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Abstract

In nearly every species examined, administration of the persistent environmental pollutant, 2,3,7,8-

tetrachlorodibenzo- p-dioxin (dioxin, TCDD) causes profound immune suppression and thymic 

atrophy in an aryl hydrocarbon receptor (AhR) dependent manner. Moreover, TCDD alters the 

development and differentiation of thymocytes, resulting in decreases in the relative proportion 

and absolute number of double positive (DP, CD4+CD8+) thymocytes, as well as a relative 

enrichment in the relative proportion and absolute number of double negative (DN, CD4-CD8-) 

and single-positive (SP) CD4+CD8- and CD4-CD8+ thymocytes. Previous studies suggested that 

the target for TCDD-induced thymic atrophy resides within the hemopoietic compartment and 

implicated apoptosis, proliferation arrest of thymic progenitors, and emigration of DN thymocytes 

to the periphery as potential contributors to TCDD-induced thymic atrophy. However, the precise 

cellular and molecular mechanisms involved remain largely unknown. Our results show that 

administration of 10 μg/kg TCDD and 8 mg/kg 2-(1H-indol-3-ylcarbonyl)-4-thiazolecarboxylic 

acid methyl ester (ITE) induced AhR-dependent thymic atrophy in mice on day 7, whereas 100 

mg/kg indole 3-carbinol (I3C) did not. Though our studies demonstrate that TCDD triggers a 

twofold increase in the frequency of apoptotic thymocytes, TCDD-induced thymic atrophy is not 

dependent on Fas-FasL interactions, and thus, enhanced apoptosis is unlikely to be a major 

mechanistic contributor. Finally, our results show that activation of the AhR in CD11c+ dendritic 

cells is directly responsible for TCDD-induced alterations in the development and differentiation 

of thymocytes, which results in thymic atrophy. Collectively, these results suggest that CD11c+ 

dendritic cells play a critical role in mediating TCDD-induced thymic atrophy and disruption of T 

lymphocyte development and differentiation in the thymus.
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Introduction

The thymus is a complex, specialized organ that is responsible for the maturation and 

education of most peripheral T cells. Progenitor cells enter the thymus from the bloodstream 

after originating in the bone marrow and/or fetal liver. Once in the thymus, these cells 

progress through multiple developmental stages that can be delineated by cell surface 

markers such as CD3 (pan T cell marker), CD4, and CD8. In the earliest stage, classified as 

double negative (DN) thymocytes, cells do not express any of these markers. Subsequently, 

cell surface markers are up-regulated to give rise to CD4+CD8+ double positive (DP) cells, 

which then undergo a rigorous selection process eventually down-regulating either CD4 or 

CD8 expression to become CD4+ or CD8+ single-positive (SP) cells, which are released into 

the periphery. Self-reactive cells failing negative selection are removed via apoptotic 

pathways, and mature, self-tolerant SP thymocytes are released into the periphery as naïve 

Th cells (CD4) or cytotoxic T cells (CD8). Because ongoing thymopoiesis is essential for 

the development and maintenance of a healthy immune system, agents that trigger thymic 

atrophy may decrease host ability to reconstitute the peripheral T cell repertoire or respond 

to new antigens. Similarly, because the overall process of maturation and education of T 

cells is orchestrated, to a degree, by the supporting cells of the stromal network, which 

includes thymic epithelial cells, dendritic cells, and macrophages (Nowell et al. 2007), 

agents that induce thymic atrophy may be acting on a variety of cellular targets.

The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor belonging to 

the Per-ARNT-SIM-basic helix-loop-helix (PAS/bHLH) protein family, which mediates a 

wide range of biological responses resulting from exposures to both natural and synthetic 

ligands (Gu et al. 2000; Okey 2007; Pohjanvirta 2011). It was first identified in the early 

1970s and has since been shown to have dual roles as an activator of xenobiotic metabolism 

and as a participant in normal homeostasis, organogenesis, and immune modulation (Nebert 

and Gelboin 1968, 1969; Okey 2007; Wright et al. 2017). Nevertheless, details of the 

cellular and molecular mechanisms underlying many AhR-dependent physiological and 

toxicological effects are currently unknown.

Halogenated dioxins, biphenyls, and polycyclic aromatic hydrocarbons represent the best-

characterized high-affinity, planar, and hydrophobic ligands of the AhR. Although numerous 

high-affinity AhR ligands have since been discovered, the potent and persistent 

environmental pollutant, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD, dioxin) remains the 

prototypic AhR ligand for mechanistic studies (Kerkvliet 2012b; Poland et al. 1976). 

Exposure of laboratory rodents to TCDD and TCDD-like chemicals profoundly affects the 

immune system, causing immunosuppression typified by suppressed cellular immunity, 

inhibition of antibody production, and thymic atrophy in a variety of animal species (Faith 

and Luster 1979; Funatake et al. 2005; Harris et al. 1973; Kerkvliet 2002; Poland and Glover 

1980; Van Loveren et al. 1991; Vecchi et al. 1980) via direct effects of AhR activation 
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(Fernandez-Salguero et al. 1996; Harrill et al. 2016; Staples et al. 1998). C57Bl/6 mice, 

which harbor the AhRb allele that encodes for a receptor with a high binding affinity for 

agonists, exhibit a decrease in thymic weight and cellularity as early as 3 days after exposure 

to a single 30 μg/kg dose of TCDD (Laiosa et al. 2003; Poland and Glover 1990; Thigpen et 

al. 1975). Maximal decline in thymocyte cellularity emerges 10 days after TCDD treatment, 

yet recovery to near baseline levels does not occur until approximately 30 days after 

exposure (Laiosa et al. 2003; Thigpen et al. 1975).

