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The aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor that is an 

important regulator of immune responses in various disease models. In the non-obese 

diabetic (NOD) mouse model of type 1 diabetes, activation of this receptor leads to 

suppression of the autoimmune response and limits immune cell infiltration of the 

pancreas, stopping disease progression. It has been shown that the non-toxic compound 

Cl-BBQ (10- and 11-chloro- 7H- benzimidazo[2,1-a]benzo[de]Iso- quinolin-7- one) is 

capable of activating AhR in NOD mice. Ongoing efforts in the laboratory aim to 

establish how Cl-BBQ leads to immune suppression and subsequent prevention of 

diabetes. The goal of my project was to confirm that Cl-BBQ’s immunosuppressive 

capabilities are mediated through the AhR. This was accomplished by utilizing 

NOD.AhR.KO mice to confirm their functional ablation of AhR and to investigate the 

degree of islet infiltration in the pancreas following treatment with Cl-BBQ. We found 

that the NOD.AhR.KO mice were functionally deficient of AhR, and that AhR is required 

for Cl-BBQ to be effective at preventing pancreatic islet infiltration. This highlights the 

AhR as a therapeutic target and Cl-BBQ as a potential drug for the treatment of type 1 

diabetes. 
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CHAPTER I: THE ARYL HYDROCARBON RECEPTOR 

 

1.1  Discovery 

The aryl hydrocarbon receptor (AhR) is a protein that acts as a ligand-activated 

transcriptional regulator of many essential biological processes. Since first discovered in 

1976 by Dr. Alan Poland, more than 7300 articles have been published investigating 

different aspects of biological function that the AhR may play a role in. The focus of this 

research has encompassed characterization of the transcription factor and the roles that 

the it plays in the mediation of toxicological responses to exogenous compounds that 

function as AhR ligands. Understanding the evolution of AhR research requires a 

retrospective look at the public health research aims during the time period surrounding 

the discovery of the AhR. 

  

The identification of the AhR was preceded by research conducted by Dr. Poland in the 

early 1970s at the University of Rochester (Okey 2007). The aim of his original 

investigations was to determine why industrial workers developed chloracne and 

porphyria cutanea tarda as a result of association with the manufacturing of 2,4,5-

trichlorophenoxyacetic acid (2,4,5-T) and 2,4-dichlorophenoxyacetic acid (2,4-D) 

(Poland et. al 1971). 2,4,5-T was a major component of the Agent Orange herbicide 

(along with 2,4-D in a 50/50 mixture) used in areas of Vietnam during the Vietnam War 

(Stellman et al 2003). During the manufacture of 2,4,5-T, contamination of the product 

by the chemical compound 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD or dioxin) 

occurred due to the accelerated nature of production. Similar studies were conducted 

during the same approximate time period investigating the effects of TCDD exposure and 
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poisoning, mostly on the industrial front (Gombos et. al 1969, Jirásek et. al 1976). 

Poland’s survey of industrial workers, conducted in 1971, found that those who were in 

the closest proximity to either 2,4,5_T or 2,4-D (usually maintenance workers responsible 

for the repair of vats and pipelines) had the most severe chloracne, and those who were 

identified as administrative staff (working in a building separate from the plant) had the 

least severe, if any, chloracne (Poland et. al 1971). As it had previously been identified 

that (1), TCDD was an unwanted contaminant in the production of 2,4,5-T (Young 1978), 

and (2) TCDD had been shown to have potent chloracnegenic properties (Kimmig and 

Schulz, 1957), there was speculation by Poland and his associates that there would be a 

higher prevalence of chloracne in workers in areas with the highest TCDD concentration, 

though there was no data collected in this study to support this (Poland et. al 1971). 

  

In 1973, Poland’s initial findings that led him to believe that TCDD was responsible for 

industrial chloracne resulted in another published study to further investigate its role in 

the causation of porphyria. Prior research had indicated that a number of drugs were 

experimentally capable of causing hepatic porphyria through the induction of the enzyme 

γ-aminolevulinic acid (ALA) synthetase (Granick 1966). This enzyme is involved in the 

initial step of heme synthesis. The results of the study indicated that TCDD was in fact a 

potent inducer of ALA synthetase at very small concentrations (in the nanomolar range) 

in a chick embryo model (Poland et. al 1973). It was also found that the potent induction 

of ALA synthetase by TCDD was a consequence of the specific location of halogen 

atoms in the molecule (in the 2,3,7, and 8 positions on the rings), as it was identified that 

other chlorinated dibenzo-p-dioxin isomers had little to no enzyme induction potential at 

high doses (Poland et. al 1973). This led to additional research investigating the structural 
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relationship between TCDD and other compounds in the induction of another enzyme, 

aryl hydrocarbon hydroxylase (AHH). (Poland, Glover 1973). 

