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Abstract: The impact of anthropogenic contaminants on the immune system of fishes is an issue
of growing concern. An important xenobiotic receptor that mediates effects of chemicals, such as
halogenated aromatic hydrocarbons (HAHSs) and polyaromatic hydrocarbons (PAHs), is the aryl
hydrocarbon receptor (AhR). Fish toxicological research has focused on the role of this receptor
in xenobiotic biotransformation as well as in causing developmental, cardiac, and reproductive
toxicity. However, biomedical research has unraveled an important physiological role of the AhR in
the immune system, what suggests that this receptor could be involved in immunotoxic effects of
environmental contaminants. The aims of the present review are to critically discuss the available
knowledge on (i) the expression and possible function of the AhR in the immune systems of teleost
fishes; and (ii) the impact of AhR-activating xenobiotics on the immune systems of fish at the levels
of immune gene expression, immune cell proliferation and immune cell function, immune pathology,
and resistance to infectious disease. The existing information indicates that the AhR is expressed
in the fish immune system, but currently, we have little understanding of its physiological role.
Exposure to AhR-activating contaminants results in the modulation of numerous immune structural
and functional parameters of fish. Despite the diversity of fish species studied and the experimen-
tal conditions investigated, the published findings rather uniformly point to immunosuppressive
actions of xenobiotic AhR ligands in fish. These effects are often associated with increased disease
susceptibility. The fact that fish populations from HAH- and PAH-contaminated environments suffer
immune disturbances and elevated disease susceptibility highlights that the immunotoxic effects of
AhR-activating xenobiotics bear environmental relevance.

Keywords: aryl hydrocarbon receptor; immunity; immunotoxicity; fish; environmental pollution;
disease; halogenated aromatic hydrocarbons; polyaromatic hydrocarbons

1. Introduction

Immunity is a biological trait that critically relates to organism fitness [1,2]. The im-
mune system is commonly understood as protection against non-self, such as infectious
pathogens, but more broadly, it is concerned with the prevention of damage to the organ-
ism [3]. Immune responses are considered to be costly and therefore they may be traded-off
with other fitness-relevant life history traits, such as reproduction, growth, metabolism,
or detoxification [3-5]. The constituent immune activity is involved in maintaining the
internal homeostasis of the organism, including the interaction with its associated micro-
biome [6,7]. The immune system is activated by the presence of biotic as well as abiotic
stressor signals, for instance, by PAMPs (pathogen-associated molecular patterns) on the
surface of invading pathogens, or by DAMPs (damage-associated molecular patterns)
released from damaged tissues [8].
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There is growing awareness that a variety of contaminants occurring in the aquatic en-
vironment can impact the immune system of fish species [9-13]. Environmental chemicals
or complex matrices like, e.g., effluents of wastewater treatment plants can interfere with
the constituent immunity of fish, they can modulate the pathogen-triggered activation of
immune responses, and they can transiently or persistently alter the development of the
immune system [13]. The observed chemical effects are most often immunosuppressive,
and in a few cases also immunoactivating. Allergic reactions, as they often occur in the
toxicant-exposed human immune system, have not yet been reported for toxicant-exposed
fish. Chemically induced alterations of immune parameters are often classified to repre-
sent immunotoxicity, although, strictly speaking, without demonstrating that the changes
are associated with impaired or dysregulated immune functioning, they may be better
called an immunomodulation. However, for the sake of simplicity, we stay with the term
“immunotoxicity” in the present review.

