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Abstract

Over half of T-cell acute lymphoblastic leukemia (T-ALL) patients have activating mutations in 

the Notch gene. Moreover, the contaminant 2,3,7,8 Tetrachlorodibenzo-p-dioxin (TCDD) is a 

known carcinogen that mediates its toxicity through the aryl hydrocarbon receptor (AHR), and 

crosstalk between activated AHR and Notch signaling pathways has previously been observed. 

Given the importance of Notch signaling in thymocyte development and T-ALL disease 

progression, we hypothesized that the activated AHR potentiates disease initiation and progression 

in an in vivo model of Notch1-induced thymoma. This hypothesis was tested utilizing adult and 

developmental exposure paradigms to TCDD in mice expressing a constitutively active Notch1 

transgene (NotchICN-TG). Following exposure of adult NotchICN-TG mice to a single high dose of 

TCDD, we observed a significant increase in the efficiency of CD8 thymocyte generation. We 

next exposed pregnant mice to 3μg/kg of TCDD throughout gestation and lactation to elucidate 

effects of developmental AHR activation on later-life T cell development and T-ALL-like 

thymoma susceptibility induced by Notch1. We found that the vehicle-exposed NotchICN-TG 

offspring have a peripheral T-cell pool heavily biased toward the CD4 lineage, while TCDD-

exposed NotchICN-TG offspring were biased toward the CD8 lineage. Furthermore, while the 

vehicle-exposed NotchICN-TG mice showed increased splenomegaly and B to T cell ratios 

indicative of disease, mice developmentally exposed to TCDD were largely protected from 

disease. These studies support a model where developmental AHR activation attenuates later-life 

Notch1-dependent impacts on thymocyte development and disease progression.
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INTRODUCTION

In humans, rates of chronic immune diseases and disorders have progressively increased 

over the last forty years (Bach, 2002; Dietert et al., 2010; Howlader et al., 2013; Jacobson et 

al., 1997). Some have suggested the increase in immunodeficiencies is due to the interaction 

of the environment with genetic susceptibility factors leading to altered immune state or 

immune cell development (Fazekas de St Groth, 2007; Perl, 2010). Environmentally 

initiated alterations in developmental pathways may lead to latent disease risk that can 

emerge at any time later in life following secondary exposures (Barker, 2007; Gluckman, 

Peter D. et al., 2005; Schug et al., 2012). Therefore, children are more vulnerable than adults 

to such exposures, as they have the entire life course ahead of them, resulting in more 

opportunities to impact sensitive time points (Perera and Herbstman, 2011). Environmental 

factors that are present during early life developmental stages may have particularly long-

ranging impact by developmentally reprogramming progenitor cells through epigenetic 

changes at the chromatin level that potentially impact gene expression later in life. The 

impacts of progenitor cell reprogramming on later-life disease susceptibility are dependent 

on the interaction between the maternal intrauterine environment, the timing of exposure to 

potential insults, and the genetic susceptibility of the child. For example, early mutations in 

hematopoietic stem cells can increase the risk for development of leukemia (Corces-

Zimmerman and Majeti, 2014). Moreover, 60% of all cases of T cell acute lymphoblastic 

leukemia (T-ALL) are associated with activating genetic mutations in Notch1 (Van 

Vlierberghe and Ferrando, 2012; Weng et al., 2004), a transmembrane receptor required for 

T cell development and function and regulation of CD4 vs. CD8 lineage commitment 

(Fowlkes and Robey, 2002).

Pinpointing environmental exposures as risk factors linked directly to disease outcomes is 

often complicated because of the latency associated with chronic, low level exposures. 

However, developmental exposure to the ubiquitous, persistent contaminant 2,3,7,8-

tetrachlorodibenzo-p-dioxin (TCDD), acting through the aryl hydrocarbon receptor (AHR), 

has been connected to immune dysfunction later in life (Dietert, 2009; Vorderstrasse et al., 

2004), and epidemiological studies that have followed the population in Seveso, Italy 

accidentally exposed to TCDD in 1976, show an increase in both lymphatic and 

hematological cancers in adults (Consonni et al., 2008). Furthermore, children whose 

parents had elevated TCDD in their serum exhibited a decrease in thyroid function 

(Eskenazi et al., 2010). These results suggest that the adverse effects of TCDD can occur 

following both acute adult exposure and chronic low level developmental exposure and that 

the developing immune system is a sensitive target of TCDD in humans.

A potential connection between the AHR and Notch was elucidated in human acute 

lymphoblastic leukemia (ALL) where hypermethylation of the AHR promoter region was 
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observed (Mulero-Navarro et al., 2006). Additionally, AHR responsive elements (AHREs) 

have been found in Notch promoters (Bock, 2013), and Notch signaling induces stimulation 

of the AHR in activated T cells (Alam et al., 2010). However, whether Notch1 and 

developmental AHR activation interact to promote disease has yet to be determined. This 

potential of developmental Notch1-AHR crosstalk during hematopoietic system disease 

initiation warrants further consideration given the genetic link to Notch1 mutations in T-

ALL and continued production and persistence of TCDD and other environmental 

combustion by-products that act on the AHR, particularly in many developing countries 

undergoing rapid industrialization (Tanabe and Minh, 2010; Terauchi et al., 2009; Tue et al., 

2013).