During TCDD-induced thymic atrophy, the thymus under goes a marked reduction in the 

frequency of double positive (DP, CD4+CD8+) thymocytes, as well as a relative increase in 

the frequency of double negative (DN, CD4-CD8-) and single-positive (CD4+ SP and CD8+ 

SP) thymocytes. Moreover, based upon the observed values for thymic cellularity, these 

shifts in thymocyte subset frequencies correspond to significant decreases in the absolute 

number of thymocytes in each of the four subpopulations (Fine et al. 1990; Kamath et al. 

1997, 1998; Lundberg et al. 1990). Although the precise cellular and molecular mechanisms 

involved remain largely unknown, previous studies demonstrated that the target for TCDD-

induced thymic atrophy resides within the hematopoietic compartment and implicated 

reduced proliferation of DN precursor thymocytes (Lai et al. 1994), enhanced apoptosis via 

Fas:FasL interactions at the DP stage (Camacho et al. 2005b), and enhanced emigration of 

thymocytes (Temchura et al. 2005), or a combination of these possible mechanisms. 

Therefore, it was of great interest to evaluate whether an endogenous, non-toxic AhR ligand 

2-(1H-indol-3-ylcarbonyl)-4-thiazolecarboxylic acid methyl ester (ITE) (Abron et al. 2018; 

Benson and Shepherd 2011b; Song et al. 2002) and a dietary AhR ligand, indole 3-carbinol 

(I3C) (Benson and Shepherd 2011b; Bjeldanes et al. 1991; Connor and Finley 2003) 

exhibited thymotoxic effects similar to TCDD. Furthermore, we assessed naive wild-type 

mice (C57Bl/6), mice expressing the low affinity AhR (AhRd), and AhR conditional knock 

out mice (LyzMCreAhRfx, CD11cCreAhRfx, RORcCreAhRfx, and FoxN1CreAhRfx) to 

identify the target(s) specifically responsible for mediating TCDD-induced thymic atrophy. 

The findings presented here extend our understanding of how activation of the AhR 

contributes to thymic atrophy and mediates immunomodulation.

Materials and methods

Chemicals

2,3,7,8,Tetrachlorodibenzo-p-dioxin (dioxin, TCDD) was obtained from Cambridge Isotopes 

(Cambridge, MA). A 1 mg/mL stock solution of TCDD in anisole/peanut oil was diluted to 

yield treatment solutions containing 1 or 10 μg/ mL in peanut oil. 2-(1H-Indol-3-

ylcarbonyl)-4-thiazolecar- boxylic acid methyl ester (ITE) was obtained from Tocris (Bio-

techne brand, Minneapolis, MN). A 20 mg/mL stock solution of ITE in DMSO was diluted 

to yield a treatment solution containing 0.8 mg/mL in peanut oil. Indole 3-car- binol (I3C), 

obtained from Sigma-Aldrich (St. Louis, MO), was suspended in peanut oil (10 mg/mL). 

The estimated half-life of TCDD is approximately 10 days in mice (Birn-baum 1986; 

Gasiewicz et al. 1983), whereas the in vivo absorption, metabolism, distribution, and 

excretion rates of ITE and I3C in mice remain largely undetermined. There fore, the selected 

doses and routes of exposure for these AhR ligands were based upon previous reports, thus 
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integrating our results with previous findings in other model systems (Abron et al. 2018; 

Benson and Shepherd 2011a; Boule et al. 2018b; Nugent et al. 2013; Quintana et al. 2010b; 

Singh et al. 2016).

Biohazard precaution

TCDD is highly toxic and a probable human carcinogen. All personnel were instructed in 

safe handling procedures. Proper personal protective equipment (e.g., lab coats, gloves and 

masks) were worn at all times, and contaminated materials were collected separately for 

hazardous waste disposal. TCDD-treated mice were housed separately, and their carcasses 

and bedding regarded as contaminated materials.

Mice

Breeding pairs of mice were originally purchased from the Jackson Laboratory (Bar Harbor, 

ME) and maintained as both individual colonies and crossed strains to yield AhR conditional 

knockouts (supplemental Table 1). Tail snips were digested in direct PCR lysis reagent 

according to the manufacturer’s protocol (Viagen Biotech, Los Angeles, CA). Mice of the 

correct genotype were identified according to PCR conditions furnished by the Jackson 

Laboratory, and littermates were used as controls. Because conditional Cre negative × 

AhRfx/fx mice carry the low affinity AhRd allele (Poland and Glover 1980; Walisser et al. 

2005), AhRd mice were used interchangeably with Cre-AhRfx as controls for experiments 

involving AhR conditional knockout mice. All mice were maintained in microisolator cages 

in the University of Montana specific pathogen-free (SPF) laboratory animal facility, and 

provided breeder (Teklad 2019, Envigo, Denver, CO) or standard rodent chow (Teklad 

2020x, Envigo) and tap water ad libitum. All animal use procedures were approved by the 

University of Montana IACUC, and in accordance with NIH guidelines.

