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ABSTRACT

Aryl hydrocarbon receptor (AhR) responds to endogenous and exogenous ligands as a cytosolic receptor, transcription factor, and E3 ubiquitin

ligase. Several studies support an anti-inflammatory effect of AhR activation. However, exposure to the AhR agonist 2,3,7,8-tetrachlorodibenzo-

p-dioxin (TCDD) during early stages of development results in an autoimmune phenotype and exacerbates lupus. The effects of TCDD on lupus

in adults with pre-existing autoimmunity have not been described. We present novel evidence that AhR stimulation by TCDD alters T cell

responses but fails to impact lupus-like disease using an adult mousemodel. Interestingly, AhR antagonist CH223191 also changed T cell

balance in our model. We next developed a conceptual framework for identifying cellular andmolecular factors that contribute to physiological

outcomes in lupus and createdmodels that describe cytokine dynamics that were fed into a system of differential equations to predict the

kinetics of T follicular helper (Tfh) and regulatory T (Treg) cell populations. Themodel predicted that Tfh cells expanded to larger values

following TCDD exposure compared with vehicle and CH223191. Following the initial elevation, both Tfh and Treg cell populations

continuously decayed over time. A function based on the ratio of predicted Treg/Tfh cells showed that Treg cells exceed Tfh cells in all groups,

with TCDD and CH223191 showing lower Treg/Tfh cell ratios than the vehicle and that the ratio is relatively constant over time. We conclude

that AhR ligands did not induce an anti-inflammatory response to attenuate autoimmunity in adult lupus mice. This study challenges the dogma

that TCDD supports an immunosuppressive phenotype. ImmunoHorizons, 2024, 8: 172–181.
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INTRODUCTION

Aryl hydrocarbon receptor (AhR) is a promiscuous receptor that
binds halogenated aryl hydrocarbons (HAHs), polycyclic aryl
hydrocarbons, flavonoids, or endogenously synthesized mole-
cules such as microbially derived tryptophan catabolites (1).
2,3,7,8-Tetrachlorodibenzo-p-dioxin (TCDD) is a prototypical
ligand that belongs to the HAH group and is one of the most
studied AhR ligands (1). It is formed through combustion of
organic, carbon-based material in the presence of chlorine (2).
Studies of TCDD exposure in humans indicate an immunosup-
pressive effect (3, 4); however, this has been a topic of some con-
tention. Corroborating evidence in animals shows that TCDD
skews the immune response toward a regulatory T (Treg) cell
phenotype that prevents diabetes, mitigate colitis, and suppresses
pertussis toxin�induced inflammation (5�8). AhR can bind to
the Foxp3 promoter and directly enhance levels of Foxp3 expres-
sion (8) as well as reverse colitis-induced methylation of Foxp3
CpG islands (5). TCDD treatment in experimental autoimmune
encephalomyelitis attenuated disease pathology (8) and, at a rela-
tively high concentration, induced a regulatory phenotype in hu-
man T cells (9). Even though it is a toxin processed by the liver,
TCDD can also suppress hepatic injury 5 d after administration
by increasing serum TGF-b level and mobilizing migration of
myeloid-derived suppressor cells to the peritoneal cavity (10).
Furthermore, AhR stimulation shifted the phenotype of ex vivo
macrophages from systemic lupus erythematosus (SLE) patients
toward an M2 state (11). Taken together, these studies provide
evidence on the anti-inflammatory action of AhR stimulation
that presents the potential to be harnessed therapeutically.

The canonical signaling pathway for AhR is stimulated by
TCDD (1). Intracellular ligand binding dissociates AhR from a
cytosolic sequestering protein complex and allows for entry into
the nucleus (1). In the nucleus, AhR binds to AhR nuclear trans-
locator (ARNT) and recognizes a 50-GCGTC-30 motif known as
a dioxin response element, which is found on many genes in-
cluding the canonically transcribed genes Cyp1A1, Il22, and Ahrr
(1, 12). Noncanonically, AhR has been found to bind partners
such as the NF-kB-associated protein RELB, promoting Tnsfs13b
transcription (1), or RORgt in the cytosol independent of li-
gands, promoting Il17 transcription and a Th17 phenotype (13).
AhR functions not only as a transcription factor, but it is also an
E3 ubiquitin ligase that regulates levels of many proteins includ-
ing ERa through interaction with the Cul4B ubiquitin ligase
complex (14�17). Curiously, some compounds that partially in-
hibit transcriptional activity dock the AhR Per/Arnt/Sim ligand
binding pocket and induce E3 ubiquitin ligase activity indepen-
dently of ligands (14, 17, 18). One antagonist with selective inhibi-
tion of HAH-induced transcriptional activity, CH223191, similarly
enters the ligand binding pocket to inhibit agonist-activated
transcription, but the activation of the ubiquitin ligase complex
by this compound has not yet been determined (19, 20).