Previously we have demonstrated that developmental exposure to TCDD decreases the 

ability of hematopoietic progenitor cells to differentiate into mature lymphocytes 

(Ahrenhoerster et al., 2014). To determine if this phenomenon could have later-life disease 

implications, we examined the effect of prenatal AHR activation by transplacental exposure 

to TCDD on development and progression of a Notch1-induced thymoma in mice. We 

utilized a Notch1 transgenic mouse prone to developing T cell thymoma in order to probe a 

potential Notch1-AHR gene-environment interaction in disease. We hypothesized that 

developmental activation of AHR would produce a more severe form of Notch1- influenced 

thymoma in transgenic mice prone to disease than in unexposed control transgenic mice. To 

test this hypothesis, timed pregnant dams were exposed to 3μg/kg TCDD or vehicle control 

throughout pregnancy and at two days past parturition (PPD2). We found that while there 

was no significant difference in disease onset, severity or incidence between the groups, 

there was a significant difference in the ratios of circulating T-cells in the adult mice 

developmentally exposed to TCDD, ultimately impacting the lineage of the thymomas 

identified in the peripheral immune organs. Specifically, whereas unexposed Notch1 

transgenic mice had a higher proportion of circulating CD4+ cells in the blood, Notch1 

transgenic mice exposed to TCDD in utero had an increased proportion of circulating CD8+ 

cells as adults. This T cell lineage switch suggests an AHR-dependent reprogramming of a 

hematopoietic precursor during development that impacts the later-life intrinsic Notch signal 

transduction occurring in the CD4 versus CD8 T-cell lineage choice. These data have 

implications for disease susceptibility in vulnerable populations that may possess genetic 

instability in the Notch locus and/or have been exposed to environmental AHR agonists 

developmentally.

Materials and methods

Experimental animals

All animal procedures were conducted according to NIH’s Guide for the Care and Use of 

Laboratory Animals (National Research Council, 2011) and with the approval of the 

Institutional Animal Care and Use Committee (IACUC) at the University of Wisconsin-

Milwaukee. C57BL/6J mice used were offspring of original pups obtained from the Jackson 

Laboratory (Bar Harbor, ME). C57BL/6-Tg(LckNotch1)9E mice, hereafter referred to as 

Notch1ICN-TG mice, were offspring of original pups that were a generous gift from B.J. 

Fowlkes, PhD, at the National Institute of Allergy and Infectious Disease (NIAID), 
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Bethesda, MD. These mice were maintained as homozygous stock prior to breeding to 

C57BL/6 to generate heterozygous Notch1ICN-TG used for all experimental procedures. 

After overnight pairings, presence of a vaginal plug was designated gestational day (GD) 

0.5. All mice were housed in micro-isolator cages in a specified pathogen-free facility at the 

University of Wisconsin-Milwaukee, were provided food and water ad libitum and 

maintained on a 12:12-h light cycle.

TCDD preparation and treatment protocol

TCDD (Cambridge Isotopes, Andover, MA) was prepared as previously described 

(Ahrenhoerster et al., 2014). Pregnant mice in the treatment group were given 3μg TCDD/kg 

body weight by oral gavage on gestational days 0.5, 7.5, 14.5, and post-partum day (PPD) 

2.5, while control mice received an equivalent volume of olive oil vehicle (0.1ml per 10g) 

on the same days. Doses were given 7 days apart to insure a relatively constant level of 

TCDD throughout because the half life of TCDD in a C57BL/6 mouse is approximately one 

week (Gasiewicz et al., 1983; Hogaboam et al., 2007; Miniero et al., 2001; Weber and 

Birnbaum, 1985).

For acute exposure experiments, four-week old naïve mice were exposed to a single dose of 

10μg or 30μg TCDD/kg body weight or an equal volume of vehicle control by oral gavage 

and tissues were analyzed 10 days after exposure.

Blood and tissue harvest and analysis

For analysis of immune cell ratios, mice were weighed and blood was harvested weekly, 

from 5 to 12 weeks of age. For blood collection, mice were restrained by hand, and the right 

cheek was nicked with a 5 mm Goldenrod animal lancet (Medipoint, Inc., Mineola, NY). 

Approximately 100μL of blood was collected from the maxillary vein and deposited into a 

2000μL tube (Eppendorf, USA) containing 50 μL of heparin (Sagent Pharmaceuticals, 

Schaumburg, IL).

100μL of blood/heparin were washed in 1 ml Hank’s buffered saline solution (HBSS; 

Corning CellGro, Herndon, VA), supplemented with 0.5% FBS (Invitrogen, Grand Island, 

NY) and 0.1% sodium azide (J.T. Baker/Avantor, Center Valley, PA). Prior to analysis, Fc 

receptors were blocked with 2.4G2, red blood cells were lysed with BD Pharm Lyse (BD 

Biosciences, San Jose, USA), and then cells were stained and analyzed for surface 

expression of CD4, CD8, CD19, CD11b, CD-3, Gr-1 and CD45 (see section below for 

details). Because CD4+CD8+ cells are normally found only in the thymus, any blood 

samples with populations of CD4+CD8+ were eliminated from our analyses (Supp. Fig. 1).