The mechanisms through which environmental chemicals interfere with the immune
system of fish are little understood to date. One prominent mechanism could be the
activation or inhibition of receptors and signaling pathways in the immune cells and the
subsequent alteration and/or disruption of immune cell functioning. In fact, fish immune
cells possess an ecosystem of membrane and intracellular receptors, which are cross-linked
through diverse signaling pathways [14]. The physiological function of these receptors
and signaling pathways is to orchestrate immune cell differentiation and functioning as
well as to integrate the immune system with other physiological systems of the organism,
such as the reproductive system or the growth axis [15]. However, the various immune
system-based receptors could also be a molecular entry site through which environmental
contaminants may interfere with fish immunity. An example for such a mechanism is
provided by the so-called endocrine disruptors, i.e., contaminants that bind as agonists or
antagonists to steroid hormone receptors in cells of the neuroendocrine and reproductive
systems and thereby can disrupt fish reproduction and sexual development [15-17]. Steroid
hormone receptors are also present in immune cells of fish [18] and consequently, estrogen-
or androgen-active chemicals are able to impact not only the reproductive but also the
immune system of fish [13,19].

In the present review, we focus on the possible role of the aryl hydrocarbon receptor
(AhR) in mediating immunotoxic effects of aquatic contaminants in fish. Evolutionary, the
AhR is present in protostomia and deuterostomia, but AhR ligand specificity and functions
differ between these groups [20]. The AhR of vertebrates can be activated by a broad
range of ligands, including environmental contaminants, and much of the research on the
vertebrate AhR aimed to understand its role in chemical toxicity. In teleost fishes, research
on the toxicity of AhR-activating contaminants has been devoted mainly to chemical
biotransformation, developmental toxicity, and reproductive toxicity (e.g., [21-24]). Here,
we focus on the immunotoxic activities of AhR-activating xenobiotics. Initially, we will
shortly describe the canonical AhR pathway, and will summarize its discovery history.
Next, we will discuss the role of the AhR in the immune system of mammals, since the
immunological role of the AhR is best characterized in this vertebrate class. The next
chapter will deal with the question whether the AhR is present in fish immune organs and
cells. Finally, we will review what is known on the impact of AhR-activating chemicals on
fish immunity at the molecular, cellular, and system levels.

The topic of this review is timely for several reasons: First, with the growing knowl-
edge on the important physiological role of the AhR in the mammalian immune system,
the question arises if this is an evolutionary conserved function and already expressed in
fish. Second, while for mammals it is well documented that the binding of contaminants to
the AhR causes immunotoxicity (e.g., [25-28]), we do not know if this mechanism is active
in fish as well. Finally, a number of field studies have reported altered immune parameters
and increased pathogen susceptibility of fish populations living in environments contami-
nated by AhR-activating contaminants (e.g., [9,29-38]), which raises concerns regarding
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the possible ecotoxicological consequences of contaminant-induced activation of the AhR
in the fish immune system.

2. Historical Foundation

The mammalian AhR was detected in the 1970s as a hepatic protein that binds chlo-
rinated aromatic hydrocarbons. It could be shown that the binding correlated with the
induction of a hepatic enzyme that catalyzes the chemical modification of aromatic com-
pounds [39,40]. The binding protein was designated as an aryl hydrocarbon receptor, and
the induced enzyme as aryl hydrocarbon hydroxylase, which was later identified as a
cytochrome P450 (CYP) enzyme [41]. Characterization of the AhR progressed in the 1990s,
when researchers succeeded in purifying the AhR protein (from rodents) and in cloning
and sequencing the cDNA (cf. [42,43]). It then became clear that the AhR is a member of
the bHLH (basic helix-loop-helix)-PAS (Per-Arnt-Sim) family of signal sensors [41,42]. The
AhR contains an NHj-terminally located bHLH domain that is involved in DNA binding,
a central PAS domain, and the transactivation domain towards the carboxy (COOH) termi-
nus. The PAS domain is involved in ligand binding and interactions with chaperones (heat
shock protein 90) and with the aryl hydrocarbon receptor nuclear translocator (ARNT).

