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Summary

The aryl hydrocarbon receptor, which has been central to studies in toxicology for years as the
receptor for the toxicant dioxin, is rapidly gaining interest in immunology based on its ability to
influence T cell differentiation. Multiple studies have documented that binding of this receptor
with certain ligands favors T cell differentiation towards regulatory T cells, and paradoxically
binding of this same receptor with different ligands enhances Th17 effector cell differentiation.
This finding has been confirmed in both /n vitroand in vivo models, where different ligands are
able to either ameliorate or conversely aggravate autoimmunity in experimental autoimmune
encephalomyelitis. The aryl hydrocarbon receptor has both an endogenous role that is important in
development and normal physiology, and also has an exogenous role as a receptor for man-made
toxicants, with their binding leading to transcription of cytochrome P450 enzymes that metabolize
these same ligands. Based on recent reports that will be summarized in this overview, we will
consider the role that the aryl hydrocarbon receptor might play as a sensor to the outside
environment, leading to alteration of the acquired immune system that might have relevance in
transplantation or other medical conditions. In addition to describing the data in normal
physiology and T cell differentiation, we will present examples of the importance of this receptor
in preclinical models of disease, and highlight specific ligands that target the aryl hydrocarbon
receptor and will have efficacy in treating transplant rejection and in tolerance protocols.
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Introduction

Why is it that some transplant recipients have stable graft function for years and then
suddenly present with severe rejection? And why can two seemingly similar patients that
receive organs from the same donor have such disparate outcomes after transplant?
Undoubtedly genetic differences may explain some of this, but perhaps the physical
environment that patients live in plays a role as well. This overview will introduce the aryl
hydrocarbon receptor (AHR), which has been central to the field of toxicology, as a sensor
to the outside environment that modulates the acquired immune system in response to
toxins. The role of this receptor in modulating T cell differentiation between regulatory cells
and effector cells will be explored, and the importance of the AHR in models of disease will
be discussed. Further interrogation of this receptor will help us better understand how
exposures in the environment may already be disrupting the fine balance our patients are in
after transplantation, and also will provide a novel target for immunomodulation in response
to rejection.

Background of the AHR

The AHR is a cytosolic receptor (Figure 1). Ligand binding to the AHR results in chaperone
shedding and translocation to the nucleus where it dimerizes with AHR nuclear translocator
(ARNT) and becomes a transcription factor for various genes including the cytochrome
P450 enzymes. The AHR is best known as the receptor for the man-made toxicant 2,3,7,8-
Tetrachlorodibenzodioxin (TCDD) through which its pathologic consequences, such as
thymic involution, immunosuppression, chloracne, and cancer are manifested. The AHR is
also a primary receptor for numerous man-made environmental exposures, including
cigarette smoke, diesel exhaust, urban dust, and their components (polycyclic aromatic
hydrocarbons, polychlorinated biphenyls, and other halogenated aromatic hydrocarbons)(1-
4). The AHR is so commonly activated after toxic exposures that evidence of binding of the
AHR and resultant upregulation of cytochrome P450 enzymes is often used to assess levels
of contamination of various environments(4, 5). The AHR has been evolutionarily
conserved(6). There exist invertebrate forms that don’t bind TCDD(7), indicating that the
function of this receptor evolved to respond to toxins, but may have initially had a different
purpose.

The AHR and Normal Physiology

The strongest indication that the AHR has a role in embryology is the finding that AHR null
(AHR™") mice have developmental abnormalities. The best defined is the patent ductus
venosus (PDV), the embryologic connection between the portal system and venous drainage
of the liver(8). Interestingly, the AHR hypomorph, which exhibits one-tenth the normal
amount of AHR in hepatocytes, also has a PDV in 90% of recipients(9). However, if the
hypomorphs are exposed to strong AHR ligands in utero, the PDV closes. This leads one to
believe that presence and exposure of endogenous ligands is necessary for normal
development. There continues to be an ongoing search for a true primary endogenous ligand
of the receptor.