Tissue samples were harvested from mice throughout the experiment. Mice were observed 

daily, and if a mouse appeared visibly ill (slow-moving, apparent tumor growth), it was 

euthanized by CO2 inhalation followed by cervical dislocation according to the American 

Veterinary Medical Association guidelines (AVMA, 2013). For some experiments, half of 

the mice were euthanized at week 8, and all remaining mice were euthanized at completion 

of the experiment on week 12. After euthanasia, spleen and thymus were removed from 

individual mice, mechanically dispersed in HBSS supplemented with 0.5% fetal bovine 
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serum (Invitrogen, Grand Island, NY) and 0.1% sodium azide (J.T. Baker/Avantor, Center 

Valley, PA), and passed through sterile Nitex nylon mesh (80μm; Wildco, Yulee, FL) to 

form single cell suspensions. The red blood cells were then depleted with lysis buffer (155 

mM NH4Cl + 12 mM NaHCO3 + 0.1 mM EDTA), Fc blocked with 2.4G2, then stained and 

analyzed for surface expression of CD3, CD4, CD8, CD11b, and CD5.

Antibodies and Fluorescence Activated Cell Sorting

Primary fluorochrome-conjugated monoclonal antibodies were used in flow cytometry 

analysis on a BD FACSAria III, DIVA version 6.1.3. Weekly blood and tissue cells were 

identified based on expression of BD-V450-conjugated CD19 (clone 1D3); Alexa488-

conjugated CD11b (clone M1/70); PE-conjugated CD45 (clone 30-F11); PE-CF594-

conjugated CD3 (clone 145-2C11); PECy5-conjugated CD4 (clone RM4-5); Alexa647-

conjugated CD8 (clone 5H10); and APC-Cy7-conjugated Gr-1 (clone RB6-8C5). CD5+ 

tumor cells were identified by first gating on CD3+ populations, then CD4+ and CD8+. 

Within CD4+ and CD8+ populations, tumor cells were identified by the presence of Biotin-

conjugated CD5 (clone 53-7.3) coupled with Streptavidin FITC. For thymocyte and 

splenocyte cellular analysis, viable cells were identified with the vital dye Sytox Blue (Life 

Technologies, Carlsbad, CA) to label nuclei from dead or dying cells with permeable 

membranes. Sytox Blue negative cells were then identified by the presence of PECy5-

conjugated CD4 (clone 30-F11) and/or Alexa647-conjugated CD8 (clone 5H10). All 

antibodies were used at titrated concentrations and were purchased from BD Biosciences 

(San Jose, CA). All flow cytometry data were analyzed using FlowJo software (Version 9.5, 

Treestar, Ashland, OR).

Statistical analysis

Our calculations are based on a compilation of data from at least three replicates of each 

experiment; n-values are listed in each figure legend. Graphpad Prism 6 (Graphpad 

Software, LaJolla, CA) was utilized for Student’s t-test, Log-rank (Mantel-Cox) test of 

survival curve comparison, and graphical presentation of all data.

RESULTS

Notch1ICN-TG-dependent maturation of CD8+ thymocytes is potentiated by TCDD activation 
of the AHR

In order to elucidate the potential interaction between Notch1 and the AHR during 

thymocyte development, we exposed four-week old Notch1ICN-TG and C57BL/6 mice to a 

single dose of 10 or 30μg/kg TCDD or vehicle control, and analyzed thymus size, cell 

number, and composition 10 days after exposure. The Notch1ICN-TG transgenic mice 

utilized for these studies expresses the constitutively active intracellular Notch1 under 

control of the lck-proximal promoter, restricting its expression to developing thymocytes. 

These mice have previously been shown to produce a larger percentage of CD8+ thymocytes 

than CD4+ thymocytes, in contrast to proportions found in wild type C57BL/6 mice (Robey 

et al., 1996). This increased population of CD8+ cells found in the Notch1ICN-TG thymus is 

similar to observations made in mice exposed to the AHR ligand TCDD (Gill et al., 2008; 

Kremer et al., 1995). Following exposure to TCDD, both C57BL/6 and Notch1ICN-TG mice 
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showed a significant decrease in thymic weight and cellularity (Fig. 1A–B). Notably, we 

found that vehicle-exposed adult Notch1ICN-TG mice had larger thymuses by weight (Fig. 

1A) but lower cellularity (Fig. 1B) than C57BL/6 mice. Examination of flow cytometry 

FSC-A histograms for cell size distribution show a bi-modal peak in Notch1ICN-TG mice 

compared to the C57BL/6 indicating there is a greater population of large blast-like 

thymocytes (Supp. Fig. 2).