In vivo exposure

Naïve, adult (6–10-week-old) mice received 10 or 100 μg TCDD/kg, 1–8 mg/kg ITE, or 100 

mg/kg I3C (Camacho et al. 2005b; Nguyen and Bradfield 2007; Quintana et al. 2010a; Singh 

et al. 2014) via oral gavage (p.o.) or intraperitoneal injection (i.p.) as described in the 

appropriate results sections. Control mice received solvent/peanut oil or peanut oil only 

vehicle control. Each experiment was performed in duplicate or triplicate with age-matched 

littermates (± 7 days), containing a minimum of n = 5–6 per treatment group. Mice were 

weighed daily, tissues collected 7 days later, and analyzed individually.

Cell isolation

Following euthanasia by CO2 asphyxiation, body weights were recorded and thymi removed 

free of lymph nodes and blood vessels. Individual thymi were weighed and pressed through 

a 70-μm sterile cell strainer with the flat end of a 1-mL syringe plunger to release the cells 

into cold complete RPMI (cRPMI) media supplemented with 10% FBS (Atlanta Biologicals, 

Atlanta, GA), 50 μM β-mercaptoethanol, 20 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid, 10 mM sodium pyruvate, and 50 μg/ml gentamicin (Gibco, 

Grand Island, NY) (Corning, Manassas, VA). Thymocytes were pelleted by centrifugation at 

1500 rpm for 5 min, resuspended in fresh cRPMI, and maintained on ice.
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Flow cytometry

Single cell suspensions of thymocytes were washed once with cRPMI and re-suspended in 

100 μl of purified rat anti-mouse CD16/CD32 (2.4G2, Tonbo, San Diego, CA) diluted 1:100 

in PBS containing 1% bovine serum albumin and 0.1% sodium azide (PAB) to block Fc 

receptors. 2×106 thymocytes were immunostained for 30 min on ice with titrated 

monoclonal Abs specific to CD3ε PerCPCy5.5 (145–2C11, Tonbo), CD4 FITC or redfluor 

710 (RM4–5, Tonbo), and CD8 PE-Cy7 (53–6.7, Tonbo) to identify live, propidium iodide 

(PI, Tonbo) negative singlet thymocytes. Another 2×106 thymocytes were immunostained 

for 30 min on ice with monoclonal Abs specific to CD45 v450 (30- F11, Tonbo), CD4 FITC 

(RM4–5, Tonbo), CD8α PE-Cy7 (53–6.7, Tonbo), CD11c PE (HL3, BD Pharmingen, San 

Diego, CA), Fas Alexa Fluor 647 (Jo2, BD Pharmingen), FasL PerCP Cy5.5 (MFL3, BD 

Pharmingen) to identify cell surface expression of Fas and FasL. Alternatively, 2×106 

thymocytes were immunostained with monoclonal Abs specific to CD4 FITC (RM4–5, 

Tonbo), CD8a PE-Cy7 (53–6.7, Tonbo), in addition to Annexin V and 7-AAD staining 

solution according to the manufacturer’s instructions (Tonbo). Unstained, single stained, and 

fluorescence minus one controls were used to set positive/negative gating. Cells were 

washed twice with 1 mL PAB and re-suspended in 350 μL of PAB and acquisition was 

performed on a FACS Aria II flow cytometer using FACS Diva software (v 6.1.2, Becton 

Dickinson, Franklin Lakes, NJ). Compensation of the spectral overlap was performed using 

One Comp compensation control beads (BD Biosciences, San Diego, CA) in combination 

with single stained controls where appropriate. Data files were exported as FCS 3.1 files and 

analyzed by Flow Logic (v 4.0, Miltenyi, Auburn, CA).

RNA isolation and RT-qPCR

Total RNA was extracted from 5×106 thymocytes using TRIzol reagents (Invitrogen) or 

RNeasy mini kit (Qiagen, Germantown, MD) according to the manufacturer protocols. Two-

step qRT-PCR was performed by synthesizing cDNA using iScript Reverse Transcription 

Supermix (BioRad, Hercules, CA) followed by RT-qPCR relative quantification of 50 ng 

cDNA per reaction using CFX Connect, SSO Advanced Universal SYBR Green Master 

Mix, and Prime- PCR validated primers for murine GAPDH, Hprt, Tbp, Fas, and FasL 

(BioRad, Hercules, CA). The data were normalized to the reference genes: Hprt, Tbp, and 

GAPDH.

Statistical analysis

For each parameter, the values for individual experiments were averaged and the standard 

error calculated. Student’s t tests, one-way or two-way ANOVA were performed using Prism 

7 (GraphPad, La Jolla, CA). A p value of ≤ 0.05 was considered significant.

Results

ITE, but not I3C, induces thymic atrophy

Although AhR activation promotes immunoregulatory responses in a ligand-dependent 

manner (Ehrlich et al. 2018), little is known about the thymotoxic effects of other AhR 

ligand chemotypes. To test the hypothesis that activation of the AhR induces thymic atrophy 
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in a ligand-dependent manner, C57Bl/6 mice were gavaged with an endogenous ligand (ITE) 

(Song et al. 2002) and a dietary ligand (I3C) (Connor and Finley 2003), with chemical 

structures that are distinctly different from TCDD (Fig. 1a). The dose and route of exposure 

to each chemical were selected based on prior reports, thus simplifying integration of our 

results with previous findings (Benson et al. 2012b; Boule et al. 2018b; Quintana et al. 