 

Figure 1.1. Structure-activity relationship of halogenated dibenzo-p-dioxins (Poland et. 

al 1973) 

  

In the late 1960s and early 70s, research done by Dr. Dan Nebert at the National Institutes 

of Health (NIH) had shown that in some strains of mice, AHH could be induced by a 

number of polycyclic aromatic hydrocarbons (PAHs) that are structurally similar to 

TCDD (Nebert, Bausserman 1970). TCDD, along with fifteen other halogenated dibenzo-

p-dioxins, were screened by Poland and his associates for their ability to induce both 

AHH and ALA synthetase. Similar to previous studies conducted pertaining to ALA 

synthetase, it was found that there was a well-defined structural-activity relationship that 

emerged in the induction of both enzymes (Poland, Glover 1973). It was hypothesized 
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that the induction of these enzymes was being mediated by the same pathway specific to 

compounds similar in structure to TCDD (summarized by Pohjanvirta 2012). 

 

In 1974, Poland’s group published another study relating the induction of AHH by TCDD 

to another PAH, 3-methylcholanthrene (3-MC). Research conducted nearly 20 years 

beforehand had indicated that 3-MC was a powerful inducer of AHH, and that a single 

injection was able to protect rats from the activity of known carcinogenic dyes 

(Richardson et. al 1952). Poland’s study showed that TCDD was more than 30,000-fold 

more effective than 3-MC at inducing AHH (Poland, Glover 1974). In teaming up with 

Dr. Nebert at NIH, steps were then taken to identify the genetic nature of this 

phenomenon by examining the effects of TCDD treatment in mice characterized as either 

“responsive” or “nonresponsive” to PAHs. Studies had already been conducted by Nebert 

that showed that the induction of AHH by PAHs such as 3-MC in either responsive or 

nonresponsive mouse strains was attributed to the makeup of what was identified as the 

Ah genetic locus (Nebert, Bausserman 1970). Strains that were responsive to PAHs 

(including C57BL/6 mice) expressed the Ahb allele, while those that were nonresponsive 

(including DBA/2), expressed the Ahd allele (Nebert, Bausserman 1970). The basis for 

the joint study conducted by Poland and Nebert was that TCDD, with its 30,000-fold 

increased potency over 3-MC, might be able to induce AHH in the unresponsive strain. 

Indeed, it was found that TCDD was able to overcome the unresponsive element that the 

DBA/2 strain was shown to have in 3-MC treatment and induce AHH (Poland, Nebert 

1974). This indicated that the unresponsive mice still had the regulatory genes necessary 

for the expression of AHH and that these genes were somewhere in the Ah locus 
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(Pohjanvirta 2012). It was still a mystery however as to what exact genetic aspect of the 

nonresponsive mice allowed for AHH expression under TCDD treatment, but not 3-MC. 

  

Further studies by Poland into the phenomenon of enzyme induction in the C57BL/6, 

DBA/2, and their heterozygous offspring indicated that each had differing sensitivities to 

TCDD and resulting levels of AHH induction (Poland, Glover 1975). Given the full 

spectrum of nonresponsive and responsive strains, a hypothesis emerged that genetic 

differences in the Ah locus of nonresponsive mice were producing a truncated gene 

product with reduced affinity whose functioning form in responsive strains acted as a 

receptor to 3-MC, TCDD, and other PAHs (Poland, Kende 1976). This was confirmed in 

the same year by using radiolabeled TCDD produced by Dr. Andrew Kende, an associate 

of Poland at the University of Rochester that was able to identify the binding location in 

C57BL/6, DBA/2, and heterozygous strains in the hepatic cytosol (Poland et. al 1976). 

Binding of this target by TCDD and selected congeners was strongest in the C57BL/6 

strain and was correlated to the predicted potencies of the compounds. Heterozygous and 

DBA/2 strains exhibited bindings at the same target with a lower affinity (Poland et. al 

1976). This was the pinnacle study that definitively identified the protein that would later 

be referred to as the aryl hydrocarbon receptor. 

  

1.2 Potency of TCDD in Relation to Other Ligands of the AhR 

The first study that examined the potency of TCDD in relation to another ligand of the 

AhR was conducted by Poland’s laboratory in 1974, that showed dioxin was able to 

induce AHH nearly 30,000-fold more than 3-MC (Poland et. al 1974). Since the 

characterization of the AhR in 1976 as a receptor for ligands like TCDD and 3-MC, many 
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laboratories have investigated what kinds of binding characteristics make a high affinity 

ligand, including Poland (Poland et. al 1982). Though limited modeling of AhR ligands 

has been documented, the majority of discovery has been of diverse compounds that are 

able to bind and activate AhR (Pohjanvirta 2012). These compounds can be sorted into 

two categories - classical and nonclassical (Pohjanvirta 2012). Classical compounds that 

bind and activate AhR are structurally similar to TCDD and are planar in nature. 

Nonclassical ligands are those with structures that diverge significantly from that of 

TCDD. 
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Figure 1.2. Examples of classical and nonclassical AhR ligands (Pohjanvirta 2012) 

  

Classical agonists have been shown to be the most potent at inducing the AhR, as they 

have the highest binding affinity for the receptor (Denison et. al 2002). The identification 

of a large subset of AhR ligands that have the nonclassical structure generally do not 

induce AhR as potently, but nonetheless show that there is some promiscuity to the 
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receptor and its ligand binding pocket (Pohjanvirta 2012). For example, omeprazole is a 

nonclassical ligand of the AhR, and has been shown to induce Cyp1a1 (a biomarker of 

AhR activation) to a lesser degree than TCDD, a classical ligand (Backlund, Ingelman-

Sundberg 2003). 