Analysis of thymocyte sub-populations revealed effects dependent on either Notch1ICN-TG, 

TCDD activation of the AHR, or on the combination of Notch1ICN-TG and TCDD activation 

of the AHR. Specifically, we found that in both C57BL/6 and Notch1ICN-TG mice, TCDD-

activation of the AHR led to a significant decrease in the absolute number of the most 

immature population of thymocytes identified by the absence of both CD4 and CD8 (Fig 

1C). The largest population of thymocytes by cell number, the CD4+CD8+, is reduced in 

number by more than 10 fold in the C57BL/6 mice after exposure to TCDD as previously 

reported (Fig 1D; p ≤ 0.001; Laiosa et al., 2003, 2002). Moreover, CD4+CD8+ thymocyte 

numbers in Notch1ICN-TG are also reduced by approximately 10 fold (p ≤ 0.05), however, 

the number of CD4+CD8+ thymocytes in the vehicle-exposed Notch1ICN-TG is 10 fold 

lower than vehicle-exposed C57BL/6, suggesting that the intracellular Notch1 transgene 

alters the basal thymocyte cell number. In comparison to the reduction observed in 

CD4+CD8+ thymocytes, the production of CD4+ and CD8+ progeny that result from 

positive selection are differentially sensitive to the combined effects of Notch1ICN-TG and 

the TCDD-activated AHR. Specifically, while the number of CD4 lineage thymocytes is 

significantly reduced by exposure to TCDD in both C57BL/6 and Notch1ICN-TG mice (Fig 

1E), CD8+ cells are present in equal number in the vehicle- and TCDD-exposed 

Notch1ICN-TG mice (Fig 1F). Given the differences in thymocyte cell number between 

C57BL/6 and Notch1ICN-TG mice, we used a ratio of single positive CD4+ or CD8+ to 

CD4+CD8+ as a way to normalize the efficiency of thymocyte conversion. Typically, 95–

99% of CD4+CD8+ thymocytes fail selection, which is reflected by ratios of less than 0.2 in 

the C57BL/6 mice. In comparison, the thymocyte conversion efficiency in Notch1ICN-TG 

mice is 3 to 5 fold higher in the CD4 and CD8 lineages, respectively. Moreover, 30μg/kg 

TCDD produces an excess of CD8 cells compared to DP cells thus yielding a ratio of CD8+ 

to CD4+CD8+ cells that is greater than one, indicating an increase in CD8 conversion 

efficiency in Notch1ICN-TG mice (Fig 1H; p ≤ 0.05). These results suggest a potential 

additive interaction between the thymocyte-restricted constitutively active intracellular 

Notch1 and the ligand-activated AHR during thymocyte development.

Developmental Exposure to TCDD Does Not Affect Survival Into Adulthood of 
Notch1ICN-TG transgenic mice

Based on our recent findings linking developmental TCDD exposure to attenuation of 

Notch1-dependent lymphocyte differentiation (Ahrenhoerster et al., 2014), and previous 

work demonstrating that developmental AHR activation adversely impacts later life 

immunity (Hogaboam et al., 2007), we hypothesized that developmental AHR activation by 

TCDD reprograms hematopoietic progenitor cells such that susceptibility to later-life 

genetically-based T-cell leukemia-like disease is increased. We tested this hypothesis in T-

cell thymoma prone NotchICN-TG mice by initially following the survival of Notch1ICN-TG 
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mice exposed to either vehicle or 3μg/kg of TCDD throughout gestation (GD 0.5, 7.5, 14.5 

and PPD 2.5). The in utero and lactationally-exposed pups were followed until death or 12 

weeks of age. Although approximately 40% of Notch1ICN-TG mice died during the 

experiment, there was no significant difference in overall survival between TCDD- or 

vehicle-exposed Notch1ICN-TG mice (Fig. 2).

Developmental TCDD exposure in Notch1ICN-TG mice skews blood B cell to T cell and CD4 
to CD8 ratios in adult mice

It is well established that Notch1ICN-TG mice have an altered ratio of CD4+ to CD8+ T cells 

compared to non-transgenic mice (Fowlkes and Robey, 2002; Robey et al., 1996), but the 

combined effect of developmental exposure to AHR agonists such as TCDD had not been 

examined in these mice. In order to more specifically quantify differences in thymoma 

initiation and progression following developmental exposure to TCDD in Notch1ICN-TG 

mice, we collected blood samples each week between 5 and 12 weeks of age, and quantified 

the proportions of circulating lymphocytes (Fig. 3A–C). No significant difference was found 

between treatments at any time point in either C57BL/6 or Notch1ICN-TG mice in the 

percentage of macrophages and granulocytes, as evidenced by percent of CD11b+ or 

Gr1+CD11b+ cells, respectively (Fig. 3A, B & G). Similarly, we found no significant 

difference between vehicle or TCDD exposure in the ratio of B cells to T cells or in CD4+ T 

cells to CD8+ T cells in the C57BL/6 mice (Fig. 3C & H). However, in Notch1ICN-TG mice, 

we saw a significantly lower ratio of B cells to T cells following developmental exposure to 

TCDD (Fig. 3D & H). Additionally, we saw a significantly lower ratio of CD4+ T cells to 

CD8+ T cells in mice developmentally exposed to TCDD (Fig 3F & I). Notably, in 

Notch1ICN-TG mice, the ratio of B cells to T cells, and the ratio of CD4+ to CD8+ T cells in 

mice developmentally exposed to TCDD decreased almost to the level found in C57BL/6 

mice. These data suggest that developmental exposure to TCDD provides protection from 

the alterations caused by a constitutively active Notch1 in thymocytes.