Toning of the AhR signal by different ligand classes is
evidenced by the differential effects on the immune system
(1, 8, 21, 22). While the mechanism is incompletely understood,

some have proposed that this may be due to the effects of ligand
affinity and concentration. Some studies have, in fact, shown
dose-dependent effects on T cells (23, 24). Additionally, strain-
and species-specific variations in AhR protein affinity for ligand
have been observed (25, 26). Variations in mice are due to
single residue differences in the C-terminal ligand-binding do-
main. Two allelic variants have been identified in mice, the
AhRb (A357) variant has �10-fold higher sensitivity to ligands
compared with the AhRd (V357) (26). MRL/lpr and DBA mice
have the AhRd variant, whereas C57BL/6 and C3H/lpr mice
have the high-affinity AhRb variant (25, 26). The human AHR
allele similarly has a 10-fold reduction in affinity compared with
the AhRb variant; however, mutating the corresponding valine
residue (V381) to an alanine does not increase affinity for ligand
(23). Prior studies have shown that TCDD exposure prenatally
in C57BL/6 mice induces an autoimmune phenotype (27, 28),
and that prenatal exposure in SNF1 lupus mice exacerbates auto-
immunity (29). How TCDD affects adult lupus mice, however,
was unknown. Notably, Gogal and colleagues (29) used a dose
of 5 mg/kg in C57BL/6 mice (27, 28), and in the SNF1 mice,
which have the low-affinity AhRd variant, they used a dose
�10-fold higher. Given the similarity in affinity between the
human AhR protein and the MRL/lpr variant, we decided to
use the MRL/lpr lupus-prone mouse model to investigate the
effects of TCDD on autoimmunity. However, we decided
against using the 10-fold dose, because even a low body burden
of 100 ng of TCDD per kilogram of body weight led to severe
adverse effects in people following accidental exposure (30).
Instead, we chose a lower dose of 10 mg/kg. We found no evi-
dence that this dose of TCDD exerted any immunosuppressive
effect, as it did not alter levels of TGF-b. However, it induced
T follicular helper (Tfh) cells and altered the ratio of Tfh to
Treg cells. Therefore, we concluded that this dose of TCDD al-
tered T cell balance in adult lupus-prone mice. An HAH tran-
scriptional antagonist, CH223191, in contrast, downregulated
Treg cells in our mouse model.

MATERIALS AND METHODS

Mice
Female MRL/lpr mice were generated in-house with breeders
purchased from The Jackson Laboratory (Bar Harbor, ME).
Mice were housed under specific pathogen-free conditions at
Virginia Polytechnic Institute and State University (Blacksburg,
VA). At 8 and 10 wk of age mice were injected i.p. with 50 ml
of vehicle corn oil (Sigma-Aldrich), 10 mg/kg TCDD (Toronto
Research Chemicals), or 10 mg/kg CH223191 (Sigma-Aldrich).
Five days after each injection, blood was collected by retro-
orbital bleeding. Mice were sacrificed at 15 wk of age and
tissues were harvested for analysis.

Promoter reporter assay
The full mouse Tgfb1 promoter (�1162 to1764 bp) was generated
by Invitrogen GeneArt services and ligated into the pGL3-pro
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luciferase reporter construct (Promega). The Ahrb coding se-
quence was cloned into to pcDNA3.1/V5-His-TOPO vector
(Thermo Fisher Scientific) from C57BL/6 derived in vitro
differentiated Th17 cDNA. Primers used for cloning and vali-
dation are available upon request. HEK-239T cells (provided
by the laboratory of Dr. James Smyth) were cultured using
the American Type Culture Collection recommendation to
�70% confluency and cotransfected with promoter reporter,
overexpression, and SV40-Renilla (Promega) vectors using
an optimized concentration of Lipofectamine 2000 reagent
(Thermo Fisher Scientific). Cells were incubated posttransfec-
tion for 2 d at 37�C, 5% CO2. The Dual-Glo luciferase assay
(Promega) was performed and luciferase was measured with
SpectraMax M5. Luciferase expression was normalized to the
internal Renilla control.

