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Abstract

The homeostasis of peripheral B cell compartment requires lifelong B lymphopoiesis from 

hematopoietic stem cells (HSC). As a result, the B cell repertoire is susceptible to disruptions of 

hematopoiesis. Increasing evidence, primarily from rodent models, shows that the aryl 

hydrocarbon receptor (AHR) regulates hematopoiesis. To study the effects of persistent AHR 

activation on human B cell development, a potent AHR agonist and known environmental 

contaminant, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) was utilized. An in vitro B cell 

development model system was established by co-culturing human cord blood-derived HSCs with 

irradiated human primary bone marrow stromal cells. Using this in vitro model, we found that 

TCDD significantly suppressed the total number of hematopoietic stem and progenitor cells 

(HSPC) in a concentration-dependent manner. Cell death analysis demonstrated that the decrease 

in cell number was not due to cytotoxicity by TCDD. In addition, TCDD markedly decreased 

CD34 expression on HSPCs. Structure-activity relationship studies using dioxin congeners 

demonstrated a correlation between the relative AHR binding affinity and the magnitude of 

decrease in the number of HSPCs and CD34 expression, suggesting that AHR mediates the 

observed TCDD-elicited changes in HSPCs. Moreover, a significant reduction in lineage 

committed B cell derived from HSCs was observed in the presence of TCDD, indicating 

impairment of human B cell development. Similar effects of TCDD were observed regardless of 

the use of stromal cells in cultures indicating a direct effect of TCDD on HSCs. Collectively, we 

demonstrate that AHR activation by TCDD on human HSCs impairs early stages of human B 

lymphopoiesis.
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1. Introduction

The generation of B cells from self-renewing hematopoietic stem cells (HSC) involves 

successive rounds of lineage restrictions (Nutt and Kee 2007). Cytokine receptor signaling 

and a lineage-specific transcription factor network progressively direct this developmental 

process. The interplay between transcription factor Ikaros and PU.1 during hematopoiesis 

leads to lymphoid lineage restriction and give rise to common lymphoid progenitors (CLP) 

(Somasundaram et al. 2015). CLPs have lost myeloid capacity but maintain the potential of 

lymphoid lineage differentiation. At this stage, cells start expressing the α chain of 

interleukin-7 receptor (IL7R), which is under the regulation of PU.1 (DeKoter et al. 2002). 

Signaling through the IL7R on CLPs activates the expression of early B cell factor 1 (EBF1) 

(Dias et al. 2005), which in turn up-regulates PAX5 (Roessler et al. 2007). The elevated 

expression of EBF1 and PAX5 eventually leads to B cell lineage commitment and 

generation of CD19 expressing pre-B cells (Cobaleda et al. 2007).

Halogenated aromatic hydrocarbons (HAH) are a group of structurally-related, ubiquitous 

environmental contaminants. Due to the chemical stability and lipophilicity of these 

compounds, HAHs are persistent in the environment and tend to bioaccumulate in the food 

chain and hence representing the primary route of human exposure (Poland and Knutson 

1982). Within HAHs, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) is the most toxic member 

(Poland and Knutson 1982; Whitlock 1990). TCDD exhibits a broad spectrum of toxicity in 

mammals including wasting syndrome, hepatotoxicity, endocrine disruption, reproductive 

and developmental toxicity, carcinogenesis and immunotoxicity (Peterson et al. 1993; 

Poland and Knutson 1982). Most of the toxic effects of TCDD are primarily mediated by the 

aryl hydrocarbon receptor (AHR) (Hankinson 1995; Schmidt and Bradfield 1996). AHR is a 

ligand-activated transcription factor belonging to Per-ARNT-Sim (PAS) protein superfamily. 

As other PAS proteins, the AHR is believed to act as a sensor of endogenous and exogenous 

chemicals to trigger cellular responses mainly by regulating expression of target genes 

(Denison et al. 2011).

Among the spectrum of toxicities elicited by TCDD, immune toxicity, specifically 

suppression of B cell function, represents a highly sensitive sequela of TCDD exposure 

across animal species (Holsapple et al. 1991; Kerkvliet 2002; Sulentic and Kaminski 2011). 