 

 

Figure 1.3. Induction of Cyp1a1 by OME and TCDD in different hepatoma cell lines 

(Backlund, Ingelman-Sundberg 2003) 

  

1.3 Mechanism of Action of the AhR 

AhR was originally characterized in the context of the induction of AHH, now known as 

CYP1A1. This enzyme is involved in the transformation of compounds (like 

benzo[a]pyrene, or BAP) into metabolic intermediates, some of which are carcinogenic 

(Conney 1982). It is important to note that the unique potency of TCDD is a consequence 

of its inability to be metabolized by the enzyme that it induces. The signaling pathway 

resulting from the activation of AhR by exogenous compounds such as TCDD alters gene 

transcription resulting in induction of CYP1A1. While there are multiple pathways of 
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AhR signaling, the classical pathway places AhR activation in the context of CYP1A1 - a 

necessary step in the metabolism of ligands (Pohjanvirta 2012). 

  

Figure 1.4. The pathway taken by ligands as they travel to nucleus to activate the AhR 

  

Ligands first enter a cell and bind to cytosolic AhR, which itself is bound to two 

molecules of a heat shock protein (hsp90) and an X-associated protein (XAP2), existing 

naturally as a complex (Denison et. al 2003). The binding of AhR by the ligand causes 

the complex to undergo a conformational change that allows it to translocate to the 

nucleus, where AhR is able to dissociate from the two hsp90 proteins and XAP2. Once 

this dissociation occurs, AhR dimerizes with a protein called ARNT (AhR nuclear 

translocator protein). This binding event allows the AhR to bind DNA with a very high 

affinity at a location known as a xenobiotic response element (XRE, formerly known as a 

dioxin response element (DRE)) (Denison et. al 2003). The XRE is within the promoter 
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of Cyp1a1 and other important genes responsive to AhR, and alters their transcription 

(Denison et. al 2003). 
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CHAPTER II: AHR AND IMMUNE SUPPRESSION 

 

2.1 An Introduction to the Immune System 

The immune system is a complex network of cells that work together in defense against 

foreign agents. The formation of an effective immune response is dependent on the 

interactions of many different immune cells and the signals they send to one another. 

 

There are two denominations of immune responses that can occur – innate and adaptive. 

Innate immunity relies on immune cell lines that serve as the quick acting, first line of 

defense to a foreign agent. These cells rely on relatively invariant receptors that recognize 

foreign antigens that lead to activation of phagocytosis and cytotoxic mechanisms, as 

well as the attraction of other immune cells to the scene of infection. These include 

neutrophils, eosinophils, basophils, dendritic cells, and macrophages, which are resident 

in all tissues of the body and serve to phagocytize foreign cells in order to process and 

present their antigens to other immune cells to form a more specific immune response. 

Dendritic cells also serve in this capacity, but are perhaps more important in forming this 

specific immune response by migrating to lymph nodes with foreign antigens in order to 

help recruit more specific immune cells and activate adaptive immunity. 

 

Adaptive immunity, in contrast to an innate immune response, involves the development 

of a very specific subset of immune cells, known as B cells and T cells. B cells, derived 

from the bone marrow, are responsible for creating antibodies that bind foreign antigens 

that either mark them for phagocytosis and destruction, or prevent them from infiltrating 
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host cells by binding to surface receptors. Certain B cells, known as plasma cells, receive 

signals to convert themselves into a form that will keep a reserve of antibodies available 

to the body in case the same foreign agent is recognized again.  

 

While an immune response is a very well-coordinated and extensive process, adaptive 

immunity relies very heavily on the T cell subset in order to carry out effector functions. 

Derived from the thymus, T cells are manufactured to interact with macrophages and 

dendritic cells in order to activate and perform effector functions, including cytotoxicity 

and assistance in activation of other cell types. This interaction is made in the context of a 

major histocompatibility complex (MHC) produced by the phagocytic cell (either 

macrophages or dendritic cells) in which foreign antigen is processed and presented. In 

lymph nodes, immature T cells initially interact with MHC-antigen presented by dendritic 

cells in order to mature into effector cells that can recognize the foreign antigen outside 

of the environment of the lymph node where defense is needed. 

 

T cells mature into one of two overarching phenotypes that determine the interactions 

they will have with other cell types – CD4 and CD8 effectors. Generally speaking, CD4+ 

T cells are helper T cells that help in the activation of other immune cells, including B 

cells that will in turn produce antibodies. CD8+ T cells are cytotoxic T lymphocytes 

(CTLs) that interact with any cells that have been infiltrated by a foreign agent and 

trigger apoptosis. Both phenotypes are important in the formation of a holistic, effective 

immune response to clear the body of an infection. 
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Helper T cells can further be divided into subgroups based on their functions. T helper 1 