RNA extraction, reverse transcription, and quantitative PCR
Spleen tissue was snap-frozen in liquid nitrogen and stored at
�80�C. Tissue was processed with a sterilized mortar and pestle
and a Bullet Blender tissue homogenizer. RNA extraction was
performed using an RNeasy Plus universal kit (Qiagen). cDNA
was synthesized using iScript reverse transcription supermix
(Bio-Rad). Quantitative PCR was performed using Fast SYBR
Green master mix (Thermo Fisher Scientific) and an Applied
Biosystems 7500 Fast system. Relative quantities of transcripts
were calculated using the 2�DDCt method after being normalized
to the 18S rRNA housekeeping gene. Already validated primer
sequences were obtained from the Harvard PrimerBank: Tgfb1,
forward 50-CCA CCT GCA AGA CCA TCG AC-30, reverse
50-TCG AGT GAC AAA CAC GAC TGC-30; Il22, forward 50-ATG
AGT TTT TCC CTT ATG GGG AC-30, reverse 50-GCT GGA
AGT TGG ACA CCT CAA-30.

Cell preparation and flow cytometry
Splenic lymphocytes were isolated by homogenizing fresh tis-
sue on a 70-mm strainer and incubated with 1× RBC lysis buffer
(eBioscience). Cells were stained with surface markers, fixed,
and stained intracellularly using Foxp3/transcription factor stain-
ing buffer set (eBioscience). CD31 T cells were stained using
PD1-FITC, CXCR5-PE, CD8-PerCP-Cy5.5, CD4-allophycocyanin,
Foxp3-BV421, live-dead Zombie Aqua (BioLegend). Flow
cytometry was performed using a FACSAria fusion cell sorter
(BD Biosciences).

Cytokine and autoantibody expression
Serum cytokine and autoantibody levels were measured using
ELISA or Luminex FLEXMAP 3D. TGF-b was measured using a
TGF-b1 human/mouse ELISA Ready-SET-Go! kit (eBioscience).
IL-22 was measured using a commercial kit (Thermo Fisher
Scientific). Anti-dsDNA IgG autoantibodies were measured
as previously described (31).

Renal histopathology
Tissues were paraffin embedded, sectioned, and stained for peri-
odic acid�Schiff at the Histopathology Laboratory at the Virginia-
Maryland College of Veterinary Medicine. Glomerular lesions
were graded on a scale of 0�3 for increased cellularity, increased
mesangial matrix, necrosis, percentage of sclerotic glomeruli, and
presence of crescents. Similarly, tubulointerstitial lesions were
graded on a scale of 0�3 for interstitial mononuclear infiltration,
tubular damage, interstitial fibrosis, and vasculitis. Slides were
scored by a board-certified veterinary pathologist (T.E.C.) in a
blinded fashion.

Antinuclear Ab measurement
The assessment of antinuclear Abs (ANAs) in the mouse serum
was carried out using a HEp-2 cells ANA kit (Antibodies, Inc.)
following the manufacturer�s procedures. Images were captured
with a Zeiss LSM 880 confocal microscope. Image processing
and quantification of the mean fluorescence intensity were per-
formed with ZEN 2.1 Lite software. Analysis of the ANA pattern
expression was performed in a blinded fashion (R.L./P.A.) using
the ImageJ software. We defined each pattern according to the
demonstration from the ANA testing kit. Four different patterns
were characterized as follows: peripheral, homogeneous, cyto-
plasmic spider web, and fine speckled. Each pattern was given
an arbitrary number and counted utilizing the particle tracking
function of ImageJ software.

Statistical analysis
For quantitative PCR, DDCt analysis was performed using 18S
rDNA as a housekeeping control. Data were analyzed with
GraphPad Prism and graphs display mean 6 SEM. Normality
of data distribution was determined. Statistical significance for
comparison of means was determined in normally distributed
data by a one- or two-way ANOVA and a Tukey post hoc test.
A p value <0.05 was considered statistically significant.