There are other associated abnormalities with the AHR™~ mouse, some of which involve the
innate immune system (TABLE 1). A recent report identifies the role of the AHR in the
presence, location, and function of 8-T cells in the gut and skin(10). v&-T cells in AHR ™~
mice are not able to generate IL-22, which binds to receptors on epithelial cells enhancing
innate immune responses and promoting cell survival. In fact, IL-22 production is dependent
on the presence of the AHR in a majority of cell types(11, 12). When characterizing related
cell populations at epithelial barriers in skin and gut, intraepithelial lymphocytes (IEL) were
not maintained in adequate numbers in the nulls, leading to increased bacterial burden in the
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gut and poor outcomes when infected with certain bacteria(13). Interestingly, adoptively
transferred cells from wild-type into AHR™~ mice homed to the epithelium and repopulated
the gut. Additionally, when wild-type mice were fed a diet lacking cruciferous proteins (that
generate AHR ligands in the gut) or treated with gut-specific antibiotics, again IELs had
significantly reduced number. Another population of cells in the intestine important in this
gut-environment interface, intestinal lymphoid follicles, were found to depend on the
presence of the AHR as well as activation of this receptor by ligands found in diet for their
expansion and follicle formation(14, 15). Animals that lacked these cells were more
susceptible to infection with certain gut bacteria (Citrobacter rodentium). These AHR-
dependent cell populations at the interface of the gut are all part of the innate immune
system, and through their secreted cytokines signal the acquired immune system in response
to bacteria and dietary ligands. Loss of these cells leaves the host at risk to bacterial
overgrowth and invasion.

These observations indicate that the presence of the AHR is necessary to avoid phenotypic
abnormalities in development, and also suggests the importance of activation of this receptor
with one or more endogenous or gut/diet derived ligands early in development. In addition
this receptor is central to maintaining elements of the innate immune system at interfaces
with the outside environment.

Role in T Cell Differentiation

While it has long been known that TCDD toxicity causes immunosuppression and the
generation of Regulatory T cells (Treg)(16), two landmark papers demonstrating a strong
connection between the AHR and T cell differentiation were published in 2008. In the first,
activation of the AHR with TCDD led to the differentiation of murine naive CD4* T cells
into FoxP3* Treg(17). In the second, activation of the AHR using a putative endogenous
AHR ligand, 6-formylindolo[3,2-b]carbazole (FICZ), enhanced IL-17 and IL-22 expression
in murine naive CD4" T cells cultured in Th17 conditions (stimulation with anti-CD3 and
anti-CD28 antibodies in the presence of TGF-p and IL-6)(18). FICZ is a by-product of
tryptophan breakdown following exposure to UVB light(19). In addition to roles in Th17
and Treg, the AHR is central to 1L-22 expression by T cells(11) and for Th22
differentiation(20). IL-22, a member of the IL-10 cytokine family, is important in microbial
immunity, and is considered to be protective to epithelial cells and hepatocytes(21-23).

Animal models have further supported the role of the AHR in both regulation and effector
differentiation. Treatment of mice with TCDD or other AHR ligands was shown to enhance
Treg numbers and activity in experimental autoimmune encephalomyelitis (EAE), resulting
in less disease and prolonged graft survival respectively, while treatment with FICZ
aggravated disease(17, 18).