2010b). Consistent with the published literature, administration of 10 μg/kg TCDD to 

C57Bl/6 mice resulted in extensive thymic atrophy as evidenced by a significant decline in 

organ weight (65% decrease) and a dramatic reduction in thymic cellularity (86% decrease) 

relative to vehicle control on day 7. Similarly, daily administration of 8 mg/kg ITE to 

C57Bl/6 mice resulted in extensive thymic atrophy as evidenced by a significant loss in 

organ weight (52% decrease) and a dramatic reduction in thymic cellularity (73% decrease) 

relative to vehicle control on day 7. In contrast, administration of 100 mg/kg I3C to C57Bl/6 

mice every other day resulted in a trend towards increased thymic weight and a significant 

increase in cellularity (30% increase) relative to vehicle control on day 7 (Fig. 1b, c). No sex 

specific effects were observed with regards to the capacity of TCDD, ITE, or I3C to induce 

thymic atrophy in male vs female mice (data not shown).

Previous studies demonstrated that administration of sublethal levels of TCDD to mice alters 

the development and differentiation of thymocytes (Esser and Welzel 1993; Holladay et al. 

1991; Lai et al. 1994; Lundberg et al. 1990), and led us to investigate the effects of ITE and 

I3C on intrathymic differentiation by assessing the expression of the cell surface markers 

CD3, CD4, and CD8 via multicolor flow cytometric analysis (Fig. 2). Representative dot 

plots gating on live thymocytes from wild-type C57Bl/6 mice revealed a significant decline 

in the frequency of DP thymocytes, as well as a relative enrichment in the percent of DN and 

CD4+CD8- and CD4-CD8+. SP thymocytes in 10 μg/kg TCDD-treated mice compared to 

vehicle control. Although administration of ITE revealed a trend similar to TCDD with 

regards to a significant reduction in the frequency of DP and increase in the frequency of DN 

and CD4+ SP thymocytes, no difference was observed in the frequency of CD8+ SP 

thymocytes compared to vehicle control. Administration of I3C to C57Bl/6 mice resulted in 

no change in the development and/or differentiation of any CD4/CD8 thymocyte subsets 

examined (Figs. 1, 2). Finally, based upon the presented values for thymic cellularity, these 

shifts in the frequency of CD4/CD8 thymocyte subsets correspond with a significant 

decrease in the absolute number of thymocytes in each of the four subpopulations—an effect 

that was not observed in mice exposed to I3C (data not shown). Together, these data show 

that activation of the AhR induces thymic atrophy in a ligand-dependent manner.

ITE induces thymic atrophy in a dose- and an AhR-dependent manner

To validate the use of mice expressing the low affinity AhRd allele as a model system in 

which to study aryl hydrocarbon receptor (AhR) dependent thymic atrophy, AhRd and wild 

type C57Bl/6 (AhRb) mice were exposed to TCDD and thymi analyzed 7 days later. As 

expected, AhRd mice were unresponsive to 10 μg/kg TCDD, whereas administration of a 

tenfold higher dose of TCDD (e.g., 100 μg/kg) resulted in the archetypal thymic atrophy 

(Supplemental Fig. 1) and alterations in thymocyte development and differentiation 

(Supplemental Fig. 2). To test the hypothesis that ITE induces thymic atrophy in an AhR-

dependent manner, C57Bl/6 and low affinity AhRd mice were gavaged daily with a 
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previously described immunosuppressive dose of ITE (Abron et al. 2018; Henry et al. 2006; 

Nugent et al. 2013; Quintana et al. 2010b) and thymi analyzed 7 days later. ITE exposure to 

naive C57Bl/6 mice resulted in thymic atrophy as evidenced by a significant decline in organ 

weight (49% decrease) and a reduction in thymic cellularity (73% decrease) relative to 

vehicle control. In contrast, AhRd mice were refractory to the same 8 mg/kg dose of ITE 

with regards to thymic weight (Fig. 3a) and cellularity (Fig. 3b). Likewise, daily 

administration of 1, 2, 4, and 8 mg/ kg ITE (p.o.) resulted in dose-dependent thymic atrophy 

as evidenced by a decline in organ weight of 13%, 25%, 30% and 35%, respectively (Fig. 

3c) and a dramatic decrease in thymic cellularity of 25%, 25%, 40% and 50%, (Fig. 3d) 

respectively, in C57Bl/6 mice relative to vehicle controls on day 7. Finally, comparable 

levels of thymic atrophy were observed following daily administration of 1 mg/kg ITE i.p. 

and 4 mg/kg ITE p.o. (data not shown).

Dioxin-mediated thymic atrophy is not dependent on apoptosis via Fas:FasL interactions

Since TCDD has been reported to initiate apoptosis in immature thymocytes (Fisher et al. 

2004; Rhile et al. 1996) and Fas:FasL interactions have been implicated in this process 

(Dencker et al. 1985; Kamath et al. 1999a), C57Bl/6 mice were treated with 10 μg/kg TCDD 

and the degree of apoptosis measured by assessing the expression of 7AAD and Annexin V, 

as well as Fas and FasL on thymocytes via flow cytometry. Representative dot plots gating 

on singlet thymocytes revealed a slight, but statistically significant increase in the frequency 

of Annexin V+7AAD- apoptotic thymocytes in 10 μg/kg TCDD-treated mice (6.5% ± 0.8 of 

thymocytes) compared to vehicle (3.8% ± 0.6 of thymo cytes) on day 7 (Fig. 4a). However, 

this did not correspond to a significant increase in the absolute number of apoptotic cells—

perhaps due to the massive decline in thymus cellularity (data not shown). Moreover, 

representative dot plots gating on Annexin V+7AAD- apoptotic thymocytes revealed that the 

majority of apoptotic cells were DP thymocytes, followed by DN and CD4+ SP thymocytes, 

with very few apoptotic cells observed in the CD8+ SP subset. In contrast, TCDD exposed 

animals exhibited a distribution shift at day 7—resulting in an increased frequency of 