Mathematical modeling
To determine the kinetics of Tfh and Treg cell populations after
injection with TCDD or CH223191, we developed mathematical
models describing the interaction between Tfh cells, Treg cells,
four cytokines, and anti-dsDNA Ab for which experimental data
were collected at 8, 10, and 15 wk of age (T0, T2, and T7). We
assumed that the dynamics of the anti-dsDNA Ab (A) and two
cytokine populations, IL-6 (I6), and TGF-b (Fb), can be described
by the function

wðtÞ5 awebwt, (1A)

where aw is the population value at time T0, bw is the popula-
tion growth rate, and w 5 {A, I6, Fb}. We fitted w(t) to averages
of population levels at times T0, T2, and T7 using the �fit� algo-
rithm in MATLAB. The estimates for parameters aw and bw are
presented in Supplemental Table I, and the resulting dynamics
and data are shown in Fig. 4A. Similarly, we assumed that the
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dynamics of the remaining cytokine populations IL-2 (I2) and
IL-12 (I12) can be described by the function

wðtÞ5 xwt2 1 ywt1 zw , (1B)

where xw, yw, and zw are arbitrary numbers and w 5 {I2, I12}.
We fit these polynomials to the average mean florescence inten-
sity data for I2 and I12 using the polyfit function in MATLAB.
The estimates for parameters xw, yw, and zw are presented in
Supplemental Table II, and the resulting dynamics and data are
shown in Fig. 4.

Lastly, the cell populations Tfh (Tfh) and Tr (Tr) are given by
a two-order nonlinear system of ordinary differential equations

dTfh

dt
5

sTfh I12
kTfh 1 I2

� dTfhTfh,

dTr

dt
5

sTrFb

kTr 1 I2 1 I6
� dTrTr ,

(1C)

where sw accounts for population production, dw accounts for
per capita death rate, kw accounts for population densities where
production is half-maximal, and w 5 {Tfh, Tr}. We assume that
the Tfh production is enhanced by I12 and inhibited in the pres-
ence of I2 (see Fig. 5A). Similarly, the Tr production is enhanced
by Fb and inhibited by I2 and I6 (see Fig. 5A). We used the fol-
lowing values to parametrize the model. The decay rates per
week were computed as dw 5 7ln(2/t1=2), where the t1=2 for each
population, w, is known from literature. The Tfh and Tr values at
day T7 are known (Supplemental Table III). We fixed sw and kw
to arbitrary rates (Supplemental Table III) and used the model
(Eq. 1C) with all of the cytokine values over time known from
data fitting (Fig. 4) to determine the values of Tfh and Tr at time
T0 (Supplemental Table III), as well as temporal solutions for
populations Tfh and Tr (Fig. 5B, 5C).

RESULTS

TCDD induces TGF-b via the AhR signaling pathway
Based on evidence for the immunosuppressive effect of TCDD
and increases in TGF-b in mouse models, we hypothesized
that TCDD would suppress autoimmune disease. TGF-b is a
known downstream target of AhR that reciprocally affects
AhR expression (1). Notably, the Tgfb1 promoter contains two
dioxin response elements (Supplemental Fig. 1A). We cloned
the full mouse Tgfb1 promoter and the mouse Ahrb coding
sequence from C57BL/6 mice. Both Ahrb overexpression
(EmAhR) and a Tgfb1 promoter reporter construct (PRmTGF-b1)
were required in HEK293T cells with TCDD stimulation to
induce luciferase activity (Supplemental Fig. 1B). Luciferase
activity was not increased in the absence of mouse AhR over-
expression. Furthermore, stimulation of mouse AhR alone was
sufficient, and a mouse ARNT counterpart was not necessary.
Although we did not test the low-affinity mouse Ahrd coding
sequence from MRL/lpr mice, we hypothesized that TCDD
would still induce TGF-b in the presence of Ahrd, albeit a
higher concentration of TCDD might be required. We decided

to move on to in vivo investigation of the effects of TCDD as
well as an HAH transcriptional antagonist, CH223191, on dis-
ease phenotype and pathogenesis of lupus in MRL/lpr mice.