The above data, along with our own experience that AHR-dependent Treg generation is
enhanced by dendritic cells (DC), led us to consider the Indoleamine 2,3 Dioxygenase
pathway (IDO) and its metabolites(24). IDO is produced by DCs in response to IFN-vy, is
the rate-limiting enzyme in the breakdown of tryptophan, and plays a role in DC-derived
Treg generation /n vitro and /n vivo(25). The mechanism for IDO-induced Treg has not been
elucidated, although both tryptophan deprivation and activity of tryptophan metabolites have
been proposed(26, 27). Because indole metabolites and tryptophan derivatives are known to
be ligands of the AHR, we investigated a possible role for this receptor in the IDO pathway.
We recently reported that kynurenine functions through the AHR on T cells to generate Treg
directly(28). Additionally, ligands (including TCDD) can act through the AHR on DCs to
upregulate 1IDO, which further leads to Treg generation. IFN-y also leads to IDO generation
in DCs in an AHR-independent manner.
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We, and others, have identified in /n vitro assays that multiple ligands including TCDD,
kynurenine, ITE, and SU5416 (both discussed later) lead to an enhancement of Treg, and
only the ligand FICZ, a tryptophan photoproduct present in the skin after light exposure,
consistently enhances Th17 development(17, 18, 28, 29). Based on an idea that it may be
beneficial for harmful toxicants to signal the acquired immune system to deviate towards an
effector response, (FICZ, which is generated by UVB light, could function as a danger
signal to UV exposure) we turned our attention to mixtures of polycyclic aromatic
hydrocarbons (PAHSs), which are known to activate the AHR and be broken down by
cytochrome P450 enzymes(30). We focused on those that represent diesel fuel (diesel
exhaust particles — DEP) and urban dust (urban dust particles — UDP), and we were able to
duplicate the “effector” properties of FICZ in our assays. Addition of these PAH mixtures in
Th17 conditions led to a strong enhancement of 1L-17(31), which correlates with a couple of
previous studies. In one, mice received urban dust particles intratracheally (IT) 3 times over
the course of a week and were sacrificed a day later(32). The ensuing airway
hyperresponsiveness was lymphocyte dependent, there was recruitment of CD4* T cells to
the airways, and high levels of Th17-associated cytokines were identified in BALs. Ina
second study, cigarette smoke extract (CSE) favored Th17 differentiation in naive T-cells in
an AHR-dependent manner(33). IT administration of CSE did induce Th17 cells /n vivo, and
ultimately caused emphysema in an 1L-17 dependent manner. We have further duplicated
the findings that mice exposed to urban dust IT displayed increased IL-17 in BALS in an
AHR-dependent manner.

Collectively, these data support that there are identifiable ligands of the AHR that favor Treg
generation /n vitroand /n vivo (“regulatory ligands™), and others seem to favor Th17
deviation (“effector ligands”). This fits into a concept that the AHR has a broad range of
roles, both endogenous and exogenous. The endogenous roles, which pertain to embryology
and regulation of physiologic functions of the immune system may be the primary, original
functions of the AHR. Additionally, serving an exogenous (adaptive) role, the AHR has
evolved as a sensor to the outside environment, in response to both natural toxins and man-
made toxicants, to help metabolize pathogenic agents, as well as influence the acquired
immune system to protect the organism from infectious insults (Figure 2). It is important to
note that ligands of the AHR may not be strictly divided into “regulatory” or “effector” in all
instances (at least /n vitro), and in certain conditions those ligands associated with Treg can
lead to increases in 1L-17(34), and FICZ can lead to Treg(12). The importance of the ligand,
dosing, culture conditions, inflammatory milieu, or /n vivo model being tested needs to be
considered in these analyses.

The AHR in Models of Disease

Cancer

Given the above data, the potential to utilize the AHR as a target for immunomodulation in
essentially contradictory diseases becomes a possibility. Animal models already exist that
support this, and a few pharmaceuticals already on the market likely function through the
AHR (TABLE I1).

The connection between the AHR and cancer has been studied for many years, primarily
because of the known role of TCDD as a tumor promoter. The focus on TCDD may
overlook the role that this receptor plays as a modulator of the immune system that may also
influence tumor growth and survival. A recent paper studying brain tumors identified that
some produce the enzyme Tryptophan 2,3-dioxygenase (TDO), which leads to tryptophan
breakdown and generation of kynurenine (35). In this study, kynurenine had both an
autocrine effect, as well as a paracrine effect that was dependent on kynurenine binding to
the AHR, leading to Treg generation and a decreased immune response allowing tumors to
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grow and metastasize. These findings further underscore a possible connection between the
AHR and tumor survival, and may support targeting the AHR to allow the immune system
to clear tumors before they become malignant/metastatic.

Evidence that the AHR can be modulated to combat infection remains circumstantial.
AHR~~ mice fare worse when confronted with certain bacterial challenges. Some of this
effect may be due to the importance of the AHR in appropriate function of y&-T cells or
other components of innate immunity(10). In addition, the AHR has been shown to be
important for resistance to certain bacterial infections, such as listeria(36) and Citrobacter
rodentium(15). Treatment of mice infected with influenza virus with TCDD has been shown
to worsen outcomes after exposure due to suppression of an appropriate T cell and IFN-y
mediated response(37, 38). At the same time, TCDD reduces the inflammatory lesions seen
after HSV infection in the cornea by increasing the ratio of Treg to T effector cells(39). The
ability to improve clearance of bacteria or virus by utilizing effector ligands of the AHR will
need to be investigated further.