Epidemiological studies suggest an association between exposure to TCDD and B cell 

disorders, most notably decreased humoral immune competence and increased incidence of 

B cell-derived cancers (Baccarelli et al. 2002; Becher et al. 1996; Floret et al. 2003; 

Kogevinas et al. 1997; Kramarova et al. 1998; Viel et al. 2008). In addition, several studies 

utilizing in vitro models reveal that TCDD suppresses human B cell activation and 

immunoglobulin M (IgM) antibody production (Lu et al. 2011; Lu et al. 2010; Wood and 

Holsapple 1993). These studies demonstrate that TCDD affects the function of already 
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established mature B cells; however, it is presently unclear whether TCDD also affects 

human B cell developmental process.

The vulnerability of hematopoietic stem and progenitor cells to TCDD during B cell 

development has been previously shown in mice, as evidenced by a decrease in the number 

of B cell progenitors (Thurmond and Gasiewicz 2000). Subsequent studies revealed that in 

mice TCDD skewed the differentiation of HSC by increasing the number of myeloid 

progenitors and decreasing lymphoid progenitors, which give rise to B cells (Singh et al. 

2009). Concordantly, HSCs in Ahr-null mice exhibited higher proliferative activity 

compared to heterozygote controls (Singh et al. 2011). To date, the effects of TCDD on 

human B cell development have not been investigated. Interestingly, it has been reported that 

treatment of human HSC with an AHR antagonist produced retention of the stem cell 

marker, CD34, and markedly promoted the expansion of human HSCs (Boitano et al. 2010), 

suggesting that the AHR plays a role in regulating human HSC development. The objective 

of the present study was to investigate the effects of TCDD, a high affinity AHR agonist, on 

human HSC to B cell lineage commitment.

2. Materials and Methods

2.1 Chemicals

2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD), 1-chlorodibenzo-p-dioxin (MCDD), 2,3,7-

trichlorodibenzo-p-dioxin (TriCDD), and 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin (HxCDD) 

were purchased from AccuStandard (New Haven, CT). DMSO was purchased from Sigma 

Aldrich (St. Louis, MO).

2.2 Cells

Primary human marrow stromal cells (HMSC) were obtained from Cell Applications (San 

Diego, CA). Fresh human CD34+ hematopoietic stem cells (HSC) isolated from cord blood 

of mixed donors were purchased from All Cells (Emeryville, CA).

2.3 Cultures

Two different in vitro culture systems were utilized for human B lymphopoiesis in this study. 

The first culture system was a co-culture system previously described by Parrish et al. 
(Parrish et al. 2009) in which HMSCs were used as feeder cells to support lymphopoiesis of 

HSCs. HMSCs were cultured in marrow stromal cell growth medium (Cell Applications, 

Inc) for less than 8 rounds of cell division. Then, 24 hr prior to co-culture, HMSCs were 

sub-lethally irradiated (2000 rad) and seeded (1×104cells/well) in 96-well tissue culture 

plate. Fresh human CD34+ HSCs (1×104cells/well) were co-cultured with irradiated HMSCs 

in complete RPMI media (RPMI-1640 medium (Life Technologies) supplemented with 5% 

human AB serum (serum from human blood type AB donors) (Valley Biomedical), 100 

U/ml of penicillin (Life Technologies), 100 μg/ml of streptomycin (Life Technologies), and 

50 μM 2-mercaptoethanol). In addition, the cultures were supplemented with IL-3 (1ng/ml) 

(week 1 only), Flt3 ligand (1ng/ml), IL-7 (5ng/ml) and stem cell factor (25ng/ml) (Miltenyi 

Biotec). At indicated time points, the non-adherent hematopoietic stem and progenitor cells 
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(HSPC) were harvested by gentle resuspension without disrupting the monolayer of 

HMSCs.

The second culture system was stromal cell-free as described previously (Ichii et al. 2010). 

Briefly, fresh cord blood CD34+ HSCs (1×104cells/well) were cultured in complete RPMI 

media supplemented with cytokines as described in co-culture system. In addition, 

conditioned media, which was supernatant of one week HMSC culture, was filtered and 

added into stromal cell-free culture (20% v/v) to support B lymphopoiesis (Ichii et al. 2010).

In all cases, cells were treated with TCDD (1, 10 or 30 nM) or vehicle (VH, 0.02% DMSO) 

on day 0 prior to addition of cytokines. For both culture systems, half of the media was 

replaced weekly with fresh media containing supplements as described above without 

addition of any additional TCDD or VH.