TCDD and CH223191 do not significantly alter TGF-b or
impact lupus-like disease in the MRL/lprmouse model
MRL/lpr mice were injected i.p. with TCDD or the HAH tran-
scriptional antagonist CH223191 (Fig. 1A) at 8 and 10 wk of age,
and blood serum was collected 5 d after each injection (T0 and
T2, respectively). Mice were sacrificed at 15 wk of age (T7). No
significant differences were found in TGF-b expression in
TCDD-treated or CH223191-treated mice at any time point
(Fig. 1B). No significant difference in Tgfb1 splenic mRNA tran-
scription was observed, either (Fig. 1C). Body weights were con-
sistent between groups throughout the study (data not shown),
and neither the spleen weights (Fig. 1D) nor the levels of circu-
lating anti-dsDNA IgG Abs (Fig. 1E) were significantly different
among groups. Therefore, the hypothesis for induction of an
ameliorative effect by TCDD-induced TGF-b was not supported.
Notably, we are confident that these mice had developed lupus-
like disease, as the anti-dsDNA IgG levels were significantly
higher at T7 compared with T0 (Fig. 1E, p<0.05).

To confirm activity of TCDD and CH223191 in the absence
of anticipated phenomena, activation of the AhR pathway was
evaluated by measuring splenic mRNA levels of both canonical
and noncanonical AhR transcriptional activity at T7. TCDD has
a t1=2 of 8 d in mice (32), and it is therefore not surprising that
splenic mRNA levels of Ahr and Cyp1a1 are not significantly al-
tered in the treatment groups at T7 (data not shown). However,
whereas the protein level of IL-22 was suppressed by TCDD at
both time points (Supplemental Fig. 1C), Il22 mRNA levels were
significantly elevated by TCDD and CH223191 (Fig. 1F), suggest-
ing that both exposures induced the transcription of this cyto-
kine. Thus, signaling through AhR was indeed activated by
TCDD, and, given that TCDD and CH223191 had similar effects
on Il22 mRNA levels, there may be nontranscriptionally related
effects of AhR stimulated by both TCDD and CH223191. We
concluded that the lack of TGF-b induction was not due to an
absence of stimulation by the respective compounds selected
for this study. Indeed, there was a trending increase of pro-
teinuria with TCDD, as well as significant aggravation of pro-
teinuria at 12 wk of age with CH223191 (Fig. 1G), although at
the time of euthanasia the renal histopathology was no longer
different among the three groups (Supplemental Fig. 1D). At
the age of 15 wk, the weights of superficial lymph nodes (axillary
and cervical) were elevated with TCDD and CH223191 (Fig. 1H),
again suggesting that the treatments were effective at exacerbat-
ing lupus-like disease. No differences were observed in deep
lymph nodes weights (i.e., mesenteric or renal; data not shown).

Consistently, we observed serum ANA patterns on HEp-2
cells that may have indicated more severe disease with TCDD
and CH223191 (Fig. 2A). CH223191, specifically, induced a
peripheral ANA pattern indicative of acute lupus-like disease at
both T2 and T7 time points (Fig. 2B), whereas TCDD and
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CH223191 induced a cytoplasmic spider web pattern on HEp-2
cells at T7, suggesting the presence of autoantibodies against cel-
lular structural Ags such as actin and myosin (Fig. 2B). However,
only the ANA patterns, but not the overall fluorescence intensity
(Supplemental Fig. 1E), were changed by the treatments. This
suggests that TCDD and CH223191 may have impacted lupus,
but the effects are minimal.

Based on these results, the hypothesis that TCDD and
CH223191 failed to induce an anti-inflammatory response to at-
tenuate the autoimmune disease is supported. In fact, CH223191
significantly aggravated glomerulonephritis (indicated by increased
proteinuria at 12 wk) and deteriorated lymphadenopathy
(indicated by increased superficial lymph node weights at T7) in
MRL/lpr mice. This suggests that TCDD may not affect

FIGURE 1. TCDD and CH223191 do not significantly alter TGF-b or impact lupus-like disease in the MRL/lpr mouse model.

(A) MRL/lpr mice received vehicle, 10 mg/kg TCDD, or 10 mg/kg CH233191 according to the diagram of experimental design. The same experiment was

repeated once, with n 5 8–9/group in each experiment. (B) Serum TGF-b at T0, T2, and T7. (C) T7 splenic Tgfb1 transcript level. (D) T7 spleen weight.