To determine if the change in the CD4+ to CD8+ ratio following developmental TCDD 

exposure could be explained by preferential survival of the CD8+ cells, we used the TUNEL 

assay to compare apoptosis in the thymus of 8 week old mice. We found no significant 

difference in the survival of CD4+ cells, CD8+ cells, or CD4+CD8+ cells following 

developmental TCDD exposure in either gender of mice (Supp. Fig. 3).

Adult thymocytes are unchanged by developmental TCDD exposure in NotchICN-TG mice

Given that the blood T cells and CD4:CD8 T cell ratios were altered in Notch1ICN-TG mice 

following developmental exposure to TCDD, and the variation was not explained by 

apoptosis, we examined CD4:CD8 thymocyte ratios in mice developmentally exposed to 

vehicle or 3μg/kg TCDD at 8 weeks and at 12 weeks of age. Although the distribution of 

viable thymocytes (as defined by sytox blue negative cells) differed in Notch1ICN-TG mice 

following developmental exposure to TCDD (Supp. Fig. 4A), we found no significant 

difference in CD4 to CD8 ratios or percent of CD4+CD8+ cells at either 8 weeks or 12 

weeks in C57BL/6 or in Notch1ICN-TG thymi (Supp. Fig. 4B–C). This unchanged 

distribution of thymocytes from developmentally exposed NotchICN-TG mice contrasts with 

what was observed in the periphery, suggesting that differential emigration of thymocytes 
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into the bloodstream or differential survival once reaching the periphery is the explanation 

for the profound differences in CD4:CD8 ratios in the blood.

Peripheral thymomas in Notch1ICN-TG mice following developmental TCDD exposure 
exhibit altered B cell:T cell ratios and differential expression of CD5

The spleen is almost always involved in murine leukemia and neoplasms (Yang et al., 2013) 

thus we further examined splenic tissue to search for metastatic thymomas. We observed 

alterations in the B cell to T cell ratio in spleens (Fig. 4), similar to that found in blood (Fig. 

3). Specifically, TCDD-exposed C57BL/6 mice showed a significantly lower B cell to T cell 

ratio difference at 8 weeks (Fig. 4A & E; p ≤ 0.01). Notch1ICN-TG mice also showed a 

significant decrease in the ratio of B cells to T cells following developmental exposure at 

both 8 weeks (p ≤0.001) and 12 weeks (p ≤0.05) of age (Fig. 4B, D & E). Although both 

week 8 C57BL/6 and weeks 8 and 12 Notch1ICN-TG mice showed significant differences in 

B cell to T cell ratios, the magnitude of difference in Notch1ICN-TG mice was much greater. 

Whereas in C57BL/6 mice, the ratio decreased by 30 percent (2.7 in vehicle-exposed to 1.9 

in TCDD-exposed), in Notch1ICN-TG mice, the ratio decreased over 50 percent at week 8 

(23.6 in vehicle-exposed to 11.4 in TCDD-exposed) and over 60 percent at week 12 (9.7 in 

vehicle-exposed to 3.3 in TCDD-exposed).

We further measured CD5 expression in CD4+ and CD8+ splenic T cells as a proxy for T 

cell activation (Fig. 4F). We found the mean fluorescence intensity (MFI), an indication of 

the density of CD5 on the cell surface, was nearly two-fold lower in the CD8+ population. 

However, in both the CD4+ and CD8+ populations, cells from mice developmentally 

exposed to vehicle control had greatly decreased MFI. Additionally, in both cases, MFI in 

cells isolated from spleens of Notch1ICN-TG mice developmentally exposed to TCDD 

returned to near the MFI levels seen in C57BL/6 mice. These data show that Notch1ICN-TG 

mice developmentally exposed to TCDD approach a B cell to T cell ratio and a CD5 MFI 

similar to the wild type C57BL/6 vehicle-exposed mice.

Spleen size is significantly smaller in Notch1ICN-TG mice following developmental TCDD 
exposure than in vehicle controls

Upon necropsy, many of the vehicle control Notch1ICN-TG mice had enlarged spleens--a 

sign of leukemic infiltration (Zhang et al., 2013) and this enlargement was much more 

common and severe in vehicle mice than in developmentally TCDD-exposed Notch1ICN-TG 

mice. Specifically, we found a statistically significant difference in spleen weight, size and 

length between the exposed and control groups (p ≤ 0.01; Fig. 5A–C). Furthermore, we used 

a numerical grading system in order to insure that spleens exhibiting severe splenomegaly 

did not bias the mean values shown in Fig. 5A–C. As previously published (Duggan et al., 

2012), the grading system categorized spleens into grades 1–4 based on the following 

weights: normal (<0.2 g; Grade 1), moderate enlargement (≥0.2 – <0.5g; Grade 2), severe 

enlargement (≥0.05 – <1.0g; Grade 3), or morbid enlargement (≥1.0g; Grade 4). Whereas 

over 80% of spleens in the gender-combined TCDD-treated group fell into the “normal 

spleen” range, less than half of those in the vehicle group could be categorized as normal 

(Fig. 5D). Furthermore, this effect was even more pronounced in the female Notch1ICN-TG 
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mice. None of the C57BL/6 wild type mice used in this experiment exhibited any spleen 

enlargement, supporting presence of metastatic thymomas as the cause of splenomegaly.