(TH1) cells activate macrophages to trigger cytotoxic mechanisms against phagocytes and 

to release chemical signals (cytokines) that recruit more effector cells to the site. TH2 

cells stimulate B cells to produce antibodies. TH17 cells are involved with recruitment of 

neutrophils and macrophages to the site of infection. Immunosuppressive regulatory T 

cells (Tregs) are capable of downregulating the development of other effector T cells, and 

are required to maintain tolerance to antigen that the body’s cells produce naturally (self-

antigen). Tregs are especially important in the context of other T cells, which may cause 

unnecessary inflammation signals to self-antigen if tolerance isn’t maintained. In order to 

keep the body functioning with the intake of foreign chemicals and compounds (food and 

drink being a prime example), a careful balance of Tregs and Teffector cells is needed to be 

maintained. When this homeostasis is disrupted, and an imbalance of the phenotypes is 

created, damage to host cells can result. In the case of autoimmune disease, it is 

especially important that tolerance is reestablished so that damage to host cells can be 

mitigated. 

 

2.2 The Immune Response as a Target 

Studies documenting the effects that chemicals like TCDD had on the immune system of 

research animals were being conducted independently of association with the AhR. Vos 

and associates showed in 1973 that treatment with TCDD suppressed the immune 

response of research animals in delayed type hypersensitivity (guinea pigs, rats) and graft 

versus host reaction models (mice) (Vos et. al 1973). This was one of the first studies of 

its kind to show the powerful effects that TCDD had on the immune system. In 1982, 
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Nancy Kerkvliet and colleagues published studies showing the effects of another dioxin 

compound, pentachlorophenol (PCP) as an immunotoxicant (Kerkvliet et. al 1982). PCP 

was manufactured in a technical form (T-PCP) that contained approximately 15 percent 

impurities that were characteristic of dioxins, -furans, and -diphenyl ethers (Kerkvliet et. 

al 1982). In two separate studies, results showed that 1) T-PCP was able to suppress 

immune responses in mice and 2) increase the tumor burden of mice injected with 

Moloney sarcoma virus (Kerkvliet et. al 1982). Analytical grade PCP (99% pure) did not 

cause the immunosuppressive effects T-PCP did at comparable doses (Kerkvliet et. al 

1982). Later studies by the same group revealed that the dioxin/furan contaminants in T-

PCP, not the diphenyl ether fraction, were responsible for this immunosuppression 

(Kerkvliet et. al 1985). Though these results were not explicitly associated with AhR, 

they provided more evidence to the growing theory that the toxicity of dioxin and 

subsequent immunosuppressive effects were a function of the activation of AhR 

(Kerkvliet 2011). 

 

2.3 T Cells as a Target 

In order to better understand the underlying mechanisms of TCDD’s immunotoxicity, the 

Kerkvliet laboratory investigated changes in immune cell phenotypes and cytokines in 

response to TCDD treatment in a P815 mastocytoma allograft model (Kerkvliet et. al 

1996). It was found that C57Bl/6J (B6) mice treated with TCDD had lower levels of CTL 

(CD8+CD44highCD45RBlow) activity and alloantibody that are associated with GvHD 

progression (Kerkvliet et. al 1996). This was coupled with a failure to produce associated 

type 1 cytokines (IFN-γ, IL-2, TNF) normally after day 5 (Kerkvliet et. al 1996). B6 mice 
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that were not treated with TCDD had a corresponding increase in the development of a 

CTL response to the allograft (Kerkvliet et. al 1996). CD4+ cells were also shown to play 

a critical role in this development, as the depletion of the CD4+ population in vivo 

abolished both the CTL and alloantibody responses identical to the response in TCDD 

treated mice (Kerkvliet et. al 1996). Hence, one of the largest conclusions of this study 

was that TCDD interfered with the development of the CTL response to the P815 

allograft by acting through the CD4+ population, and that immunosuppression might be 

driven through CD4+ cells. 

 

This idea was supported by another study conducted by the Kerkvliet laboratory in 2005, 

that implicated CD4+CD25+ T cells as the causative force in observed 

immunosuppression in mice treated with TCDD (Funatake et. al 2005). The study, once 

again employing the GvH model, showed that the changes in CD4+ cells that resulted in 

suppression of the GvH CTL response were unique to a specific subset of CD4+CD25+ 

cells (Funatake et. al 2005). If mice received donor cells that did not express AhR, 

treatment with TCDD did not stimulate the same population of T cells, implicating that 

this was exclusively associated with the AhR (Funatake et. al 2005). The phenotype of T 

cell that had been stimulated (CD4+CD25+) were characteristic of Treg cells, suggesting 

that signaling through the AhR played a role in their generation (Funatake et. al 2005). 
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CHAPTER III: THE NONOBESE DIABETIC MOUSE AND TYPE 1 DIABETES 

 

3.1 Type 1 Diabetes 

Type 1 diabetes, an autoimmune disease that destroys insulin-producing cells, affects 

three million people in the United States (Juvenile Diabetes Research Foundation). The 

disease is initiated by immune cells that destroy insulin-producing β cells in pancreatic 

islets as part of an autoimmune response. The pancreas is the sole insulin-producing 

organ in the body. Those with type 1 diabetes must take insulin in the form of a shot in 

order to maintain healthy levels (American Diabetes Association). There have been no 

successful cures discovered for type 1 diabetes, confining treatment parameters of those 

affected to regular insulin injections, diet, and exercise to keep blood glucose levels low. 