(E) Level of anti-dsDNA IgG autoantibodies at T0, T2, and T7. (F) T7 splenic Il22 transcript level. *p<0.05 by one-way ANOVA. (G) Proteinuria from

8 to 14 wk of age. **p<0.01 by two-way ANOVA. (H) Weights of superficial (axillary and cervical) lymph nodes at T7. Only one cage per group

(n 5 5/group) was analyzed for this parameter. *p<0.05 based on one-way ANOVA. For (D), (E), and (G), data from both experiments were combined.

FIGURE 2. TCDD and CH223191 alter serum ANA patterns on HEp-2 cells.

(A) Representative images. (B) Pie charts showing the proportions of different ANA patterns. The peripheral pattern is indicative of acute SLE-like disease.

The homogeneous pattern is the most typical of SLE. Both peripheral and homogeneous patterns indicate autoantibodies against dsDNA and histones.

The speckled pattern, which is rare in SLE, usually indicates autoantibodies against mitochondria. The cytoplasmic spider webs suggest autoantibodies

against structural Ags such as actin and myosin.
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autoimmunity through its HAH activity. Furthermore, our data
indicate that both TCDD and CH223191 altered the serum ANA
patterns on HEp-2 cells, again suggesting that the treatments
were effective but failed to modulate lupus-like disease in
MRL/lpr mice.

TCDD and CH223191 impact Tfh and Treg cells, respectively
The exacerbation of glomerulonephritis and lymphadenopathy
by TCDD and CH223191 suggested that the immune response
might be aggravated by both exposures. To search for evidence,
we decided to explore cell-mediated responses including CD41

CXCR51PD-11 follicular Tfh cells and CD41Foxp31 Treg cells.
As anticipated, splenic Tfh cells were significantly increased by
TCDD (Fig. 3A), whereas splenic Treg cells were significantly
reduced by CH223191 (Fig. 3B), leading to the Tfh/Treg cell
balance skewing toward Tfh cells by both treatments (Fig. 3C).
CD81Foxp31 T cells, also known as suppressor T cells, are
similar to their CD41 counterparts with a more limited capac-
ity for suppressing the immune response (33, 34). The effect on
Foxp3 levels was indiscriminate of T cell phenotype, and CD81

Foxp31 cells were significantly reduced by both TCDD and
CH223191 (data not shown). These results suggest that TCDD
and CH223191 promote follicular T cell response while reduc-
ing the suppressive arm of immunity in MRL/lpr mice.

Modeling lupus pathology reveals dynamics of cellular
expansion and contraction
To determine the kinetics of Tfh and Treg populations after in-
jection with TCDD or CH223191, we developed mathematical

models describing the interaction between Tfh cells, Treg cells,
four cytokines, and anti-dsDNA Ab for which experimental data
were collected at 8, 10, and 15 wk of age (T0, T2, and T7). We
assumed that the dynamics of the anti-dsDNA Ab (A) and two
cytokine populations IL-6 (I6) and TGF-b (Fb) can be described
by the function w(t) 5 aebt (see Materials and Methods, Eq. 1A
for details), where a is the population value at time T0 and b is
the population growth rate. We fitted w(t) to averages of popu-
lation levels at times T0, T2, and T7. The estimates for parame-
ters a and b are presented in Supplemental Table I, and the
resulting dynamics and data are shown in Fig. 4A. Similarly, we
assumed that the dynamics of the remaining cytokine popula-
tions IL-2 (I2) and IL-12 (I12) can be described by function
w(t) 5 xt2 1 yt 1 z (see Materials and Methods and Eq. 1B for
details). We fitted w(t) to averages of population levels at times
T0, T2, and T7. The estimates for parameters x, y, and z are
presented in Supplemental Table II, and the resulting dynamics
and data are shown in Fig. 4. Although the vehicle treatment
generally increased the cytokine levels over time, indicative of
disease progression, with the exception of IL-12 (Fig. 4A), with
TCDD and CH223191 treatments, IL-6 stayed relatively constant,
whereas IL-12 decreased at the later time point (Fig. 4B, 4C).
Lastly, we developed a deterministic ordinary differential equa-
tion model for the interaction between two cell populations, Tfh
(Tfh) and Treg (Tr), and the cytokine populations described
above (Equation 1C, Fig. 5A). Rates of Tfh and Treg cell decay
were used from experimental evidence found in the literature
(t1=2 of 7�11 d; lifespan of 14�22 d), and Tfh and Treg cell rates
at time T7 were found experimentally. To determine the Tfh

FIGURE 3. TCDD and CH223191 impact Tfh and Treg cells, respectively.