In the absence of an agonist, the cytosolic AhR is associated with chaperones like heat
shock protein 90, which hold the receptor in a conformation that is able to bind a ligand.
Upon ligand binding, the AhR undergoes conformational changes and translocates into the
nucleus, where it heterodimerizes with ARNT. The receptor-ARNT complex finally binds
to genomic regions containing its binding motif, the AHRE (aryl hydrocarbon response
element, also designated as dioxin response element) and induces the transcription of
target genes, for instance, biotransformation genes like CYP1A1 [42-44]. AhR signaling can
be regulated at three levels: proteasomal degradation of the AhR, metabolic degradation
of the ligands, or negative feedback regulation of the AhR-ARNT complex by the AhRR
(aryl hydrocarbon receptor repressor) [45]. In addition to the canonical genomic pathway,
the AhR can regulate gene expression also through non-genomic pathways [44] as well as
through crosstalk with other signaling pathways like NF-«B, Nuclear Factor Erythroid-2
Related Factor 2 (nrf2), or estrogen receptors [45-48]. Related to the discovery, the originally
known AhR ligands were xenobiotics. The typical xenobiotic AhR ligands include apolar
planar organic compounds, such as halogenated aromatic hydrocarbons (HAHs), including
dioxins, furans, and non-ortho-substituted polychlorinated biphenyls (PCBs), as well as a
range of polyaromatic hydrocarbons (PAHs) [43,49]. Beyond these groups, certain polar
organic compounds can also act as AhR ligands (e.g., [50]). Dioxins and related compounds
enter the environment, for instance, as combustion products, as by-products in herbicides
or wood preservatives, or from the bleaching process of Kraft pulp mills. PCBs have
been used as lubricants and heat conductors in electrical transformers, and in a variety
of other applications. Although their use has been banned, they are still present at toxic
concentrations in the environment (e.g., [51]) since PCBs as well as dioxins and furans are
persistent organic compounds. Environmental PAHs can originate, for instance, from oil
spills, and from incomplete burning of wood, coal, or petroleum products.

The various xenobiotic agonists display different binding affinities to the AhR, with the
prototypic AhR ligand, 2,3,7,8-tetrachlorodibenzo-p-dioxin (TCDD) showing the highest
binding affinity. For HAHs including TCDD, there exists a direct relationship between
their binding affinity to the AhR and their toxicity in mammals [52,53]. In contrast to
the knowledge on the xenobiotic agonists of the AhR, information on the nature of the
physiological ligands of the AhR has developed more recently [43,45,54,55]. Among the
physiological ligands, tryptophan metabolites have been identified as well as a wide
array of dietary components, such as flavonoids, but also microbial molecules, including
molecules produced by the symbiotic intestinal microbiota as well as molecules produced
by pathogenic bacteria [56-59].

Much of the research on the vertebrate AhR has focused on its role as a xenobiotic
sensor and its function in regulating the transcription of genes coding for xenobiotic-
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metabolizing enzymes, particularly the so-called AhR battery genes. In fact, due to the
extensive work on the AhR, it can now serve as a working model of the functional domains
and signaling steps in regulating the expression of xenobiotic-metabolizing enzymes [43].
However, the view of the AhR as a primarily xenobiotic sensor is rapidly changing. As
regarded today, the AhR has multiple functions beyond toxicology, including cellular
differentiation and function, coordination of the cell stress response, interaction with the
intestinal microbiome, endocrine homeostasis, or longevity [27,42,43,47,57,60]. Notably, the
AhR effects can vary with tissue context or ligand specificity [53]. The AhR may function
as a convergence point, integrating endogenous signals as well as external signals, be they
toxic chemicals, nutritional factors, or molecules of the microbiome [42,55,61,62].

3. The AhR in the Mammalian Immunity and Immunotoxicity

The AhR is a critical transcription factor for the normal development and function
of the mammalian immune system [55,63]. The receptor is expressed in many cells of the
hematopoietic lineage, and particularly in immune cells of barrier organs like skin, gut,
and lungs [27,45,64]. Here, we will not provide a comprehensive review on the AhR role in
the mammalian immune system, but the aim is to exemplify that the AhR has a modulating
influence on a broad panel of functions in the mammalian immune system.