 

The autoimmune response that leads to the destruction of β cells in the pancreas is 

characterized by the interactions of many immune cells (including T cells) with 

autoantigens expressed by the β cells (Yoon et. al 2005). Antigen presenting cells such as 

macrophages and dendritic cells uptake the autoantigen, process it onto MHC complexes, 

and present them to both naive CD4+ T cells and T helper 1 (TH1) cells (Yoon et. al 

2005). Cytotoxic CD8+ T cells are also activated and recruited to pancreatic tissue, acting 

in a synergistic manner to destroy β cells, resulting in the pathology associated with type 

1 diabetes (Yoon et. al 2005). The onset of type 1 diabetes in nonobese diabetic (NOD) 

mice is a result of a disruption of the homeostasis of Tregs with pathogenic Teffector cells, 

resulting in an inability to maintain tolerance (Gregori et. al 2003). 
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The discovery of Tregs as a uniquely immunosuppressive form of T cell primed the 

Kerkvliet laboratory to pursue studies in a disease model that might implicate the 

induction of Tregs as the mechanism behind TCDD’s known immunosuppressive 

capabilities, resulting in the use of the NOD model of type 1 diabetes.  

 

3.2 The Nonobese Diabetic Mouse 

Studying type 1 diabetes in a murine model is most effectively achieved through utilizing 

nonobese diabetic (NOD) mice. These mice are genetically predisposed to developing 

type 1 diabetes spontaneously after a certain predictable period of time (Jayasimhan 

2014). The development of the NOD strain was first developed by Makino and associates 

in 1980 during the selection for a cataract-prone mouse (Makino et. al 1980). The 

incidence of spontaneous diabetes development varies widely between male and female 

mice - a 60-80 % incidence in females and a 20-30 % incidence in males by 30 weeks of 

age (Makino et. al 1980). As a result, female mice are more often used for research 

purposes. 
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CHAPTER IV: CL-BBQ 

 

4.1 Development History 

 

 

Figure 4.1. The structure of 10- and 11-Cl-BBQ 

 

The largest blockade to continuing treatment studies with classical AhR ligands, 

including TCDD, stems from their toxic nature. TCDD in particular has a long half-life in 

the body that contributes to the toxic pathology it causes and potent immunosuppressive 

capabilities. Nonclassical ligands to the AhR have been shown to have diverse structures 

that differ vastly from classical ones, but in general do not bind the AhR with high 

affinity as classical ligands do. In 2014, members of the Kerkvliet laboratory screened for 

compounds that were similar in AhR activating capabilities to TCDD, were not cytotoxic 

to proliferating T cells in vitro, and induced the AhR-dependent Treg phenotype in vivo 

(Punj et. al 2014). This resulted in a published study on a new class of rapidly 

metabolized AhR ligands known as benzimidazoisoquinolines (Punj et. al 2014). The 

small molecule library was first screened for their ability to activate AhR in vivo and to 

determine if any of the compounds had favorable pharmacokinetic properties. This was 
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accomplished by showing the some benzimidazoisoquinolines were able to bind AhR and 

translocate to the nucleus as a complex in the same way that TCDD did, and that binding 

of the complex to XRE was also stimulated by the ligand (Punj et. al 2014). Next, the 

compounds were tested for their ability to induce Tregs, based on the knowledge that 

TCDD treatment resulted in the induction of AhR-dependent Tregs (Punj et. al 2014). 

The most potent of these compounds was rapidly metabolized and was able to suppress 

the development of murine GvH disease, identified as 10-chloro-7H-benzimidazo[2,1-

a]benzo[de]Iso-quinolin-7-one (10-Cl-BBQ) (Punj et. al 2014). It was later identified that 

the 10-Cl-BBQ used in this study was actually a 35:65 mixture of 10-Cl-BBQ and 11-Cl-

BBQ. Hence, Cl-BBQ will be used to denote the benzimidazoisoquinoline compound 

used in these studies. 

  

4.2 Cl-BBQ and Type 1 Diabetes 

Although TCDD has a high affinity to the AhR resulting in activation and 

immunosuppression in the NOD type 1 diabetes model, it is not the most favorable 

compound for treatment; a consequence of its high lipid solubility and resistance to 

metabolism (Ehrlich et. al 2016). Cl-BBQ’s pharmacokinetic properties were determined 

to be much more favorable than TCDD’s due to its drastically smaller half-life (serum 

half-life of 2 hours) (Punj. et. al 2014). In a later study conducted by the Kerkvliet 

Laboratory, it was shown that Cl-BBQ could be repeatedly administered to mice in order 

to maintain AhR activation similar to that of TCDD (Ehrlich et. al 2016). 