Autoimmunity

A number of recent publications have highlighted the role for this receptor in animal models
of immunity, most notably EAE and Collagen Induced Arthritis (CIA)(17, 18, 40). In both
of these models, AHR™~ mice acquire a less severe form of the disease (EAE) or none at all
(CIA). Additionally, in EAE, the disease can be aggravated or ameliorated simply by taking
advantage of either “regulatory or “effector” ligands of the receptor. At least one low
molecular weight compound with promise in treating lung inflammation in animals is
known to function through the AHR(41). Another area of autoimmunity that seems
promising in terms of a role for the AHR is colitis, given the papers cited above that show a
role for this receptor in presence and function of immune cells of the gut. In humans, AHR
RNA expression is downregulated in active lesions in patients with inflammatory bowel
disease(42), and studies have shown modulation of severity of colitis in mice with different
ligands and antagonists of the AHR(42-44).

Role of AHR in Transplantation

The above data indicate that the AHR can modulate the response of the acquired immune
system, and play a role in development and function of the innate immune system where it
interfaces with the outside environment. The observation that certain ligands can either
aggravate or ameliorate autoimmune disease supports the potential to harness this receptor
to influence an immune response. Another intriguing finding that may relate to
transplantation is the relationship of the AHR and the thymus. It has long been known that
treatment of animals with TCDD results in near total thymic involution within 10 days(45).
The mechanism of this is not known, although data suggest it is due to a loss of
hematopoietic cells. This is based on the findings that mice with constitutively activated
AHR in T-cell lineages underwent thymic involution(46) and our own finding that VAV-Cre
AHR/~ (no AHR in hematopoietic and endothelial cells) mice do not undergo thymic
involution when exposed to TCDD (unpublished data). Additionally at least one study
suggests that TCDD causes dysregulation of KLF2 (Kruppel-like factor 2, which encodes an
Sp1l-like zinc finger transcription factor) in some developing thymocytes that is important in
trafficking, leading to acute egress of these thymocytes from the thymus after exposure (47).
This might point to another role of the AHR in trafficking of immune cells that could further
be explored in regards to organ transplantation.
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Transplantation and the environment

One area that has not received much attention in transplantation is the potential role that the
environment might play in immunomodulation and disparate transplant outcomes. While the
importance of the AHR in responding to environmental triggers and causing transplant
rejection has not yet been documented, the finding that PAHs can shift the balance of Treg/
Th17 cells in the lung is intriguing. In addition, a recent study showed that cigarette smoke
exposure in mice decreased long-term islet allograft survival by inhibiting IDO in DCs(48),
which would be consistent with the previously described role of the AHR in the IDO
pathway. The importance of the AHR in responding to dietary ligands and bacterial products
in both shaping gut immunity and leading to diseases like inflammatory bowel disease is
becoming well-documented in numerous studies(49, 50), and further supports examining the
potential for the AHR to influence the immune system after transplant. Perhaps the one
organ system where the environment has been considered is lung transplantation. The fact
that the lung is in a direct interface with the outside environment does make it unique
amongst solid organ transplantation. A recent publication analyzing 281 patients after lung
transplantation found that patients living in close proximity to major roads had a
significantly higher risk of developing Bronchiolitis Obliterans Syndrome (BOS) after
transplantation, with increased IL-6 and neutrophil content in their BALs(51). The
mechanisms involved in the development of BOS after lung transplant are beginning to be
characterized, and there is significant support for the role of IL-17(52-54). A recent article
documented that lymphocytic bronchiolitis, which predisposed lung transplant patients to
chronic rejection and BOS, was associated with increased air pollution measured as high
particulate matter (PM) in the air, which would correlate with elevated PAHs(55). This
correlation between pollution and exposure to PAHSs, possibly leading to Th17 deviation and
a trend towards BOS, may suggest a role for the AHR in the pathogenesis of
environmentally-induced chronic rejection. Although anecdotal, we recently had a stable
lung transplant recipient who was caught in a house fire months after transplant, and
thereafter became dramatically sensitized to collagen V with a strong Th17 bias, rapidly
developing BOS and needing retransplant (personal communication, William Burlingham).
Clearly the role of the AHR in this case and other exposure-related outcomes will need to be
explored in depth. If this relationship with environmental exposures and immune deviation
proves to be valid, both avoidance of certain exposures and targeting the AHR with inhaled
regulatory ligands could show promise for prevention of BOS.