2.4 Flow cytometric analysis

Antibodies used for flow cytometry included Alexa Fluor 488 anti-human CD34 (clone: 

581), Pacific Blue anti-human CD45 (clone: HI30), APC anti-human CD127 (IL7Rα) 

(clone: A019D5), and PE/Cy7 anti-human CD19 (clone: HIB19) from Biolegend (San 

Diego, CA), PE anti-human CD127 (IL7Rα) (clone: hIL-7R-M21) from BD Bioscience 

(San Jose, CA). At the indicated time points, cells were harvested and washed using 1X 

Hank’s Balanced Salt Solution (HBSS, pH 7.4, Invitrogen). Viable cells were identified 

using Live/Dead Fixable Aqua Dead Cell Stain (Invitrogen) prior to cell surface and 

intracellular staining. Cell surface Fc receptors were blocked by incubating cells with human 

AB serum (Valley Biomedical). For cell surface staining, cells were incubated with 

antibodies in FACS buffer (1X HBSS containing 1% BSA and 0.1% sodium azide, pH 7.4–

7.6) for 30 min and then fixed using Cytofix fixation buffer (BD Biosciences) for 10 min. 

For intracellular staining, fixed cells were permeabilized by incubating in Perm/Wash Buffer 

(BD Biosciences) for 20 min and incubated with antibodies for 30 min. To assess cell death, 

cells were harvested and stained with PE Annexin V and 7-aminoactinomycin D (7-AAD) 

using Apoptosis Detection Kit (BD Pharmingen) per manufacturer’s instructions. In all 

cases, flow cytometric analyses were performed on a FACS Canto II cell analyzer (BD 

Biosciences) and data were analyzed using FlowJo or Kaluza software. For cell marker 

expression analysis, the gating strategy was to first gate on singlets and viable cells, and then 

gated on lymphocytes. For cell death analysis, the level of Annexin V and 7-AAD was 

analyzed based on singlets gate.

2.5 Real-time quantitative PCR

Total RNA was isolated using the RNeasy Kit (Qiagen, Valencia, CA) and was reverse-

transcribed into cDNA using the High Capacity cDNA Reverse Transcription Kit (Applied 

Biosystems). The expression level of target gene was assessed by TaqMan Gene Expression 

Assays: CYP1B1 (Hs02382916_s1). Real-time qPCR was performed on ABI PRISM 

7900HT Sequence Detection System (Applied Biosystems). The relative steady-state mRNA 

level for target gene was calculated by normalizing to the 18S ribosomal RNA and fold 

changes were calculated by ΔΔCT method (Livak and Schmittgen 2001).
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2.6 Statistics

Statistical analyses were performed using GraphPad Prism 5.00 (Graphpad Software, San 

Diego, CA). Data were graphed as mean ± SEM. Statistical comparisons were performed 

using t-test, one-way ANOVA with Dunnett’s multiple comparison posttest or two way 

ANOVA with Bonferroni posttest depending on the experimental design. Data presented as 

fold-change were transformed using logarithmic transformation prior to statistic analysis.

3. Results

3.1 An in vitro co-culture system supporting human B lymphopoiesis

An in vitro culture system was established to investigate the effects of TCDD on human B 

lymphopoiesis. Specifically, fresh human cord blood CD34+ HSCs were co-cultured with 

primary human marrow stromal cells (HMSC) and supplemented with cytokines. During the 

3–5 week culture period, cell surface markers demarcating discrete stages of B cell 

development were measured to monitor the progression of B lymphopoiesis. The expression 

of interleukin-7 receptor α chain (IL7Rα), which identified lymphoid lineage restriction 

(Nutt and Kee 2007), increased from 0.3% on day 0 to 29.1% on day 20 (Fig. 1A), 

indicating the generation of common lymphoid progenitors. By day 24, 26.1% of cells 

expressed CD19, a hallmark of B cell lineage commitment and demonstrating that this in 
vitro co-culture system supports human B cell development from HSCs (Fig. 1B).