30 

 

 

Figure 4.2. Induction of Cyp1a1 by Cl-BBQ in comparison to TCDD (Ehrlich et. al 

2016) 

  

By using NOD mice, the laboratory was able to highlight the therapeutic capabilities of 

Cl-BBQ by showing that it conferred a potent suppression of insulitis (Ehrlich et. al 

2016). Because previous studies had shown that chronic treatment of NOD mice with 

TCDD was capable of suppressing insulitis and hyperglycemia, it was hypothesized that 

Cl-BBQ, a compound shown to activate the AhR and induce Cyp1a1, would be able to 

suppress insulitis and hyperglycemia as well. This was confirmed in the study, which 

showed that pancreatic islet infiltration was prevented in mice that were treated with Cl-

BBQ to an even greater extent than those treated with TCDD. 

 



31 

 

 

Figure 4.3. Infiltration of pancreatic islets in NOD mice treated with vehicle, TCDD, or 

Cl-BBQ (Ehrlich et. al 2016) 

  

Tregs are capable of suppressing islet infiltration in NOD mice (Ehrlich et. al 2016). In 

2009, the Kerkvliet laboratory had shown that the prevention of type 1 diabetes in NOD 

mice by TCDD was coupled with the induction of AhR-dependent Tregs (Kerkvliet et. al 

2009). The recent study that highlighted Cl-BBQs ability to prevent type 1 diabetes was 

also able to show that Cl-BBQ increased the AhR-dependent Treg population in NOD 

mice as effectively as TCDD had (Ehrlich et. al 2016). 
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CHAPTER V: METHODS 

  

Animals 

AhR knockout (KO) mice that contain a mutated Ahr gene that results in mice null for the 

AhR protein were first characterized by Dr. Christopher Bradfield’s laboratory in 1996 

(Schmidt et. al 1996). These mice are fully viable, but exhibit hepatic defects that 

implicate the AhR in normal liver development (Schmidt et. al 1996). An available 

AhR.KO strain (B6;129-Ahrtm1Bra/J) was purchased from the Jackson Laboratory (Bar 

Harbor, ME). These mice were crossed with a NOD/LtJ strain (Jackson Laboratory) for 

13 generations in order to create an AhR.KO mouse with close to 100% of the NOD 

genetic background. Mice were bred and maintained under pathogen-free conditions at 

facilities at Oregon State University. All experimental procedures involving animals were 

approved by the Institutional Animal Care and Use Committee at OSU. 

  

Genotyping 

Mice from the NOD.AhR breeding colony were genotyped in order to determine which 

mice were AhR.KO, AhR.Het (heterozygous), and AhR.WT (wild type).  Tail snips were 

taken from all mice at 21 days of age and digested in a lysis buffer. DNA was extracted 

from each tail by using phenol and ethanol, and stored in a 4⁰C fridge until genotyping 

was complete. DNA was subject to a polymerase chain reaction (PCR), in which a region 

of DNA (in this case, the piece of DNA coding for the AhR) is amplified across several 

orders of magnitude. This is done by adding PCR reagents (including primers specific for 

the AhR region of DNA, and a heat activated DNA polymerase) to a thermocycler 

machine, that allows for continuous repeats of the DNA replication process, allowing for 
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one copy of the DNA to replicate into two, four, eight, sixteen, etc. copies. The PCR 

products were loaded into a 1.5% agarose gel along with a dye that binds DNA and then 

run through a gel electrophoresis process, which allows for the DNA to be visualized on 

the gel. The electrophoretic process involves applying an electric current that moves the 

DNA based on its size and charge. Because DNA has a negatively charged phosphate 

backbone, this causes the millions of copies of AhR DNA to move noticeably down the 

gel in comparison to DNA that was not amplified, which is invisible to the naked eye. 

After the electrophoresis process is complete, the gel is imaged using UV light that 

allows for the AhR DNA bands to be separated into WT (669 basepairs, bp), KO (450 

bp), and het (both 450 and 669 bp). 

  

Cl-BBQ Treatment 

Cl-BBQ (Chembridge) was prepared in a 30/20/50% mixture of 

DMSO/Cremophor/Peceol and sonicated for 1 hour. 60 mg/kg Cl-BBQ was administered 

via oral gavage at dosing regimens indicated below. 

  

Cyp1a1 Measurement 

AhR.KO and AhR.Het mice received either a single dose of Cl-BBQ or vehicle via oral 

gavage. All mice were euthanized 24 hours after dosing. Upon sacrifice, liver snips were 

taken from each animal and stored in RNAlater solution and refrigerated for later 

analysis. RNA was extracted from the livers using QIAGEN reagents according to 

protocols generated by the laboratory and QIAGEN (QIAGEN RNeasy Mini Handbook, 

Fourth Edition, June 2012). The purified RNA was diluted to 0.05μg/μl.  Next, cDNA 

was made from the diluted RNA by using a reverse transcriptase (RT) kit (Applied 
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Biosystems). Once prepared, cDNA was run through an rtPCR (real time PCR) reaction 

on a 96 well plate in order to quantify the relative amount of Cyp1a1 that had been 

induced in each animal. Cyp1a1 was normalized to the housekeeping gene Actb (which 

produces the protein β-Actin). The induction level of Cyp1a1 in every animal was 

compared to a baseline (AhR.Hets treated with vehicle) and graphed in terms of fold 

change. 