Annexin V+7AAD- apoptotic thymocytes within the DN, CD4+, and CD8+ SP thymocytes 

and a decreased frequency of Annexin V+7AAD- apoptotic thymocytes being of the DP 

thymocyte subset (Fig. 4a, b). Additionally, C57Bl/6 mice were treated with 10 μg/kg TCDD 

and Fas-FasL gene expression was analyzed on freshly isolated thymocytes on days 3, 7, and 

14 post exposure. TCDD resulted in no change in either Fas or FasL gene expression as 

measured by quantitative RT-PCR (data not shown). Furthermore, 3 days after 

administration of TCDD to C57Bl/6 mice, there were no observable effects on the frequency 

or the relative expression (MFI) of Fas or FasL on live CD45+ thymocytes relative to vehicle 

controls (Fig. 5a). Because previous studies reported that dioxin-induced FasL-dependent 

thymocyte cell death (Camacho et al. 2005a; Kamath et al. 1999b), we further examined the 

role of Fas-FasL signaling in TCDD- induced thymic atrophy using FasL-deficient (gld/gld) 

mice. FasL-deficient mice were exposed to 10 μg/kg TCDD (p.o.) and their thymic weight 

and cellularity measured on day 7. Contrary to a previous report (Kamath et al. 1999b), 

FasL- deficient mice in our experiments were not protected against TCDD-induced thymic 

atrophy and exhibited significant reductions in thymic weight (60% decrease) and cellularity 

(70% decrease) comparable to wild type C57Bl/6 mice (Fig. 5b). Similarly, representative 

dot plots (gating on live thymocytes) revealed a significant decline in the frequency of DP 
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thymocytes, as well as a relative enrichment in the percent of DN and CD4+ and CD8+ SP 

thymocytes in 10 μg/kg TCDD-treated mice compared to vehicle control (Fig. 5c).

Targeted deletion of the AhR in CD11c+ dendritic cells protects against dioxin-induced 
thymic atrophy

Previous studies revealed that the target(s) for TCDD- induced thymic atrophy resides within 

the hematopoietic cells, and not stromal tissues (Staples et al. 1998); however, it is uncertain 

which hematopoietically derived cells contribute to TCDD-induced thymic atrophy. To 

determine how AhR signaling in specific immune cells mediates TCDD-induced thymic 

atrophy, we generated AhR conditional knockout mice for myeloid derived cells 

(LyzMCreAhRfx), CD11c+ dendritic cells (CD11cCreAhRfx), RORγt+ DP and SP thymocytes 

(RORcCreAhRfx), and thymic epithelial cells (FoxN1CreAhRfx). Mice were gavaged with 

vehicle or 100 μ/kg TCDD—a dose of dioxin necessary to elicit thymo-toxic endpoints in 

conditional AhRfx/fx mice which carry the low affinity AhRd allele (Poland and Glover 

1980; Walisser et al. 2005). Seven days later, Cre-AhRfx/fx and AhRd mice, as well as 

LyzMCreAhRfx, RORcCreAhRfx, and FoxN1CreAhRfx exhibited extensive thymic atrophy as 

evidenced by a decline in organ weight (68%, 63%, and 63% decrease, respectively) (Fig. 

6a) and a dramatic reduction in thymic cellularity (89%, 89%, and 82% decrease, 

respectively) (Fig. 6b) relative to vehicle controls. In contrast, CD11cCreAhRfx mice were 

protected from TCDD-induced thymic atrophy and showed no significant difference from 

vehicle-treated controls in either thymic weight (Fig. 6a) or cellularity (Fig. 6b). These 

findings led us to further investigate whether targeted deletion of the AhR in specific 

immune cell types also facilitates TCDD-induced effects on intra-thymic development and 

differentiation. Representative dot plots from AhRd, LyzMCreAhRfx, RORcCreAhRfx, and 

FoxN1CreAhRfx mice administered 100 μg/kg TCDD mirrored the typical alterations in 

thymocyte subsets which are consistently observed in wild-type mice following exposure to 

TCDD: decreases in the frequency of DP thymocytes and increases in the frequency of DN, 

CD4+, and CD8+ SP thymocytes compared to vehicle controls (data not shown). 

Importantly, representative dot plots gating on live thymocytes from CD11cCreAhRfx mice 

treated with 100 μg/kg TCDD exhibited protection from TCDD-induced alterations in 

thymocyte subsets (Fig. 7). Because conditional Cre negative x AhRfx/fx mice carry the low 

affinity AhRd allele (Poland and Glover 1980; Walisser et al. 2005), this strain can be 

utilized inter changeably with Cre-AhRfx as controls for experiments involving AhR 

conditional knockout mice (supplemental Fig. 3). Collectively, these data show that targeted 

deletion of the AhR in CD11c+ dendritic cells protects against TCDD-induced thymic 

atrophy.