3.2 TCDD decreased the total number of hematopoietic stem and progenitor cells

To explore the effects of TCDD on early stages of human HSC to B cell development, HSCs 

were treated with vehicle (VH, 0.02% DMSO) or TCDD (1, 10 or 30 nM) on day 0 and co-

cultured with HMSCs for 5 weeks. The effects of TCDD on B cell development were first 

assessed by enumerating the total number of HSC-derived hematopoietic stem and 

progenitor cells (HSPCs). The growth curves for HSPCs show that TCDD treatment 

significantly decreased the total number of HSPCs at each time point (Fig. 2). To determine 

whether the decrease in cell number was due to TCDD-induced cell death, Annexin V and 7-

AAD staining assay was performed. Consistently, a significant decrease in total cell number 

was observed with TCDD treatment on days 14, 18 and 21 (Fig. 3A). While the number of 

cells undergoing apoptosis (Annexin V+ 7-AAD+/−) or necrosis (Annexin V− 7-AAD+) was 

unchanged by TCDD treatment, a significant decrease in the number of live cells (Annexin 

V− 7-AAD−) was observed in the presence of TCDD (Fig. 3B). Collectively these findings 

suggest that the decrease in the total number of HSPCs in the presence of TCDD is not due 

to necrotic or apoptotic cell death.

3.3 TCDD diminished CD34 expression on HSPCs

To further investigate impairment of B cell development by TCDD, the expression of CD34 

on HSPCs was examined. CD34 has been used widely as a stem cell marker for HSCs as it 

is absent from most mature hematopoietic lineages. In addition, the expression of CD34 by 

HSCs has been identified as an indicator of stem cell activation status. Quiescent HSCs, 

largely in G0 phase of cell cycle, are CD34− whereas cytokine-activated HSCs in G0/G1 

phase are CD34+ (Roberts and Metcalf 1995; Tajima et al. 2000). Using the HSC-stromal 
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cell co-culture, TCDD significantly decreased the expression of CD34 on HSPCs (Fig. 4) as 

evidenced by both the percentage of CD34+ cells (Fig. 4A) as well as by the average level of 

CD34 surface expression on individual CD34+ cells (represented by mean fluorescence 

intensity - MFI) (Fig. 4B). In light of the aforementioned association between CD34 

expression and HSC activation, decreased CD34 on HSPCs in the presence of TCDD 

suggests either suppression of HSC activation or that HSCs are being driven more rapidly 

toward a differentiated state. The former is more likely since TCDD treatment led to a 

reduction in the total cell number in culture (Fig. 2).

3.4 Structure-activity-relationship studies to assess involvement of AHR in impairment of 
early B lymphopoiesis by TCDD

It is widely established that most of the effects produced by TCDD are mediated by the 

AHR (Hankinson 1995; Schmidt and Bradfield 1996). To explore the involvement of the 

AHR in TCDD-mediated impairment of B cell development, structure-activity-relationship 

studies were conducted using four polychlorinated dibenzo-p-dioxin (PCDD) congeners: 1-

chlorodibenzo-p-dioxin (MCDD), 2,3,7-trichlorodibenzo-p-dioxin (TriCDD), 1,2,3,4,7,8-

hexachlorodibenzo-p-dioxin (HxCDD) and TCDD. First we measured the induction of 

CYP1B1 expression by PCDD congeners, a AHR-mediated response. The rank order for 

CYP1B1 induction was: MCDD < TriCDD < HxCDD < TCDD (Fig. 5), which correlated 

with AHR binding affinity for the respective congeners (Poland et al. 1976; Sulentic et al. 

2000). Consistently, the magnitude of reduction in the total cell number (Fig. 6), down-

regulation of CD34 expression, and reduction in the percentage of CD34+ cells (Fig. 7) all 

correlated with the congener’s AHR binding affinity, suggesting AHR involvement.

3.5 TCDD diminished B cell lineage commitment by HSC

To investigate the effects of TCDD on human B cell lineage commitment, we assessed the 

capacity of HSCs to give rise to pre-B cells in the absence and presence of TCDD (1, 10 and 

30 nM). The generation of pre-B cells from HSCs was identified based on the expression of 

CD19, a hallmark of B cell lineage commitment, using flow cytometry. During the culture 

period, pre-B cells started emerging after the third week and rapidly increased in number 

thereafter. In contrast, the generation of pre-B cells was significantly reduced in the presence 

of TCDD (Fig. 8), suggesting impairment of B cell lineage commitment.