 

Assessment of Islet Infiltration 

AhR.KO mice started treatment at 7 weeks of age, and received either Cl-BBQ or vehicle 

given orally 3 times a week for the next 5 weeks. Mice were then euthanized at 12 weeks 

of age. Upon sacrifice, pancreas was removed from each animal and stored in optimal 

cutting temperature (OCT) compound at -80°C for later analysis. Pancreas was sectioned 

using a cryostat, placed on glass slides, and stained by hematoxylin and eosin which 

stains pancreatic islets pink and infiltrating cells purple. Infiltration was quantified as the 

percent of islets falling into 3 different categories of infiltration determined by 

observation of immune cells within islets compared to total islet space: no infiltration, 

<50% infiltration, or >50% infiltration. 
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CHAPTER VI: RESULTS 

 

AhR.KO Mice Are Deficient of a Functional AhR 

NOD.AhR.KO mice were generated to examine the role of AhR in the development in 

type 1 diabetes. More so, by generating mice deficient in the AhR, we would be able to 

confirm that the AhR is necessary in order for Cl-BBQ to be effective. In order to 

confirm that the generated NOD.AhR.KO colony were indeed deficient of the AhR as 

they were bred to be, an assay to confirm the functional ablation of the receptor was 

performed. This was done by measuring the induction of Cyp1a1 in mice that were 

determined to be KOs by genotyping in comparison to those that were determined to be 

heterozygous (het) for the AhR gene. NOD.AhR.Het mice were used as the positive 

control for this assay instead of WT mice. This is because AhR.Het mice express AhR 

similar to AhR.WT mice, and are much more common in litters of mice as a consequence 

of Mendelian genetics (AhR.Het mice are generally 50% of pups born, leaving 25% as 

AhR.WT and 25% AhR.KO). 

 

Cyp1a1 induction was measured against a housekeeping gene Actb (which produces the 

protein β-Actin). This gene is constitutively expressed in cells, and can be used as a 

reference point to quantify the induction levels of other genes, such as Cyp1a1. This was 

measured in the control group (AhR.Hets treated with vehicle), AhR.KOs treated with 

Cl-BBQ, and AhR.Hets treated with Cl-BBQ. As depicted in the figure, Cyp1a1 

induction levels for AhR.KOs are at a baseline level, contrasting with the AhR.Hets, 

which varied in their levels of induction far above baseline. The Cyp1a1 induction for 

AhR.Hets was 12359.16±5474.98, in comparison to the induction levels for AhR.KO 
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mice at 0.78 ±0.10.  The baseline level of Cyp1a1 induction in the KOs and the high 

levels of induction in the Hets suggests that the AhR.KO colony is functionally deficient 

of the AhR. 

  

Figure 6.1. Lack of Cyp1a1 induction confirms functional deficiency of AhR in AhR.KO 

mice 

 

 

Cl-BBQ Protects Against Islet Infiltration in an AhR-Dependent Manner 

By confirming that our NOD.AhR.KO colony was indeed deficient of a functional AhR, 

we next conducted an experiment examining the therapeutic potential of Cl-BBQ in 

NOD.AhR.KO mice.  This was done in order to establish definitively that Cl-BBQ’s 

immunosuppressive capabilities were being mediated through the AhR. NOD.AhR.KO 

mice were treated with either vehicle or Cl-BBQ and the histopathology of pancreatic 

islets was examined. The degree of islet infiltration was used as an indicator as to 

whether or not Cl-BBQ was able to protect against insulitis. Because these mice are 
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deficient in a functional AhR, it was hypothesized that Cl-BBQ would not have any 

effect and thus the degree of islet infiltration would be the same across both groups. 

  

Both vehicle treated and Cl-BBQ treated mice were found to have very similar levels of 

islet infiltration, demonstrating that the presence of the AhR is necessary for Cl-BBQ to 

effectively prevent infiltration in the pancreas. Islet infiltration was found to not vary 

significantly between vehicle (No infiltration: 46.84±21.88, ≤50%: 32.61±11.07, ≥50%: 

20.55±11.73) and Cl-BBQ (No infiltration: 49.13±21.94, ≤50%: 32.88±10.87, ≥50%: 

17.99±12.71) treatment groups. This supports the idea that expression of the AhR is 

necessary in order for Cl-BBQ to suppress islet infiltration. 

 

 

 

Figure 6.2. Cl-BBQ is dependent on the presence of AhR in order to protect against islet 

infiltration 
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CHAPTER VII: DISCUSSION 

 

The AhR has been shown to mediate an immunosuppressive effect when activated by 

ligands such as TCDD. Activation of the AhR has been associated with the induction of 

Tregs that function in mediating immunosuppression, and may represent a new way to 

treat autoimmune disease. The current study highlights the therapeutic potential of a 

newly discovered AhR ligand, Cl-BBQ, as it relates to type 1 diabetes in the NOD mouse 

model. 

 

The results of this study indicate that the NOD.AhR.KO colony is functionally deficient 

of the AhR. This was illustrated by the lack of Cyp1a1 induction following treatment 

with the AhR ligand, Cl-BBQ. Cyp1a1 is one of many genes that is induced by activation 

of the AhR in the classical pathway (Nebert et. al 2000). Thus, its induction serves as a 

reliable biomarker for activation of the AhR.  