Discussion

Administration of dioxin (TCDD) and dioxin-like chemicals to laboratory rodents 

dramatically affects the immune system, triggering immunosuppression characterized by 

suppressed cellular immunity, inhibition of antibody production, and thymic atrophy 

(Silkworth and Antrim 1985; Silkworth et al. 1986)—effects which are dependent on the 

AhR (Fernandez-Salguero et al. 1996; Harrill et al. 2016; Staples et al. 1998). Unlike many 

nuclear receptors, the AhR is a highly promiscuous receptor, directly binding a wide variety 
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of structurally diverse natural and synthetic compounds, thereby promoting the up- or down-

regulation of a multitude of target genes in different tissues. The spectrum of biological 

effects produced by the ligand/AhR/ARNT signaling complex is dependent on the 

physicochemical characteristics and persistence of the ligand (Ehrlich et al. 2018). To date, 

most analyses exploring AhR-induced immune modulation have taken advantage of TCDD’s 

specificity and high affinity for the AhR (6 pM-2.4 nM), as well as its long half-life (~ 11 

days in mice; 8–10 years in humans) (Miniero et al. 2001). However, the same properties 

that make TCDD an excellent tool also contribute to its profound toxicity. While other 

ligands such as ITE and indole-3-carbinol (I3C) can activate the AhR and have been 

evaluated as potential therapeutics (Abron et al. 2018; Quintana et al. 2010b; Yeste et al. 

2012), little is known about their potential thy- motoxic effects. Thus, the present study 

investigated the effects of an endogenous (ITE) and a dietary (I3C) ligand on thymic 

development and differentiation.

Although previous studies suggested that sex-specific effects exist with select AhR ligands 

in a murine colitis model (Benson et al. 2012a), no sex-specific effects were observed with 

regards to thymic weight or cellularity following exposure to TCDD, ITE, or I3C. This 

discrepancy may be due to enhanced bioavailability and the presence of active metabolites of 

I3C in the gastrointestinal tract vs the thymus (Benson et al. 2012a; Bjeldanes et al. 1991; 

Hubbard et al. 2015). Likewise, because AhR activation by TCDD and TCDD-like 

compounds results in thymic atrophy and alterations in the frequency of thymocyte subsets, 

we investigated whether ITE and I3C similarly affect thymic development and 

differentiation. Our results demonstrate for the first time that administration of 8 mg/kg ITE 

to C57Bl/6 mice resulted in a dramatic reduction in organ weight and thymic cellularity, 

whereas administration of 100 mg/kg I3C conversely resulted in a slight increase in thymic 

weight and a significant increase in cellularity on day 7. ITE-induced thymic atrophy, as 

well as reduced the frequency of DP thymocytes and increased the frequency of DN, CD4+ 

and CD8+ SP thymocytes—albeit to a slightly lesser degree than TCDD. The ITE data 

presented are in contrast to a previous report (Henry et al. 2006), which failed to detect 

changes in thymus weight 12 days following a single (i.v.) delivery of 5.6 mg/kg ITE. It is 

likely that the discrepancy between our results and the study by Henry et al. (2006) reside in 

the differences between dose (acute vs sub-acute) and route of delivery (i.v. vs p.o.) (Boule 

et al. 2018b; Ehrlich et al. 2018). Recent advances in AhR biology suggest that binding 

affinity and ligand metabolism may be better predictors of immunosuppressive outcome than 

the ligand source (Boule et al. 2018a). Interestingly, administration of I3C resulted in no 

change in thymopoiesis in mice. Therefore, future studies to determine the 

immunosuppressive characteristics of I3C should encompass not only varying doses of I3C, 

but also purified metabolites. Together, this is the first study to compare AhR activation by 

different chemotypes on thymocyte development and differentiation; thus, extending our 

knowledge of ligand-specific, AhR-mediated immunotoxic effects.

Because we observed gross thymic atrophy with ITE, we more extensively characterized the 

ability of ITE to induce thymic atrophy. Following previously published dosing regimens 

(Nugent et al. 2013; Quintana et al. 2010b), our data clearly demonstrate that daily 

administration of 8 mg/kg ITE p.o. induced significant thymic atrophy in an AhR-dependent 

manner. In addition, ITE-induced noticeable decreases in both thymic weight and cellularity 
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at doses as low as 1 mg/ kg. Moreover, 4 m/kg ITE p.o. and 1 mg/kg i.p. induced 

comparable levels of thymic atrophy in C57Bl/6 mice (data not shown), demonstrating that 

ITE causes thymic atrophy regardless of the route of systemic exposure. This point is 

particularly important given the growing interest in AhR research on identifying novel 

classes of potent, non-toxic AhR ligands for use in various therapeutic settings (Stockinger 

2009). Moreover, these observations raise concerns about potential off target immune 

toxicities associated with the use of ITE based immune therapies (Abron et al. 2018; 

Dolciami et al. 2018; Hao and Whitelaw 2013; Nugent et al. 2013; Quintana et al. 2010b).

Multiple mechanisms for TCDD-induced thymic hypocellularity have been suggested 

including reduced proliferation of DN precursor thymocytes (Lai et al. 1994), enhanced 

apoptosis at the DP stage (Camacho et al. 2005b), and enhanced emigration of thymocytes 

(Poland et al. 1994; Temchura et al. 2005), or a combination of these possible mechanisms. 

Although our results demonstrate that TCDD- induced thymic atrophy corresponded with an 

almost doubling of the frequency of Annexin V+7-AAD- apoptotic thymocytes, this did not 

correspond to a significant increase in the absolute number of apoptotic cells—likely due to 

the massive decline in overall thymus cellularity. Analysis of Fas-FasL gene and protein 

expression across multiple time points also failed to substantiate TCDD-mediated induction 

of apoptosis in the thymus. Moreover, FasL-deficient (gld/gld) mice experience the same 

degree of thymic atrophy as control mice when exposed to 10 |Jg/kg TCDD. While earlier 

studies suggested that the timing and pathway of apoptosis was important to AhR-mediated 

thymic atrophy (Camacho et al. 2005a; Kamath et al. 1997, 1998) and that thymic and 

peripheral T cells are highly sensitive to TCDD- induced apoptosis in vitro (Camacho et al. 