3.6 The effects of TCDD on HSCs in the absence of stromal cells

A previous study demonstrated that the AHR agonist, 7,12-Dimethylbenz[a]anthracene 

(DMBA), altered stromal cell cytokine production (Jensen et al. 2003). In addition, DMBA 

metabolites generated by stromal cells triggered bone marrow B cell apoptosis (Teague et al. 

2010). Although TCDD is not readily metabolized and does not require metabolism to 

suppress B cell function, studies with DMBA raised the question whether TCDD-elicited 

impairment of early human B cell development was dependent on stromal cells. To 

investigate the direct effects of TCDD on HSCs in the absence of stromal cells, we adopted 

and modified a previously described stromal cell-free culture system (Ichii et al. 2010). As 

observed in HSC/HMSC co-cultures, the total number of HSPCs in the stromal cell-free 

cultures was significantly reduced by TCDD treatment (Fig. 9). In addition, TCDD 

treatment also decreased the percentage of CD34+ cells as well as the magnitude of CD34 
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expression (represented by MFI) on CD34+ cells in stromal cell-free cultures (Fig. 10). 

Moreover, the number of CD19+ lineage committed B cells was also diminished by TCDD 

treatment (Fig. 11). Comparing between HSC/HMSC co-cultures and stromal cell-free 

cultures, similar effects of TCDD on B cell development were observed, including the 

decrease in total cell number, decline in CD34 expression and reduction in lineage 

committed B cell production. This similarity, in spite of the difference in magnitude, 

suggests a direct effect by TCDD on HSCs, which is sufficient to disrupt early B cell 

development.

4. Discussion

Here we show that TCDD impaired human B cell development from HSCs in light of the 

following observations: (i) The number of HSC-derived HSPCs was decreased in the 

presence of TCDD, which was not due to cell death but rather a decrease in cell 

proliferation. This finding is consistent with the observation that HSPCs from Ahr-null mice 

exhibited an increased rate of proliferation (Singh et al. 2011); (ii) TCDD decreased the 

expression of CD34, an indicator of activation status of HSCs; (iii) The generation of lineage 

committed B cells from human HSCs was diminished by TCDD. This observation is 

consistent with previous reports in mice showing decreased B cell progenitors in response to 

TCDD administration (Singh et al. 2009), and Ahr-null mice exhibited an increase in the 

number of common lymphoid progenitors (Singh et al. 2011). We also demonstrated AHR 

involvement by structure-activity relationship experiments. Last, using parallel cultures with 

or without stromal cells suggest a direct effect of TCDD on HSCs. Overall, to our 

knowledge these are the first studies demonstrating that AHR activation by TCDD impairs 

human HSC to B cell lineage commitment.

Increasing evidence suggests a physiological/developmental role for the AHR in variety of 

biological responses, including hematopoiesis (Fernandez-Salguero et al. 1995; Schmidt et 

al. 1996). Enhanced proliferation of HSCs in Ahr−/− mice (Singh et al. 2011) as well as 

increased expansion of human HSCs in the presence of AHR antagonist (Boitano et al. 

2010) suggests the existence of endogenous AHR ligands that influence hematopoiesis. The 

search for endogenous AHR ligands has identified a growing list of compounds, including 

indigoids, equilenin, tryptophan metabolites, arachidonic acid metabolites and heme 

metabolites (Nguyen and Bradfield 2008). It is believed that the endogenous AHR activation 

is controlled via an autoregulatory feedback pathway such that endogenous ligands activate 

AHR, which in turn upregulate the expression of cytochrome P450 enzymes that degrade 

endogenous ligands (Chiaro et al. 2007). Here we explored the effects of persistent AHR 

activation on hematopoiesis using TCDD, a stable high affinity ligand and environmental 

contaminant. Although the in vitro concentrations of TCDD used in this study are higher 

than the levels to which the general public is typically exposed, the goal of the present 

investigation was to utilize TCDD as a mechanistic probe. With that said, 1 nM TCDD is 

comparable with serum levels observed in exposed individuals after the Sevoso, Italy 

accident in 1976 (Needham et al. 1999). It is important to emphasize that in the current 

study, HSCs were treated with TCDD only on day 0 with half of the media then being 

replaced weekly without further addition of TCDD. Hence the concentration of TCDD at the 

end of the 28-day culture period was reduced over time.
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To mimic the microenvironment of human B lymphopoiesis in vitro, human feeder cells 

(primary human marrow stromal cells) and human recombinant cytokines were used to 

facilitate HSC to B cell development. The present in vitro findings showing that TCDD 

impaired human B lymphopoiesis are consistent with in vivo animal studies (Singh et al. 