The AhR is involved in regulating the differentiation and function of cells of the
adaptive immune system. The ligand-activated AhR influences the differentiation of
CD4+ T cells into Thl, Th2, and Th17 [62,65-68]. In particular, it can alter the balance
between Treg and Th17 cells [62,63]. The AhR effects appear to be ligand specific: for
instance, while TCDD promotes Treg differentiation, FICZ (6-Formylindolo[3,2-b]carbazole,
a natural dietary AhR ligand, induces Th17 differentiation. Treg cells express AhR, partly
at levels higher than liver cells, while for Th1l and Th2 cells, low levels of AhR have
been reported [26,27,55,69,70]. Through its influence on the differentiation of Treg cells,
the AhR can promote anti-inflammatory actions [71,72]. The AhR-mediated induction
of Treg cells has recently attracted attention for applying AhR ligands as therapeutic
drugs: due to their AhR-dependent anti-inflammatory action, they may be of use in the
treatment of immune-mediated diseases [73,74]. Activation of the AhR is also critical
for the IL-17 and IL-22 production of Th17 cells and their role in the control of specific
pathogens and in autoimmune diseases [45,55,65,71,75,76]. Finally, the AhR plays an
important role in the differentiation, function, and fate of B cells [77-80]. In particular,
B cells express AhR transcripts downstream of B cell receptor signaling (BCR) and the
activated receptor can negatively modulate class switching and plasma cell differentiation
via BLIMP1 (B-lymphocyte-induced maturation protein 1) and AICDA (activation-induced
cytidine deaminase). The existence of these mechanisms has led to suggestions that
the AhR could be a promising target for modulation of adaptive immune responses via
vaccination [81].

In addition to its role in the adaptive immunity of mammals, the AhR has a role
in controlling innate immunity as well [27,67]. The receptor is expressed at high levels
in macrophages, dendritic cells, and natural killer (NK) cells. The AhR controls differ-
entiation of monocytes into dendritic cells or macrophages, and in the macrophages,
the receptor modulates the expression of pro-inflammatory cytokines as well as ROS
production [70,82-84]. In vitro and in vivo rodent models have shown a role for the AhR
in the innate immune response via macrophage differentiation during pathogen infections
and promotion of IL-10 production [82,85,86]. Through these mechanisms, the AhR en-
hances bacterial clearance in infected mice and reduces lipopolysaccharide (LPS)-induced
inflammation [87,88].

The immunological role of the AhR is particularly relevant in barrier organs like
the skin or the gut as they are the first sites where the immune system encounters with
exogenous AhR ligands [27,59]. In the gut, natural AhR ligands include diverse molecules
contained in the diet as well as microbial molecules produced by the gut microbiome [62].
Functional AhR signaling has been shown to occur in mucosal epithelial cells of the in-
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testine, in intraepithelial lymphocytes (IELs), and in innate lymphoid cells (ILCs), which
are specialized T cells [45,55,62]. Activation of the AhR by environmental signals, such as
dietary AhR ligands, has critical physiological functions in orchestrating immune home-
ostasis in the intestine, maintaining IEL and ILC populations, preventing inflammatory
damage, and conserving barrier integrity [89]. The mechanisms through which the re-
ceptor mediates anti-inflammatory effects in the gut include a stimulating effect on the
proliferation of gut-resident immune cells [45,55,59,62,90], and modulation of the gut micro-
biome [63,91]. The receptor also stimulates the production of the cytokine IL-22 in NK and
innate lymphoid cells, and this in turn stimulates the production of antibacterial proteins
by the epithelial cells [83,92]. The importance of the AhR for the mucosal immunity of
mammals is also evident from the observation that in the absence of AhR activation, e.g.,
by feeding mice a diet containing none of the natural AhR ligands, the intestine shows
increased susceptibility to bacterial infection and inflammation [63,93].

The mammalian AhR regulates through AhRE the transcription of a large number
of immune genes, including complement genes and toll-like receptor genes [69,83]. The
receptor also modulates the expression of pro-inflammatory cytokines like IL-6, IL-12,
IFNvy, or TNF«x [63,91,93]. In addition to these direct AhR-AhRE axis-mediated effects,
many immune gene effects of the AhR are mediated through crosstalk with other signaling
pathways like NFkB [45,48,62].

