et al.,
2005; Orozco et al., 2010; Raychaudhuri et al., 2008; Teruel et al.,
2012). Surprisingly, 2 of the 6 nonresponsive donors were

TABLE 2. Maximum-likelihood Estimates of Coefficients for the 4-Parameter Logistic and Hill Models Fit to the Log-Transformed TCDD-
induced DRRs

Model Type Coefficient ELISPOT Results (n¼ 51) ELISA Results (n¼ 49)

Estimate SE Estimate SE

4-Parameter logistic f xð Þ ¼ dþ a� d

1þ x
cð Þ

b Upper (d) 3.555 0.037 1.860 0.061
Lower (a) 3.131 0.137 1.375 0.132
Slope (b) �0.409 0.229 �0.275 0.185
IC50 (c) 0.533 0.954 0.004 0.010

Hill model f xð Þ ¼ yþ v� dn

knþ dn Intercept (y) 3.558 0.036 1.863 0.060
Slope (v) �0.431 0.158 �0.477 0.122
Hill Coefficient (n) 0.415 0.227 0.286 0.165
IC50 (k) 0.555 0.984 0.003 0.006

Results indicate the IC50 values for both endpoints measured: (1) the number of cells secreting IgM (ELISPOT) and (2) the concentration of IgM secreted in the culture

media (ELISA).

FIG. 4. Statistical models fit to the low-dose region of 2,3,7,8-tetracholorodi-

benzo-p-dioxin (TCDD)–induced dose-response relationship. Graphs indicate

the estimated fit of the power model better explains the low-dose region of the

dose-response relationships (DRRs) as opposed to the linear model of the two

endpoints of interest: the number of B cells secreting IgM and the (A) concentra-

tion of IgM secreted during the period of culture (B). Graphed models along with

the observed means were plotted as an overlay over a scatterplot of the raw log-

transformed data for each individual. Abbreviation: ELISPOT, enzyme-linked

immunospot.
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deemed responsive in assaying the concentration of IgM
secreted into the media (ie, ELISA). Thus, even with a seemingly
lesser number of cells secreting IgM, the concentration of IgM
secreted is still affected by increasing (TCDD). Such results may
be confounded as the ELISA is measuring the concentration of
IgM being secreted over the 7-day period of exposure, whereas
the ELISPOT enumerates the absolute number of cells secreting
IgM at a specific time following exposure. Furthermore, these
results suggest that, along with the IC50 values, the colorimetric
ELISA is a more sensitive measure of the IgM response from
activated B cells when compared with enumerating the number
of IgM-secreting cells by ELISPOT.

The low-dose regions of the two dose-response curves were
fit to all models available in the BMD software, and comparison
metrics were used to assess goodness of fit. Our results indicate
that the low-dose region of the TCDD-induced DRR for both
endpoints of interest fit better to the power model as compared
with the linear model (Table 3, Figs. 3A and B). As such, a non-
linear relationship best describes the low-dose region. To our
knowledge, this is the largest study using unique donors to
assess the effect of human interindividual variability with the
low-dose region of a DRR. Based on the DRR data collected from
this cohort, our statistical models of best fit to the low-dose
region of these DRRs are contrary to the assumptions made by
the NRC (NRC, 2009). However, we do acknowledge that our
sample set of 51 unique donors does not model the genetic
diversity in the human population, and further studies are
needed to definitively test the NRC’s assumption. This present
study, however, makes significant steps toward better risk-
management decision making in regards to the effect of inter-
individual variability in the immunosuppression induced by
TCDD, as well as, other receptor-mediated responses induced
by toxicants and pharmaceuticals. The results of this study are
also contrary to the adoption of a generalized model for linear
low-dose effects in all noncancer endpoints as suggested by the
NRC. Our results provide evidence that some chemical expo-
sures, such as receptor-mediated toxicants, elicit nonlinear
responses in the low-dose region of DRRs. Thus, perhaps there
is a necessity to account for the chemical mode of action induc-
ing noncancer-causing effects when making risk-management
decisions.

SUPPLEMENTARY DATA

Supplementary data are available online at http://toxsci.
oxfordjournals.org/.
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