DISCUSSION

In the present study, we demonstrate that developmental exposure to the environmental 

contaminant and AHR agonist TCDD during development in Notch1-dependent thymoma-

prone mice reprograms long-term HSCs such that the adult thymic progeny of these cells 

have an attenuated response to the Notch1-dependent CD4 versus CD8 lineage decision. 

Specifically, the unusually large CD4:CD8 ratio observed in Notch1ICN-TG mice is restored 

to nearly C57BL/6 wild-type levels in the Notch1ICN-TG TCDD-exposed offspring. These 

data are therefore consistent with the conclusion that developmental AHR activation 

provides a means of disease protection to mice possessing a Notch1-mediated propensity to 

develop leukemic thymomas.

We have previously shown that developmental exposures to TCDD reprogram long-term 

reconstituting HSCs, impacting their ability to complete lymphocyte lineage commitment 

(Ahrenhoerster et al., 2014). These studies extend the impact of AHR-induced HSC 

reprogramming by demonstrating a long-term attenuated response to Notch1- mediated T-

cell differentiation evidenced by the CD4 to CD8 lineage switch observed in peripheral T-

cells from offspring exposed to TCDD during development. Taken together, these data are 

consistent with the conclusion that in a progenitor cell population in the fetus there are 

epigenetic or stable changes to the chromatin influenced by AHR activation that have later-

life impacts on gene expression and cellular differentiation. Notably, the impact of this 

reprogramming on hematopoietic differentiation is not readily apparent in wild type 

C57BL/6 mice. Rather, for the later-life alterations to produce a measurable change in 

cellular function, the progeny of the long-term progenitor cells need to differentiate and be 

challenged by a secondary stressor such as the constitutively active intracellular Notch 

transgene in the thymus.

The acute exposure experiment demonstrated an increase in CD8 conversion efficiency 

following TCDD exposure in both C57Bl/6 and Notch1ICN-TG adult mice in the thymus, 

though not in the periphery (data not shown), providing initial evidence of potential AHR-

Notch crosstalk. However, the substantial thymic atrophy resulting from adult TCDD 

exposure complicated interpretation of the mechanism for the increase in CD8+ cell 

conversion efficiency. Thus the switch to a developmental exposure model combined with a 

10-fold decrease in dose throughout gestation allowed us to more clearly elucidate the effect 

that AHR activation had on Notch-mediated T cell differentiation throughout the lifecourse. 

Using this developmental model, any TCDD-induced thymic atrophy that occurred in fetal 

or neonatal mice was resolved by adulthood as indicated by similar thymic CD4+ and CD8+ 

populations as adults. Thus, the long-term developmental studies identified more sensitive 

and longer lasting outcomes than the adult exposure experiments. Specifically, 

developmental TCDD-exposure affected peripheral T-cell homeostasis demonstrated by a 

significant change in the efficiency of generating post-selection CD8+ T cells.
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One interpretation of this study could be that early life AHR activation by TCDD is actually 

beneficial for Notch-mediated hematopoietic disease. However, Notch signaling is crucial 

for fetal HSC development and proliferation, for T lineage choice (Bigas and Espinosa, 

2012), and for normal T cell development in both the fetus and adult (Osborne and Minter, 

2007; Schmitt and Zúñiga-Pflücker, 2002). Therefore, impairment of physiological Notch 

signaling in HSCs and T cells has the potential to alter normal development and the 

consequences of this attenuation could impact a spectrum of hematological-based diseases.

Physiological Notch1-dependent signal transduction is characterized by engagement of the 

extracellular portion of Notch with Jagged or Delta-like ligands on a neighboring cell. This 

protein-protein engagement results in the gamma secretase-mediated cleavage of the 

intracellular Notch1 (ICN) domain. The ICN translocates into the nucleus and associates 

with the CBF1/Su(H)/Lag-1 (CSL) transcription factor complex where it acts as a co-

activator driving transcription of a broad array of genes, including those responsible for T 

cell lineage commitment. A potential consequence of ICN over-expression in Notch1ICN-TG 

mice could be that the transgene stoichiometrically saturates the CSL binding site in the 

Notch signaling pathway leading to aberrant gene regulation attenuating physiological 

Notch activity (Beres et al., 2006). The importance of the transgenic ICN saturation of the 

CSL binding site in our studies follows the knowledge that physiological Notch1 is an AHR-

regulated gene (Stevens et al., 2009). Though it is not known whether Notch transcription is 

directly controlled by the AHR (Kiss and Diefenbach, 2012), our data suggests that AHR 

activation during development leads to a change in responsiveness to ICN-mediated T cell 

development that persists throughout the life course.

Despite equivalent survival rates between Notch1ICN-TG mice developmentally exposed to 

TCDD or vehicle (p=0.62), the fatality rate in vehicle-exposed Notch1ICN-TG mice was 

higher than the 20% tumor rate previously reported at 5 months (Beverly and Capobianco, 

2003). It is unknown whether the propensity for thymoma development increased in our 

sub-strain of Notch1ICN-TG mice prior to arriving in our vivarium, or was selected for 

inadvertently from our original breeder pair. However, this increased spontaneous thymoma 

rate made it difficult to form a conclusion about the original hypothesis that developmental 

TCDD exposure would increase later-life disease susceptibility. Nevertheless, the altered T 

cell ratios in the blood and splenomegaly differences are consistent with the conclusion that 

developmental TCDD exposure impacts Notch1-dependent disease initiation.