Collectively, the available data show that AhR signaling modulates a variety of mam-
malian immune functions, be they altered immune gene expression, modulated immune
cell proliferation and differentiation, or altered immune system communication. The effects
can occur directly through the AhR signaling pathway, or through interaction with other
signaling pathways. The AhR is a sensor that integrates environmental, microbial, and
endogenous signals in order to coordinate the immune system status under external and
internal changes. Importantly, the AhR regulation of immune status and response can be
cell type, tissue, and ligand specific [55]. With its integrative function, the receptor plays
an important role in in maintaining immune system homeostasis and in protecting against
disease [64].

Given the role of the AhR in immunity, it is not surprising that xenobiotics that act
as agonists of the AhR interfere with immune functions of mammals [76]. Mostly im-
munosuppressive actions have been reported, typified by decreased leukocyte immune cell
apoptosis, thymic atrophy, suppressed cellular immunity, disturbed T and B cell differenti-
ation, inhibition of antibody production, and also disturbance of the intestinal microbiome
and gut health [27,28,45,62,63,76,94-99]. AhR activation by xenobiotics influences not
only the functioning of mature immune cells, but also the proliferation and differentia-
tion of developing immune cells. For instance, exposure to TCDD or other AhR ligands
causes an increase in Treg cells, which involves multiple mechanisms, including direct
transactivation, epigenetic control of Foxp3 transcription, and modulation of dendritic
cells [76]. AhR activation can also enhance autoimmune processes, e.g., through activation
of inflammatory Th17 cells, and it can stimulate the secretion of the signatory inflammatory
cytokine IL-22 [76,100].

In support of the laboratory findings, a series of field data point to immunosuppressive
actions of xenobiotic AhR ligands. Particularly marine mammals, which bioaccumulate
high levels of lipophilic PCBs and dioxins in their adipose tissues, display immunotoxic
effects and suffer from increased susceptibility to infectious diseases [51,101-103]. For
instance, recently, a relationship between PCB bioaccumulation, immune suppression, and
disease mortality was shown for killer whales, Orcinus orca. On the basis of this relationship,
the collapse of <50% of the world’s killer whale populations was predicted [101,102].
Likewise, Williams et al. [51] reported an association between blubber PCB concentrations
of harbor porpoises, Phocoena phocoena, and increased rates of infectious disease mortality.
Remarkably, this relationship existed despite the fact that the measured PCB levels were
below the proposed effect thresholds. Of course, it is difficult to conclusively demonstrate
in a field setting causal interference between disease incidences, immune suppression,
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and xenobiotic exposure; however, the pronounced immune effects of dioxins and PCBs
demonstrated in controlled laboratory studies, together with the known dose-response
relationships for the immunotoxic activities of these compounds, suggest a causative role of
chlorinated hydrocarbons and/or PAHs in the elevated diseases incidences among marine
mammals plausible.

For many of the immunotoxic effects of HAHs and PAHs in mammals, it has been
shown that they are mediated either directly through the AhR pathway or through
crosstalk with other signaling pathways [44,48,63,76,104—-107]. The mechanistic involve-
ment of the AhR in immunotoxic effects is also evident from studies with AhR knockout
animals [98,108,109]. For AhR ligands, such as PAHs, which can be rapidly metabolized
through AhR-regulated enzymes like CYP1A, the production of metabolites may also
contribute to the immunotoxicity [110,111]. Importantly, more relevant than the individual,
isolated immune effect could be the cascading of these single effects to the immune system
level, which eventually results in the dysregulation of immune capabilities and impaired
health [83,112].

This superficial overview, as summarized in Table 1, may be sufficient to highlight
the critical involvement of the AhR in mammalian immunity and immunotoxicity, as
well as the role of this receptor in integrating environmental and endogenous signals and
translating these signals into differentiated immune outcomes [45,55,62,65]. As such, the
AhR is an important factor in determining the organism’s capability to deal with variable
internal and environmental conditions, including toxic contaminants.