2009; Thurmond and Gasiewicz 2000), suggesting mechanistic parallels across species. In 

addition, our studies suggest that TCDD directly affects the HSCs rather than mediating its 

effects indirectly through actions on stromal cells. It is noteworthy that the magnitude of 

TCDD-mediated impairment (i.e. decrease of total HSPCs (Fig. 9), CD34 expression (Fig. 

10) and pro-B cell number (Fig. 11)) was modestly diminished in the absence of HMSCs, 

which could be attributable to several factors. One possibility is that TCDD also mediates 

some effects on the HMSCs, which further impairs B cell development. Although we cannot 

exclude this possibility, it is unlikely since the HMSCs undergo significant irradiation prior 

to co-culture with HSCs and are functionally compromised as evidenced by a complete 

absence of proliferative capability (data not shown). A second possibility is that under 

stromal cell-free culture conditions, HSCs are subjected to supraoptimal concentrations of 

growth factors present in HMSC conditioned media, which attenuate some of the inhibitory 

effects produced on HSCs by TCDD. The latter explanation is supported by our observation 

that the same number of HSCs generated more HSPCs in stromal cell-free cultures than in 

co-cultures (Fig. 2 and 9, vehicle groups). Although the effects of TCDD in stromal cell-free 

culture are modest, they are consistent with the effects in HSC/stromal cell co-cultures, 

suggesting direct effects of TCDD on HSCs. In addition, given that CD19+ pre-B cells 

undergo significant proliferation during B lymphopoiesis, the modest disturbance by TCDD 

will be magnified over time.

One of the most consistent and profound effects by TCDD in the present study was on the 

decrease of CD34 expression by HSCs. CD34 has been identified as a hematopoietic stem 

cell marker which has been used clinically in HSC transplantation for more than 20 years. 

As CD34 expression is restricted on hematopoietic stem and progenitor cells and is absent 

from terminally differentiated hematopoietic lineages, one possible interpretation is that 

TCDD drives HSC more rapidly toward a differentiated state. This abnormal acceleration of 

development might disrupt the sequential progression required for B cell development and 

result in reduced production of lineage committed B cells. On the other hand, studies have 

shown that the expression of CD34 associates with the activation status of HSCs (Roberts 

and Metcalf 1995; Tajima et al. 2000). Specifically, quiescent HSCs express low levels of 

CD34, whereas activated and proliferating HSCs express CD34 at a relatively high level. 

Therefore, decreased CD34 expression could reflect the transition of activated HSCs into a 

quiescent stage by TCDD, hence, accounting for suppressed HSC proliferation. 

Concordantly, a previous study has shown that Ahr-null mice had more activated HSCs (in 

the G1 and S phase of cell cycle) compared to WT mice (Singh et al. 2011), supporting the 

possibility that TCDD activates AHR in HSCs which leads to reduced cell activation and 

proliferation. This possibility is also supported by our observation that TCDD reduced the 

total number of HSPCs via mechanism not involving cell death.

Historically, humoral immunity has been identified as a very sensitive target of TCDD and 

dioxin-like compound exposure as evidenced by suppression of antibody response across 

virtually all animal species evaluated (Holsapple et al. 1991; Sulentic and Kaminski 2011). 
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Epidemiological studies have also shown an association between TCDD exposure and 

decreased humoral immunity. A cohort study in Dutch children found that high perinatal 

exposure to dioxin-like compounds was correlated with low vaccine titters and a high 

incidence of chicken pox and otitis (ten Tusscher et al. 2003). Likewise, a case-control study 

in Sevoso, Italy, identified a significant association between decreased plasma 

immunoglobulin G (IgG) levels and increasing TCDD plasma concentration (Baccarelli et 

al. 2002). Although these dioxin-associated effects on humoral immunity could have arisen 

from direct effects by dioxin on mature B cells, impairment of B cell developmental 

processes by TCDD, as suggested by our study, may represent an additional contributing 

factor responsible for compromised humoral immunity. Because mature B cells have a 

relatively short half-life (3–8 weeks), the peripheral B cell repertoire requires life-long 

replenishment by B lymphopoiesis from HSCs. Therefore, disruptions of B lymphopoiesis 

by TCDD could have significant impact on humoral immunity.