In terms of the splenomegaly, the expected result that tumor-resistant C57BL/6 mice 

survived for the duration of the 12-week experiment without splenomegaly, indicates that 

the enlarged spleens are unique to the transgenic strain we used and not due to the 

developmental TCDD exposure. The moderate protection against splenomegaly by 

developmental TCDD is similar to autoimmune and inflammatory amelioration following 

AHR activation (Busbee et al., 2013; Di Meglio et al., 2014; Kerkvliet, 2009). These data 

raise the intriguing possibility that AHR modulators could have efficacy as 

chemopreventatives or chemotherapeutics in certain types of leukemia, particularly if 

combined with existing treatments allowing for the decreasing of current doses. For 

example, gamma-secretase inhibitors (GSIs) that block Notch activation are a promising 
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recent treatment for T-ALL, however, the negative side-effects include dose-limiting 

diarrhea (Hernandez Tejada et al., 2014; Takebe et al., 2014).

In addition to the CD4 to CD8 ratio changes mediated by developmental TCDD exposure, 

we also observed alterations in the CD5 MFI in both CD4+ and CD8+ splenic T cells. 

Specifically, CD5 levels, as determined by MFI, were significantly decreased in vehicle-

exposed Notch1ICN-TG mice when compared to C57BL/6 mice (Fig. 5E). However, 

following developmental exposure to TCDD, the MFI of CD5 in both CD4+ and CD8+ T 

cells is partially restored to C57BL/6 levels. The consequences of the lower CD5 expression 

is consistent with a model of higher TCR signal transduction in T cells from Notch1ICN-TG 

mice (Germain, 2002), leading to a potential increase in activation-induced cell death in the 

periphery. While we were not able to detect any increases in apoptosis in vivo (supplemental 

figure 3), we and others have previously reported the difficulty in measuring apoptosis in 

vivo due to rapid clearance by macrophages (Laiosa et al, 2007). Thus we relied on indirect 

observations, such as splenomegaly to support the hypothesis of increased activation-

induced cell death given that spleen enlargement is consistent with the removal of dead and 

dying cells. Moreover, elevated removal of dead and dying cells as occurs in a number of 

hematological disorders, including leukemia and lymphoma, is a hallmark of disease. Taken 

together, the developmental TCDD-dependent increase in CD5 expression in T cells from 

Notch1ICN-TG mice and the reduction in splenomegaly in TCDD-exposed Notch1ICN-TG 

mice supports a model of inhibition of T cell activation later in life.

While developmental AHR activation offers protection from later-life CD4+ to CD8+ T cell 

ratio imbalance and splenomegaly caused by constitutively-active ICN, the increase in 

CD8+ T cells that restores the ratio may not be beneficial in a more physiological model. 

Specifically, a decrease in the ratio of CD4+ T cells to CD8+ T cells in blood has been 

linked to poorer disease outcomes following diagnosis and treatment in several 

immunological diseases, including childhood leukemia (Lustfeld et al., 2014), hepatitis 

(Ikeda et al., 2012), and HIV (Serrano-Villar et al., 2014). We found that Notch1ICN-TG 

mice developmentally exposed to TCDD showed a persistently lower CD4+ to CD8+ ratio 

in peripheral blood, suggesting a less favorable response to disease treatment.

In summary, our results indicate that prenatal exposure to the environmental toxicant and 

AHR agonist TCDD reprograms HSCs and significantly changing the course of disease in a 

Notch1-induced murine thymoma model, as measured by ratios of B cells to T cells, and 

CD4+ T cells to CD8+ T cells. Future research to identify epigenetic changes influenced by 

exogenous stimulation of the AHR during development may facilitate identification of 

secondary stressors beyond Notch1 that vulnerable populations are burdened with that 

increase their propensity for later-life hematological and other immune deficiencies.
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Refer to Web version on PubMed Central for supplementary material.
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Highlights

• Adult mice exposed to 30μg/Kg TCDD have higher efficiency of CD8 

thymocyte generation.

• Mice carrying a constitutively active Notch transgene were exposed to 3μg/Kg 

TCDD throughout development.

• Progression of Notch-induced thymoma was different in offspring exposed to 

TCDD developmentally.

• Developmental AHR activation attenuates later-life Notch1 impacts T cell 

differentiation
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Figure 1. Thymus cellularity and efficiency of thymocyte conversion in adult male C57BL/6 or 
Notch1ICN-TG mice after administration of TCDD or vehicle control
Wild type C57BL/6 or Notch1ICN-TG mice were administered 10μg/kg TCDD, 30μg/kg 

TCDD or vehicle control via oral gavage at 4 weeks of age. Ten days later, mice were 

euthanized, thymuses removed, single cell suspensions made, and cells stained with 

fluorescent-conjugated antibodies directed against CD4 and CD8. Cells were acquired on a 

BD FACS Aria III flow cytometer and data analyzed in FlowJo. A) Thymus weight ± SEM; 