2004), our work and that of others (Comment et al. 1992; De Heer et al. 1994; Silverstone et 

al. 1994a, b; Staples et al. 1998) have failed to support this mechanism as playing a 

prominent role in vivo. The difference between our study and previous reports likely resides 

in disparities of dose (10 vs 30–50 μg/kg TCDD), route of delivery (p.o. vs i.p.), and timing 

of exposure (3–14 days vs 6–24 h) (Camacho et al. 2002; Kamath et al. 1999b; Rhile et al. 

1996). Interestingly, assessment of an apoptosis and survival RT-PCR array generated four 

genes which showed a significant increase in expression: BAD (seven fold change vs 

vehicle), Akt1 (fourfold change vs vehicle), Pik3cd (2.5-fold change vs vehicle), and Ppp3ca 

(2.5-fold change vs vehicle) in thymocytes on day 7 following administration of 10 μg/kg 

TCDD and no interrogated genes which were significantly reduced in expression. 

Collectively, our results fail to support apoptosis and Fas-FasL interactions as a prominent 

mechanism of TCDD-induced thymic atrophy.

Previous studies identified AhR signaling as the pivotal event in TCDD-induced thymic 

atrophy (Laiosa et al. 2003; Staples et al. 1998) and the hematopoietic compartment as the 

critical target for TCDD-induced thymic atrophy (Staples et al. 1998). However, until now, it 

was unclear which hematopoietically derived cell(s) specifically mediated TCDD-induced 

thymic atrophy. To investigate the importance of cell-specific AhR signaling in TCDD-

induced thymic atrophy, mice expressing the AhR floxed allele (AhRfx) were crossed to 

mice expressing Cre transgenes driven by LyzM (myeloid derived cells), CD11c (dendritic 

cells), RORyt (DP and SP thymocytes), and FoxNl (thymic epithelial cells) specific 

promoters. Our results show, for the first time, that deletion of the AhR in CD11c+ dendritic 

cells prevents TCDD-induced thymic atrophy, a previously unreported phenomenon. 
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Therefore, the immunotoxic responses of TCDD on the thymus are dependent on AhR 

activation in CD11c+ dendritic cells (DCs). Dendritic cells make up a small percentage of 

the thymic stroma (Wu and Shortman 2005) and are located mainly in the medulla and 

corticome- dullary region. Thymic CD8a- DCs cross-present self-antigens to developing 

thymocytes, facilitate the generation of regulatory T cells, and act as gatekeepers of 

lymphocyte trafficking (Bonasio et al. 2006; Hubert et al. 2011; Lei et al. 2011; Proietto et 

al. 2008). Dendritic cells are thus poised to exert control over thymic output in response to 

environmental conditions. Unfortunately, the solubility limitations of ITE (~ 30 mg/mL 

DMSO) and I3C (~ 10 mg/mL in ethanol) prevent the use of either of these ligands in AhR 

conditional knockout mice at doses that would be expected to induce thymic atrophy. 

Together, the current study significantly advances our understanding of how the AhR 

modulates the immune system and demonstrates for the first time that TCDD-induced 

thymic atrophy occurs as a result of activation of the AhR in CD11c+ dendritic cells. The 

results presented herein lead us to postulate that alterations in thymic CD11c+ DCs and/or 

their function underlie TCDD-induced thymic atrophy in mice. Indeed, recent studies from 

our laboratory indicate that administration of TCDD shifts the ratio of DC subsets in the 

thymus from CD8α+ to CD8α- DCs, an effect that may be responsible for an observed AhR-

mediated induction of thymic FoxP3+ Tregs (manuscript in preparation). Moreover, TCDD 

induces systemic immune suppression and promotes the differentiation and activity of 

peripheral FoxP3+ Tregs (Kerkvliet 2012a; Kerkvliet et al. 2009; Vos and Moore 1974)—a 

response which is abrogated in thymectomized mice (manuscript in preparation). Therefore, 

identification of CD11c+ dendritic cells as the direct target of TCDD-induced thymic 

atrophy offers insights into novel pathways to further understand mechanisms of AhR-

mediated immune regulation. Collectively, this study emphasizes the importance of research 

examining the contribution of cell- and tissue-specific consequences of chemical exposures 

on the immune system.
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Fig. 1. 
ITE, but not I3C, induces thymic atrophy. Naïve wild-type mice (C57Bl/6) were gavaged 

with three chemically distinct AhR ligands (a): TCDD (10 μg/kg), ITE (8 mg/kg), or I3C 

(100 mg/kg). Three indicators of toxicity: body weight (data not shown), thymus weight (b), 

and thymus cell number (c) were measured on day 7 toevaluate toxicity and thymic atrophy 

after administration of TCDD, ITE, and I3C. Data represents one of two independent 

experiments, n = 6–10 per treatment group, mean ± SEM; one-way ANOVA, *p < 0.05 vs. 

vehicle
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Fig. 2. 
Comparison of CD4/CD8 thymocyte subsets from vehicle, TCDD, ITE, and I3C exposed 

mice. C57Bl/6 mice were gavaged with the appropriate vehicle control, TCDD (10 μg/kg, 

once), ITE (8 mg/ kg daily), or I3C (100 mg/kg every other day). Representative contour 

plots gating on live thymocytes revealed a significant decline in the frequency of CD4+ 