Collectively, our study shows that TCDD, by activating AHR, impairs the early stages of 

human hematopoiesis and eventually results in a decrease in B cell lineage commitment. As 

growing evidence suggests AHR is involved in many aspects of hematopoiesis, future 

investigations focusing on AHR-mediated alterations of gene expression will shed light on 

the molecular mechanism and putative target genes by which TCDD inhibits human B cell 

development.
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Abbreviations

HSC hematopoietic stem cell

AHR aryl hydrocarbon receptor

TCDD 2,3,7,8-tetrachlorodibenzo-p-dioxin

HSPC hematopoietic stem and progenitor cell

CLP common lymphoid progenitor

IL7R interleukin-7 receptor

IL7Rα interleukin-7 receptor α chain

EBF1 early B cell factor 1

HAH halogenated aromatic hydrocarbon

HMSC human marrow stromal cell

PCDD polychlorinated dibenzo-p-dioxin
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MCDD 1-chlorodibenzo-p-dioxin

TriCDD 2,3,7-trichlorodibenzo-p-dioxin

HxCDD 1,2,3,4,7,8-hexachlorodibenzo-p-dioxin

DMBA 7,12-Dimethylbenz[a]anthracene
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Figure 1. Establishment of an in vitro model system of human B cell development
Human HSCs were co-cultured with HMSCs in RPMI media supplemented with cytokines. 

The HSC-derived hematopoietic stem and progenitor cells (HSPCs) were harvested by 

gentle resuspension from co-cultures. The expression of cell surface IL7Rα (A) and CD19 

(B) were analysed by flow cytometry. Data are representative of two independent 

experiments with similar results.
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Figure 2. TCDD decreased the total cell number in co-culture
Human HSCs (104 cells/well) were treated with vehicle (VH) (0.02% DMSO) or TCDD (1, 

10 or 30 nM) on day 0 and co-cultured with HMSCs. The HSC-derived HSPCs were 

harvested by gentle resuspension from co-culture and enumerated using a hemocytometer. 

Data are presented as the mean ± SE of triplicate measurements. Statistic analysis was 

performed using two way ANOVA with Bonferroni posttest. The symbols a, b and c 

designate the significant differeces (p<0.05) between VH group and the three TCDD 

treatment groups respectively. Data are representative of two independent experiments.
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Figure 3. TCDD does not affect cell viability
Human HSCs were treated with vehicle (VH) (0.02% DMSO) or TCDD (30 nM) on day 0 

and co-cultured with HMSCs. A) The HSC-derived HSPCs were harvested by gentle 

resuspension from co-culture and enumerated using a hemocytometer. B) Cell death analysis 

was performed by Annexin V and 7-AAD staining. The numbers of live (Annexin V− 7-

AAD−), apoptotic (Annexin V+ 7-AAD+/−) and necrotic (Annexin V− 7-AAD+) HSPCs 

from VH or TCDD treated groups were enumerated on day 14, 18 and 21. Data are 

presented as mean ± SE of triplicate measurements. * p <0.05, **p<0.01, ***p <0.001, 

compared to the VH by two way ANOVA with Bonferroni posttest. Data are representative 

of four independent experiments.
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Figure 4. TCDD reduced the percentage of CD34+ cells and the average expression level of CD34 
on CD34+ cells
HSCs (CD34+) were treated with vehicle (VH) (0.02% DMSO) or TCDD (1, 10 or 30 nM) 

on day 0 and co-cultured with HMSCs. The expression of CD34 on HSC-derived HSPCs 

was measured on day 7, 14 and 21 using flow cytometry. A) The percentage of CD34+ cells 

in VH or TCDD treatment groups. B) The average expression level of CD34 on CD34+ 

HSPCs is represented by MFI. Data are mean ± SE of triplicate measurements. * p <0.05, 

**p <0.01, ***p <0.001, compared to VH by one way ANOVA with Dunnett’s multiple 

comparison test. Data are representative of three independent experiments.
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Figure 5. Effect of selected PCDD congeners on CYP1B1 induction
HSCs were treated with vehicle (VH) (0.02% DMSO) or PCDD congeners (30 nM) on day 0 

and co-cultured with HMSCs. The mRNA level of CYP1B1 in HSC-derived HSPCs was 

measured by RT-qPCR. The fold change was calculated relative to day 0 untreated cells. 