Targeting the AHR for treatment of rejection

There are some published data that AHR ligands can alter transplant rejection. One report
utilized a regulatory ligand of the AHR to induce tolerance to islet cell grafts in a murine
transplant model(56). These investigators used a low molecular weight compound that
activates the AHR (VAF347), and found that tolerance to MHC-mismatched islet grafts
could be achieved in an AHR-dependent manner. The authors further showed that the
mechanism of tolerance involved generation of Treg, and that the effects were mediated by
CD11c* DCs. In fact, tolerance could be achieved by transferring these DCs from VAF347-
treated mice, which led to Treg generation and tolerance in recipients of DCs. In a second
example, we have recently documented that FICZ can significantly hasten skin graft
rejection across a full mismatch (Balb/c to C57BL/6), and TCDD can prolong graft
survival(57).

An especially intriguing ligand relevant in transplant models is, 2-(1’H-indole-3’-carbonyl)-
thiazole-4-carboxylic acid methyl ester (ITE). This regulatory ligand has been shown to lead
to Treg via direct action on T cells as well as DCs. It suppresses EAE when given both 1V or
orally, in an AHR and Treg-dependent manner(29). Furthermore, utilizing a strategy of co-
administration of ITE and a T-cell epitope from MOGs5_ss5 (the epitope that causes EAE)
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Yeste et al reported the generation of Treg and suppression of EAE(58). This strategy is
enticing for a tolerance protocol to known MHC mismatches in organ transplantation, where
one could imagine co-administering mismatched MHC epitopes along with a regulatory
ligand to develop donor-specific tolerance. Another ligand we have been interested in is [3-
(3,5-dimethyl-1H-pyrrol-2-ylmethylene)-1,3-dihydro-indole-2-one] (SU5416). This
experimental compound, originally designed as a VEGFR-2 inhibitor, has recently been
identified as an AHR agonist with regulatory properties on both DCs and T cells(59). It has
previously been shown to have efficacy in ameliorating allergic airway disease(60) and
EAE(61) in mice, and our own experience has shown it can prolong MHC-mismatched skin
graft survival in mice (data not published). The combined features of regulation through the
AHR and anti-angiogenic properties give it two mechanisms through which it could inhibit
transplant rejection. Another potential ligand for immunomodulation could be kynurenine.

Conclusions

Is it possible that exposures in the environment can explain why stable patients suddenly
begin rejecting organs, or why similar patients achieve different outcomes after transplant?
The answer is hard to know at this point, although further studies identifying activation of
this receptor and correlating this with patient outcomes are warranted. The role of the
environment in the pathogenesis of many disease states is well documented, and should be
explored in transplantation as well. The importance of the AHR in the immune system is
becoming clearer, and future exploration of how it might affect transplant immunology will
be very exciting. The above data do identify the AHR as a novel target for
immunomodulation in a number of disease states, and may hold great promise in the
treatment of transplant rejection and achievement of tolerance.
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Abbreviations

AHR aryl hydrocarbon receptor

ARNT AHR nuclear translocator

TCDD 2,3,7,8-Tetrachlorodibenzodioxin (also known as dioxin)
AHR- aryl hydrocarbon receptor null mouse

v8 T cells gamma delta T cells

I[EL intraepithelial lymphocytes

Treg regulatory T cells

EAE experimental authoimmune encephalomyelitis

FICz 6-formylindolo[3,2-b]carbazole

IDO indoleamine 2,3 Dioxygenase

TDO tryptophan 2,3-dioxygenase

ITE 2-(1’H-indole-3’-carbonyl)-thiazole-4-carboxylic acid methyl ester
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MOG3s 55 myelin oligodendrocyte glycoproteins 35-55

SU5416 [3-(3,5-dimethyl-1H-pyrrol-2-yImethylene)-1,3-dihydro-indole-2-
one]

PAH polycyclic aromatic hydrocarbons

P450 enzymes Cytochrome P450 enzymes

DEP diesel exhaust particles

UDP urban dust particles

CSE cigarette smoke extract

CIA collagen-induced arthritis

VAV-Cre AHR- AHR null in hematopoietic and endothelial cells

KLF2 Kruppel-like factor 2, which encodes an Sp1-like zinc finger
transcription factor