B) Thymocyte cellularity ± SEM; C–F) Absolute cell number (mean ± SEM) in each 

thymocyte cell population; G–H) Efficiency of SP (CD4+ or CD8+) generation, calculated 

by dividing the number of CD4+ or CD8+ thymocytes in by the number of CD4+CD8+ 

precursors; Vehicle mice are represented with white bars, 10μg/kg TCDD mice with black 

bars, and 30μg/kg TCDD-exposed mice with gray bars. A single * indicates p ≤0.05; ** 

indicates p ≤0.01; *** indicates p ≤0.001. All compared to vehicle control within genotype 

unless otherwise indicated by bracket. (n=at least 4 B6 mice in each group; n=at least 8 

Notch1ICN-TG mice in each group)
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Figure 2. Survival of C57BL/6 or Notch1ICN-TG mice following developmental exposure to 
3μg/kg TCDD or vehicle control
Pregnant C57BL/6 dams (paired with either C57BL/6 or Notch1ICN-TG males) were exposed 

to 3μg/kg TCDD or vehicle control throughout gestation (GD0.5, GD7.5, GD14.5, PPD2.5). 

Resulting offspring were followed through twelve weeks of age to determine age of death. 

C57BL/6 mice are represented with a black line (vehicle and TCDD; n=35). Notch1ICN-TG 

mice are represented with a red line (vehicle; n=72) or blue line (TCDD; n=63). Survival 

fractions were calculated using Kaplan-Meier analysis, and survival curves were compared 

using the log-rank (Mantel-Cox) test (C57BL/6 p=1.00; Notch1ICN-TG p=0.62).
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Figure 3. Proportion circulating lymphocytes in the blood following developmental exposure to 
3μg/kg TCDD or vehicle control
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Pregnant C57BL/6 dams (after pairing with either C57BL/6 or Notch1ICN-TG males) were 

exposed to 3μg/kg TCDD or vehicle control throughout gestation (GD0.5, GD7.5, GD14.5, 

PPD2.5). A–F) Representative flow cytometry plots from week 8 blood samples, illustrating 

distribution and analysis of CD11b and Gr-1 positive cells (A), CD3+ T cells and CD19+B 

cells (C & D), and CD8+ and CD4+ T cells, gated on CD3+ (E & F). Frequency of 

Gr1+CD11b+ blood cells (G), the ratio of B cells to T cells in blood (H), or the ratio of 

CD4+ T cells to CD8+ T cells in blood (I) in both C57BL/6 mice (graphs on left) and 

Notch1ICN-TG (graphs on right). Vehicle treated mice are represented by a white bar and 

mice treated with TCDD are represented by a filled bar in G–I. Bars graph mean with SE. A 

single * indicates p ≤0.05; ** indicates p ≤0.01; *** indicates p ≤0.001.
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Figure 4. Cell proportions in spleen are altered following developmental exposure to 3μg/kg 
TCDD or vehicle control
Pregnant C57BL/6 dams (paired with either C57BL/6 or Notch1ICN-TG males) were exposed 

to 3μg/kg TCDD or vehicle control throughout gestation (GD0.5, GD7.5, GD14.5, PPD2.5). 

A and C) Representative flow cytometry plots delineating B and T cells from weeks 8 and 

12 C57BL/6 spleen samples; B and D) Representative splenic B versus T cell flow 

cytometry plots from weeks 8 and12 in Notch1ICN-TG; E) Ratios of B cells to T cells at 8 

weeks and 12 weeks, with C57BL/6 mice on the left and Notch1ICN-TG mice on the right; F) 

Mean fluorescence intensity of CD5 in T-cells from 6–8 week old mice, within the CD4 

population on the left and the CD8 population on the right; Vehicle treated mice are 

represented by a white bar and mice treated with TCDD are represented by a filled bar in D–

E. Bars graph mean with SE. A single * indicates p ≤0.05; ** indicates p ≤0.01; *** 

indicates p ≤0.001. (n=3 C57BL/6 vehicle; n=3 C57BL/6 TCDD; n=8 Notch1ICN-TG 

vehicle; n=7 Notch1ICN-TG TCDD at week 8; n=4 C57BL/6 vehicle; n=5 C57BL/6 TCDD; 

n=6 Notch1ICN-TG vehicle; n=8 Notch1ICN-TG TCDD at week 12).
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Figure 5. TCDD-exposed Notch1ICN-TG mice fail to develop Notch1-mediated splenomegaly
Developmental exposure to TCDD in Notch1ICN-TG mice results in significantly smaller 

adult spleen size. Pregnant C57BL/6 dams were paired with Notch1ICN-TG males and 

exposed to 3μg/kg TCDD or vehicle control throughout gestation (GD0.5, GD7.5, GD14.5, 

PPD2.5). Vehicle treated mice are represented by a white bar and mice treated with TCDD 

are represented by a filled bar. Bars graph mean with SE. A single * indicates p ≤0.05; ** 

indicates p ≤0.01; *** indicates p ≤0.001. Comparisons of spleen weight (A), length (B), 

and width (C) were all made on 8 week old mice; spleen grading was done across all mice 

between 8–12 weeks of age at any age of necropsy. (n= 38 vehicle and 23 TCDD mice in A–

C; n=61 vehicle and 52 TCDD mice in D)
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