 

It was determined that both NOD.AhR.KO groups, treated with either vehicle or Cl-BBQ, 

had very similar patterns of islet infiltration. Both groups had nearly 50% of their islets 

infiltrated by immune cells, an indication that progression of type 1 diabetes developed 

unhindered in the NOD mice. As shown in past studies, treatment of NOD mice that had 

a functional AhR with Cl-BBQ resulted in very little infiltration of islets in comparison to 

the vehicle treated NOD mice (Ehrlich et. al 2016). Evaluation of the NOD.AhR.KO 

pancreas showed that suppression of the autoimmune response by Cl-BBQ is specifically 

mediated through the AhR. 
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Suppression of autoimmune disease through the AhR has been highlighted by its most 

potent ligand, TCDD.  However, TCDD does not have favorable pharmacologic 

properties. TCDD has a long half-life and is unable to be metabolized by the enzyme it 

induces, CYP1A1. The persistence of TCDD as a result of its inability to be metabolized 

leads to prolonged activation of the AhR, which has been speculated to result in the toxic 

effects associated with it. Thus, TCDD is not a good candidate for drug development. On 

the other hand, Cl-BBQ is a high affinity ligand of the AhR but is rapidly metabolized, 

and is thus less likely to be toxic (Ehrlich et. al 2016). Cl-BBQ promoted nuclear 

translocation of the AhR from the cytosol (Punj et. al 2014).  In NOD mice, repeated 

dosing of Cl-BBQ induced Cyp1a1 similarly to the therapeutic dose of TCDD (Ehrlich et. 

al 2016). Further, Cl-BBQ potently suppresses the development of type 1 diabetes in 

NOD mice in a similar fashion to TCDD (Ehrlich et. al 2016). 

 

Cl-BBQ has been shown to be a non-toxic compound. Toxicity screening revealed that 

Cl-BBQ did not affect serum chemistry at 20 weeks of age after 13 weeks of treatment 

(Ehrlich et. al 2016). Further studies are currently being conducted in order to confirm the 

nontoxic nature of Cl-BBQ by standards of the Ames carcinogenicity assay. Though this 

assay only tests for the mutagenic capabilities of a compound in bacteria, this is one of 

many steps needed to be taken in order to get the compound approved for drug 

development by the Food and Drug Administration (FDA), including both preclinical and 

clinical research trials. If determined not to be highly toxic, the future of Cl-BBQ as a 

novel treatment for autoimmune diseases looks promising. 
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The use of Cl-BBQ as a therapeutic could most effectively be applied to the treatment of 

type 1 diabetes. Current treatment for type 1 diabetes consists of insulin shots in order to 

compensate for the lack of insulin produced by the infiltrated pancreatic islets. Cl-BBQ 

could potentially be used as a nontoxic aid in preventing the progression of type 1 

diabetes, if treatment was started early enough. It may even be able to completely replace 

insulin treatment, as Cl-BBQ has been shown to prevent the autoimmune destruction of β 

cells in the pancreas, which would lead to a normal supply of natural insulin to the body. 

Cl-BBQ might be a more attractive alternative to traditional insulin treatment (only given 

in the form of a shot) if it were proven to be effective in humans through an oral route. 

We have shown that treatment of mice with Cl-BBQ by gavage in a non-toxic carrier led 

to the alleviation of the autoimmune response and prevented the development of insulitis. 

Additional studies to optimize the delivery of Cl-BBQ are currently being discussed. 

 

Extending the uses for Cl-BBQ beyond the model of type 1 diabetes into other 

autoimmune disease models also has potential. The observed immunosuppression in the 

NOD model of type 1 diabetes is due to the induction of AhR-dependent Tregs that 

function in stopping the autoimmune response and associated pathology (Kerkvliet, et al. 

2009). Many autoimmune diseases, such as rheumatoid arthritis (RA) and psoriasis, result 

from inflammatory immune responses. As Tregs function in maintaining the tolerance to 

self-antigens, the induction of Tregs via AhR activation in the NOD type 1 diabetes 

model does have the potential to carry over to other forms of autoimmune disease - as 

many are dependent on inflammatory immune responses. Thinking about the AhR as an 

avenue for the induction of a regulatory response that would return the body to 

homeostasis may be the next step in treating autoimmune disease. 
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The efficacy of compounds that activate the AhR in order to combat autoimmune 

diseases support the idea that the AhR is a druggable target. Though it is true that the 

environmental toxicant, TCDD, is one of the most potent activators of the AhR, many 

endogenous ligands have also been identified as weak agonists of the receptor including 

(but not limited to) prostaglandin G2 and L-kynurenine, and play a role in normal 

physiological functions (Pohjanvirta 2012). The facts that endogenous AhR ligands exist 

that are not converted into carcinogenic intermediates by enzymes such as CYP1A1 

supports the idea that the AhR may be an untapped drug target. Prolonged activation of 

the receptor is a consideration that could be addressed by creating rapidly metabolized 

compounds, such as Cl-BBQ. Continued research into development of compounds such 

as Cl-BBQ could be a step in the right direction towards treating autoimmune disease. 
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