BOS bronchiolitis obliterans syndrome

VAF347 4-(3-chlorophenyl)-N-[4-(trifluoromethyl)phenyl]pyrimidin-2-amine

VEGFR-2 vascular endothelial growth factor receptor-2

inhibitor
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Figure 1. AHR/ARNT signaling pathway

The AHR is a cytosolic receptor that is bound to a chaperone protein. When a ligand goes
across the cell membrane and binds to the AHR, it sheds its chaperone and goes to the
nucleus, where it associates with ARNT and binds to the Dioxin Response Element (DRE),
becoming a transcription factor. It induces transcription of the cytochrome P450 enzymes
including cyplal, cypla2, cyplbl and other metabolizing enzymes including glutathione S-
transferase Ya (GSTYa) and aldehyde-3-dehydrogenase (ALDH-3). Reprinted with

permission from (7). Copyright 2008 American Chemical Society.
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Figure2. The AHR in T cell differentiation

The AHR is represented in the cytosol of both DCs and T cells. In the top part of the figure,
which represents the endogenous pathway, ligands including TCDD, SU5416, ITE,
VAV347, and kynurenine bind to the AHR on DCs, leading to IDO generation. IFN-y can
generate IDO irrespective of the AHR. This leads to the metabolism of tryptophan to
kynurenine, which itself is a ligand for the AHR that binds to the receptor on T cells to
generate Regulatory T cells. The bottom part of the figure represents the exogenous
pathway, where ligands like FICZ or polycyclic aromatic hydrocarbons bind directly to the
AHR on T cells to favor Th17 differentiation under the right conditions. This AHR binding
also leads to the transcription of metabolizing enzymes, most notably the cytochrome P450
enzymes. The two pathways potentially function together in a feedback loop, where the
AHR metabolizes compounds that then themselves become ligands that can shift the T cell
differentiation response when the inflammation abates. Modified and reprinted from (57)
with permission from the publisher, Taylor & Francis Ltd, http://www.tand.co.uk/journals).
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Table |

Differences between Aryl Hydrocarbon Receptor wild-type and null mice.

Organ AHR null response versus B6 /AHR het Reference

Lung Increased IL-6, TNF-a, and other inflammatory cytokines in BAL. (62)
Increased neutrophillia following exposure to cigarette smoke and LPS. (62)
Increased edema following hyperoxia. (63)

Gl Increased development of colonic tumors (64)
C. rodentium oral infection is 100% lethal. (65)

Reproduction Abnormal ovarian follicles. (66)
Altered seminal vesicle development. (67)

Vascular Altered vascular structure in the eye, kidney and liver including patent ductus venosus. | (68)

Immune system | Reduced IL-22 expression. (15, 18)
Enlarged spleen. (69)
Reduced y8- T cell numbers in gut and skin. (13, 70)
Reduced Innate Lymphoid Cells in the gut. (13, 14, 65)
Delayed onset of EAE (18)
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Table Il

The Aryl Hydrocarbon Receptor in models of disease.

Page 17

Treatment with FICZ accelerates while TCDD delays rejection of
allogeneic skin grafts.

Disease Summary of Selected Reference Selected Reference | Other References

Cancer Kynurenine is an endogenous AHR ligand that suppresses anti-tumor (35) (64, 71-76)
immune responses.

Infection & Immunity | TCDD treatment reduces the severity of HSV-mediated inflammatory (39) (77-82)
lesions in the cornea.

Allergy & Asthma Food allergy is reduced by AHR activation in a murine peanut allergy (83) (84-89)
model. (41)
Allergic lung inflammation is inhibited by pharmacological AHR
activation.

Gastrointestinal TCDD treatment reduced colonic inflammation in a murine model of (90) (42, 44,91)
Crohn’s disease.

Autoimmunity AHR expression is required in a murine model of rheumatoid arthritis. (40) (92-94)
Treatment with FICZ accelerates while TCDD delays clinical onset of (17, 18)
EAE

Transplantation Allograft-acceptance promoted by pharmacologic-activation of the (56)
AHR. (57)
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