Table 1. Inmune parameters (selection) modulated by xenobiotic AhR ligands.

Immune Cells

and Tissues Mammals Fish
Regulation of monocyte differentiation e notstudied
Monocytes (mostly) suppression of (pro)-inflammatory gene expression ®  (mostly) suppression of
(pro)-inflammatory gene expression
B cells suppression of B cell maturation and IgM production e  suppression of IgM production
reduced B cell proliferation e  reduced B cell proliferation
T cells regulating Treg/Th17 balance e  Not studied
stimulation of II-22 production by Th17 cells e  stimulation of IL-22 production
Thymus e  Induction of atrophy e  Induction of atrophy
Mucosal Altered IEL/ILC balance e  notstudied
immunity Disturbance of intestinal immune homeostasis

4. The AhR in Fish

The AhR is present in all vertebrate classes including fish. However, as shown by
the seminal work of Mark Hahn, gene and genome duplications have led to a remarkable
diversification into various AhR isoforms in fish [20,113,114]. Orthologs of the mammalian
AhR are present in sharks (Chondrichthyes), gar fish (Holostei), and sturgeons (Chondrostei),
but they are absent in many teleost species. An exception is the zebrafish, where the isoform
AhR1o appears to be an ortholog of the mammalian AhR [20,115]. The AhRs of teleosts can
be grouped into two clades (AhR1, AhR2), with each clade often being present as duplicate
pairs, i.e., AhRla-AhR2a and AhR1b-AhR2b [20,116,117]. These pairs are thought to have
arisen as part of the teleost-specific whole genome duplication [20,118]. While AhR1 was
originally thought to be orthologous to the mammalian AhR, more recent analyses indicate
that it represents a distinct lineage [20]. Provided that the mammalian and the teleostean
AhR forms are no orthologs, this implicates that the toxicity of HAHs and PAHs is mediated
trough different AhR forms in teleosts and mammals [20,21,116,117]. The various AhR
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forms of fish display tissue-specific expression patterns as well as differences in ligand
specificity, which may lead to subfunction partitioning [20]. Moreover, Eide et al. [119]
recently suggested that in fish species like many gadiform species, which have lost the
xenosensor, pregnane X receptor, the AhR forms may compensate for this loss.

The essential characteristics of AhR signaling in mammals are conserved in fish, and
the piscine AhRs show similar—although not identical—ligand binding preferences as
the mammalian AhR, with high affinity binding of TCDD, non-ortho-substituted PCBs,
and a series of PAHs [21,120,121]. The AhRs in fish have been studied intensively with
respect to their role in regulating enzymes of xenobiotic metabolism and in mediating the
toxicity of HAHs and PAHs, in particular their developmental and reproductive toxicity in
fish [23,24,115,122-125]. The immune system as a potential target system of AhR-activating
contaminants in fish, however, has attracted surprisingly little research attention. In
the following sections, we will discuss the current state of knowledge on the possible
physiological functions of the AhRs in fish immunity and its possible involvement in fish
immunotoxicity.