(A) Representative FACS plots and percentage of Tfh cells within CD41 T cells in the T7 spleen. **p<0.01 by one-way ANOVA. FMO, fluorescence minus

one. (B) Representative FACS plots and percentage of Treg cells within CD41 T cells in the T7 spleen. **p<0.01 by one-way ANOVA. (C) Ratio of Treg

to Tfh cells in the T7 spleen. *p<0.05 by one-way ANOVA. Data from one representative experiment are shown (n5 8/group).
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and Treg values at time T0, we ran the differential equation
model (Eq. 1C) backward (Fig. 5B, 5C, Supplemental Table III).
The resulting predictions showed that at time T0, 5 d after the
first injection, Tfh populations were expanded most highly in
the TCDD-treated group (Fig. 5B) and the level decreased
slightly by time T7. Tfh population levels for the vehicle and
CH223191-treated groups remained nearly identical from T0 to
T7. Both Tfh and Treg cell populations decayed continuously in
all groups (Fig. 5B). Treg levels exceeded Tfh levels in all groups
for the duration of the experiment, with the vehicle group hav-
ing the largest Treg/Tfh cell ratio throughout the study and the
Treg/Tfh cell ratio having remained consistently lower in
the TCDD and CH223191 groups compared with the vehicle
(Fig. 5C). The results corroborate the evidence for expansion of
the follicular T cell response in TCDD-treated mice, and that
the contraction of Treg cells occurs regardless of treatment.

Overall, we found no evidence to support the suppressive
effects of TCDD in a model of adult lupus. Instead, TCDD
causes alteration of follicular homeostasis, reducing immunosup-
pressive cell phenotypes and promoting follicular phenotype for-
mation. Interestingly, we found that the antagonist CH223191
did not have an opposite effect on the immune system. In
some cases, such as Il22 mRNA levels and Foxp31 cell popula-
tions, it caused a similar phenotype to TCDD exposure that
might signify disease exacerbation.

DISCUSSION

Recent studies have revealed an anti-inflammatory role for AhR
activation in both autoimmune and infection models, where the
lack of AhR signaling led to exacerbated lupus and increased
Tfh cells, respectively (35, 36). We found that TCDD exposure
in an SLE mouse model with similar AhR affinity compared

with humans failed to induce anti-inflammatory effects; instead,
it reduced immunosuppressive cell phenotypes and prompted
follicular phenotype formation. The findings are congruent with
other reports of AhR ligands exacerbating autoimmune disease.
Endogenous synthesis of AhR ligands by the skin in response to
UV light has been shown to exacerbate skin rashes and lesions
in lupus erythematosus (37). Environmental pollutants also con-
tribute to autoimmunity, and, notably, autoimmunity-linked air
pollutants affect the immune system through AhR, such as crys-
talline silica and fine particulate matter (PM2.5) (38). However,
most studies linking TCDD to autoimmunity exacerbation per-
tain to the effects during early stages of development (27�29).
Therefore, evidence exposing how TCDD affects autoimmunity
in adult mice with a similar AhR ligand affinity to humans is key
to therapeutically harnessing AhR anti-inflammatory potential.

One interesting finding was the destabilization of Foxp31

cell populations. A relative of AhR in the bHLH family, HIF-1a,
is known to regulate Foxp3 protein stability by direct binding
with its bHLH domain to the C terminus of Foxp3 and subse-
quent targeting for degradation by ubiquitin ligation by the
von Hippl�Lindau protein�associated proteasome (39). AhR is
a ligand-dependent E3 ubiquitin ligase in the bHLH family, and
AhR antagonists that prevent transcriptional activity by binding
to the ligand pocket also induce E3 ubiquitination and degrada-
tion (14�17). We considered that TCDD and CH223191 may
have similar effects on Foxp3 by promoting protein degradation
through AhR�s E3 ubiquitin ligase activity. Indeed, Xiong et al.
(40) recently found that Foxp3 binds AhR at either the bHLH
or Per/Arnt/Sim domain to enhance Gpr15 transcription. The
evidence for direct binding of AhR-Foxp3 makes a compelling
argument for the ability of AhR E3 ubiquitin ligase activity to
regulate levels of Foxp3 protein. Foxp3 is the master transcrip-
tional factor for Treg cells. Treg cells are identified as critical

FIGURE 4. Predicted population dynamics over time versus data.