Data are presented as mean ± SE of triplicate measurements. **p<0.01, ***p <0.001, 

compared to the VH by two way ANOVA with Bonferroni posttest.
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Figure 6. Effect of selected PCDD congeners on cell number
HSCs (104 cells/well) were treated with vehicle (VH) (0.02% DMSO) or PCDD congeners 

(30 nM) on day 0 and co-cultured with HMSCs. The HSC-derived HSPCs were harvested by 

gentle resuspension from co-culture and enumerated using a hemocytometer. Data are 

presented as mean ± SE of triplicate measurements. The symbols a, b, c and d designate 

significant differeces (p<0.05) between the VH group and four PCDD congeners treatment 

groups (MCDD, TriCDD, HxCDD and TCDD) respectively. Statistical analysis was 

performed using a two way ANOVA with Bonferroni posttest. Data are representative of two 

independent experiments.
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Figure 7. Effect of selected PCDD congeners on CD34 expression
HSCs (CD34+) were treated with vehicle (VH) (0.02% DMSO) or PCDD congeners (30 

nM) on day 0 and co-cultured with HMSCs. The expression of CD34 on HSC-derived 

HSPCs was measured on day 7 and 14 by flow cytometry. A) The percentage of CD34+ 

HSPCs. B) The average expression level of CD34 on CD34+ HSPCs, represented by MFI. 

Data are presented as mean ± SE of triplicate measurements. ***p <0.001, compared to VH 

by two way ANOVA with Bonferroni posttest. Data are representative of two independent 

experiments.
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Figure 8. TCDD decreased the number of lineage committed B cells in co-culture
HSCs (104 cells/well) were treated with vehicle (VH) (0.02% DMSO) or TCDD (1, 10 or 30 

nM) on day 0 and were co-cultured with HMSCs. The CD19+ lineage committed B cells 

were quantified by flow cytometry. Data are presented as mean ± SE of triplicate 

measurements. The symbols a, b and c designate significant differeces (p<0.05) between VH 

group and three TCDD treatment groups respectively. Statistic analysis was performed using 

a two way ANOVA with Bonferroni posttest. Data are representative of two independent 

experiments.
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Figure 9. TCDD decreased the total cell number in stromal cell-free cultures
HSCs (104 cells/well) were treated with vehicle (VH) (0.02% DMSO) or TCDD (30 nM) on 

day 0 and cultured in stromal cell-free cultures (RPMI media supplemented with cytokines 

and 20% v/v of conditioned media). The HSC-derived HSPCs were harvested and 

enumerated using a hemocytometer. Data are presented as mean ± SE of triplicate 

measurements. **p <0.01, ***p <0.001, compared to the VH by a two way ANOVA with 

Bonferroni posttest. Data are representative of three independent experiments.
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Figure 10. TCDD reduced CD34 expression in stromal cell-free cultures
HSCs (104 cells/well) were treated with vehicle (VH) (0.02% DMSO) or TCDD (30 nM) on 

day 0 and cultured in stromal cell-free cultures (RPMI media with supplemented with 

cytokines and 20% v/v of conditioned media). The expression of CD34 on HSC-derived 

HSPCs was measured by flow cytometry. A) The percentage of CD34+ HSPCs. B) The 

average expression level of CD34 on CD34+ HSPCs, represented by MFI. Data are 

presented as mean ± SE of triplicate measurements. * p <0.05, **p <0.01, ***p <0.001, 

compared to the VH by a two way ANOVA with Bonferroni posttest. Data are representative 

of three independent experiments.
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Figure 11. TCDD decreased the total number of lineage committed B cells in stromal cell-free 
culture
HSCs (104 cells/well) were treated with vehicle (VH) (0.02% DMSO) or TCDD (30 nM) on 

day 0 and cultured in stromal cell-free cultures (RPMI media supplemented with cytokines 

and 20% v/v of conditioned media). The CD19+ lineage committed B cells were identified 

by flow cytometry. Data were presented as mean ± SE of triplicate measurements. ***p 

<0.001, compared to the VH by two way ANOVA with Bonferroni posttest.
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