CD8+ DP thymocytes, as well as a relative enrichment in the percent of CD4− CD8− DN and 

CD4+ CD8− and CD4− CD8+ SP thymocytes in 10 μg/kg TCDD- and 8 mg/kg ITEtreated 

mice compared to vehicle controls on day 7. These shifts in CD4/CD8 thymocyte subsets 

were not observed in mice treated with 100 mg/kg I3C. The mean percentages of the 

CD4/CD8 thymocyte subsets ± SEM are indicated in the plots. Data represents one of two 

independent experiments, n = 6–10 per treatment group; one-way ANOVA, *p < 0.05 vs. 

vehicle
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Fig. 3. 
ITE-induced thymic atrophy in an AhR- and a dose-dependent manner. Naïve wild-type 

mice (C57Bl/6) and mice expressing the low affinity receptor ( AhRd mice) were gavaged 

with vehicle (anisole/ peanut oil) or ITE (8 mg/kg). Three indicators of toxicity: body weight 

(data not shown), thymus weight (a), and thymus cell number (b) were measured on day 7 to 

evaluate toxicity and thymic atrophy. n = 5–6 mice per treatment group, mean ± SEM; one-

way ANOVA *p < 0.05 vehicle. An additional cohort of C57Bl/6 mice was gavaged with 

vehicle (anisole/peanut oil) or increasing doses of ITE (1, 2, 4, or 8 mg/kg). Three indicators 

of toxicity: body weight (data not shown), thymus weight (c), and thymus cell number (d) 

were measured on day 7 to evaluate toxicity and thymic atrophy. n = 5–6 mice per treatment 

group, mean ± SEM; one-way ANOVA, *p < 0.05 vs. vehicle
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Fig. 4. 
The effect of TCDD on apoptotic thymocytes. Naïve wildtype mice (C57Bl/6) were gavaged 

with vehicle (anisole/peanut oil) or TCDD (10 μg/kg). Representative contour plots gating 

on 7-AAD+Annexin V+ thymocytes revealed a significant increase in the frequency of 

apoptotic thymocytes (a), as well as a dramatic shift in the distribution of thymocytes which 

were undergoing apoptosis 7 days following exposure to TCDD (b). Data represent one of 

two independent experiments, n = 6–10 mice per treatment group, mean ± SEM; one-way 

ANOVA, *p < 0.05 vs. vehicle
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Fig. 5. 
TCDD-mediated thymic atrophy is not dependent on Fas–FasL interactions. Naïve wild-type 

mice (C57Bl/6) were gavaged with vehicle (anisole/ peanut oil) or TCDD (10 μg/ kg). 

Representative contour plots gating on singlet thymocytes revealed that 3 days after 

administration of vehicle or 10 μg/kg TCDD to C57Bl/6 mice, there were no observable 

effects on the frequency of Fas and FasL expression on CD45+ Thymocytes relative to 

vehicle control (a). FasL-deficient (gld/gld) mice were exposed to 10 μg/kg TCDD and their 

thymic weight and cellularity measured on day 7 (b). Similarly, representative dot plots 
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(gating on live thymocytes) revealed a significant decline in the frequency of DP 

thymocytes, as well as a relative enrichment in the percent of DN and CD4+ CD8− and 

CD4− CD8+ SP thymocytes in 10 μg/kg TCDD-treated FasL-deficient (gld/gld) mice 

compared to vehicle control (c). n = 5 mice per treatment group, mean ± SEM; t test, *p < 

0.05 vs. vehicle

Beamer et al. Page 22

Arch Toxicol. Author manuscript; available in PMC 2020 February 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



Fig. 6. 
Deletion of the AhR in CD11c+ dendritic cells protects against dioxin-induced thymic 

atrophy. AhR conditional knockout mice were generated for myeloid derived cells 

( LyzMCreAhRfx), CD11c+ dendritic cells (CD11cCreAhRfx), RORγt+ DP and SP 

thymocytes (RORcCreAhRfx), and thymic epithelial cells ( FoxN1CreAhRfx). Mice were 

exposed to either solvent/peanut oil vehicle or 100 μg/kg TCDD. Three indicators of 

toxicity: body weight (data not shown), thymus weight (a), and thymus cell number (b) were 

measured on day 7. Data represent one of three independent experiments, n = 6–8 mice per 

treatment group, mean ± SEM; two-way ANOVA, *p < 0.05 vs. vehicle
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Fig. 7. 
Comparison of CD4/CD8 thymocyte subsets from CD11cCreAhRfx and AhRd mice exposed 

to vehicle or TCDD. AhR conditional knockout and AhRd control mice were exposed to 

either solvent/peanut oil vehicle or 100 μg/kg TCDD. Representative contour plots gating on 

live thymocytes revealed a significant decline in the frequency of CD4+ CD8+ DP 

thymocytes, as well as a relative enrichment in the percent of CD4− CD8− DN and CD4+ 

CD8− and CD4− CD8+ SP thymocytes in AhRd mice exposed to 100 μg/kg TCDD compared 

to vehicle controls on day 7. These shifts in CD4/ CD8 thymocyte subsets were not observed 

in CD11cCreAhRfx mice treated with TCDD. The mean percentages of the CD4/CD8 

thymocyte subsets ± SEM are indicated in the plots. Data represents one of three 

independent n = 6–8 per treatment group; two-wayANOVA, *p < 0.05 vs. vehicle
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