Theoretical curves (black lines) obtained by fitting solutions of the form w(t) 5 aebt for populations w 5 {A, I6, Fb} and of the form w(t) 5 xt2 1 yt 1 z for

populationsw5 {I2, I12} to time series data for experimental groups. (A) Vehicle (blue points). (B) TCDD (green points). (C) CH223191 (red points). Parame-

ters estimates are listed in Supplemental Tables I and II. The x-axis represents weeks postinjection with T0, T2, and T7 representing 8, 10, and 15 wk since

birth, respectively. For the Ab populations (anti-dsDNA) the y-axis represents the averaged normalized absorbance. For cytokine populations, the y-axis

represents the average (pg/ml).
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regulators of autoimmunity, and the loss of the Treg cell phe-
notype by TCDD and CH223191 may contribute to the slightly
aggravated symptoms of nephritis and lymphadenopathy. The
contradiction with most studies indicating that TCDD promotes
Treg cells may be resolved by examining the cross-section of al-
lelic variations in AhR affinity for ligands and dose-dependent
effects of TCDD. It is also possible that the molecular control
for transcriptional activity versus E3 ubiquitin ligase activity is
concentration- and affinity-dependent. Furthermore, we can
draw a comparison between the dynamic interactions between
HIF-1a and the E3 ubiquitin ligase von Hippl�Lindau in both
the degradation and maintenance of the Foxp31 Treg cell phe-
notype (39, 41).

Another interesting finding was that Il22 transcription
was increased 7 wk after initial exposure in both TCDD-
and CH223191-treated mice. This is interesting first because Il22
is considered to be a transcriptional consequence of the canoni-
cal signaling pathway, yet the antagonist CH223191 induced the
phenotype to the same level as TCDD. Indeed, it is counterintui-
tive that the agonist and antagonist yielded a similar outcome.
Many so-called antagonists are also considered to have agonistic
capacities, such 2,3-dimethylindole (18), so it is not surprising

that there are some similarities between TCDD and CH223191.
Second, despite being recognized as generally anti-inflammatory,
the increased production of IL-22 may have detrimental conse-
quences for autoimmune disease. Patients stratified by active
SLE with defective TGF-b signaling were observed to overex-
press IL-22, in which AhR signaling has been implicated (42).
Similar to TGF-b and IL-10, IL-22 may have contextual benefi-
cial or pathological consequences in autoimmunity (43).

Overall, our study evidences previously unappreciated
immunological consequences of AhR activation. We contributed
to building a basis of rationale for the design of studies and ther-
apeutics using AhR by characterizing the effects of an otherwise
anti-inflammatory inducing dose of TCDD on an AhRd lupus-
prone mouse model. We have also developed a (to our knowl-
edge) novel mathematical model that used temporal cytokine
data to quantify the Treg/Tfh cell data over time and predicted
that Treg cells exceeded Tfh cells in all groups, with TCDD
group having the highest Tfh expansion and the lowest Treg/Tfh
cell ratio, followed by CH223191 and vehicle, respectively. The
model can predict the parameters and mechanisms of SLE sever-
ity, which may be applied in future scenarios. Notably, our
study used only one lupus mouse model, one agonist, and one

FIGURE 5. Dynamics of Tfh and Treg population over time.

(A) Model diagram of cytokine interactions with Tfh and Treg cell populations. (B) Logarithmic dynamics of percentage of Tfh (top) and Treg (bottom)

cells within CD41 T cells from T0 to T7 obtained by evaluating model (Eq. 1C). Parameters are given in Supplemental Table III. (C) Logarithmic dynamics

of Treg/Tfh cell ratio given by evaluating model (Eq. 1C) from T0 to T7. Dotted lines correspond to Tr/Tfh 5 1. Parameters are given in Supplemental

Table III.
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antagonist. Therefore, the findings could be limited to the
mouse model and/or the individual agonist/antagonist used.
Nonetheless, our study suggests that, moving forward into
therapeutic applications of AhR ligands, it is important to rec-
ognize the finesse involved in its molecular mechanisms so as
to avoid the detrimental impact that AhR pathways have on
autoimmunity.
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