5. The Presence and Xenobiotic Inducibility of the AhR in Immune Organs and Cells
of Teleost Fish

The immune organs of teleosts include the spleen, thymus, anterior kidney (syn.
pronephros/head kidney), posterior kidney (syn. mesonephros/trunk kidney/excretory
kidney), and mucosa-associated lymphoid tissues (MALTs) [126-134]. The diffuse MALTs
include the gut-associated lymphoid tissue (GALT); skin-associated lymphoid tissue
(SALT); gill-associated lymphoid tissue (GIALT), which is also known as interbranchial
lymphoid tissue (ILT); and the nasopharynx-associated lymphoid tissue (NALT) [135,136].
Additional MALT components have been recently identified, including the buccal MALT,
pharyngeal MALT, and other might be present in the teleost eye, swim bladder, gall blad-
der, and stomach [132]. These tissues are composed of a variety of cell types, including
B and T cells. The MALTs, together with immune cells and humoral factors present in
the mucus, are essential for skin, gill epithelia, and gut function as the first immune bar-
riers against invading pathogens [10,133]. Another important immune organ of fish is
the liver [10,137]. The liver harbors diverse immune cells and about 10% of the genes
annotated in the fish liver transcriptome belong to the Gene Ontology (GO) category “im-
mune system process” [137,138]. Fish lack lymph nodes and bone marrow. Instead, in
teleost fish, lymphocytopoiesis and monocytopoiesis occur in the kidneys and thymus,
which are considered the primary lymphoid organs. In fish, the anterior kidney is the
main organ producing B lymphocytes, while the thymus is the essential organ for the de-
velopment of T lymphocytes from early thymocyte progenitors to functionally competent
T cells [139]. Secondary lymphoid organs include the posterior kidney, which also has full
renal capabilities, the spleen, and the MALTs [10,131].

The expression of AhR in whole immune organs has been studied in several fish
species. In fish kept under control conditions in uncontaminated water, transcripts of both
AhR1 and AhR?2 were detected in the spleen of red seabream, Pagrus major [140], Atlantic
salmon [141,142], and goldfish, Carassius auratus [143]. For the latter species, AhR1 and
AhR? protein were also present in the spleen [143]. In rainbow trout (Oncorhynchus mykiss),
AhR mRNA was found in the head kidney and in the spleen [144-146]. The ratio of the
expression levels of the AhR isoforms varies between tissues, for instance, in the rainbow
trout spleen, the expression ratio between AhR2x and AhR2p was balanced, whereas
in the heart, AhR2j transcripts showed a much higher abundance compared to AhR2x
transcripts [144]. The functional implications of such tissue-specific differences in isoform
ratios have not yet been elucidated.

Evolutionary history influences the AhR tissue distribution, as it may be illustrated by
the case of killifish, Fundulus heteroclitus [147]. In populations that are sensitive to the toxic
impact of HAHs and PAHs, AhR1 mRNA was expressed predominantly in the brain, heart,
and gonads but not in the spleen, whereas in populations that have evolved resistance to
HAH or PAH toxicity, AhR1 mRNA was present with unusually high abundances in a
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number of organs including the spleen [148]. For AhR2, no obvious difference between the
transcript levels of resistant and sensitive killifish existed.

The developmental appearance of the AhR in fish tissues was studied by means
of in situ hybridization for the Atlantic cod, Gadus morhua [149]. The eye was the first
organ where expression of AhR was detectable (at eight days post-fertilization). The
immune organs displayed no AhR staining until the end of the study period (three days
post-hatching), but expression of the AhR-regulated gene, cypla, was present in a tissue,
which was presumably the head kidney [149]. The inducibility of cypla transcription in the
emerging head kidney suggests that the AhR signaling pathway is active early in immune
system development.

Information regarding in which organs a gene product is expressed helps to deduce
its physiological role. In the case of immune organs, however, findings at the whole organ
level have limitations because of the heterogeneous composition of immune organs. They
contain both non-immune and immune cells, and among the latter, a broad diversity of
immune subpopulations and differentiation stages. Thus, studies on AhR expression at the
organ level need to be broken down to studies on the expression and localization of the
AhR isoforms at the level of the immune cells. Song et al. [146] compared the transcript
levels of AhR2« and AhR2f3 in the whole head kidney organ of rainbow trout and in
leukocytes isolated from the head kidney, and found similar expression levels in both
systems. Additionally, the AhR induction response to BaP exposure was comparable in the
whole organ and the isolated immune cells. The results from rainbow trout agree with the
findings of Holen and Olsvik [150], who demonstrated by means of Western blotting that
AhR protein is present in isolated head kidney leukocytes of Atlantic cod.

“Leukocytes” is a rather generic term; the question is which leukocyte subpopulations
express the AhR. Song et al. [146] observed by means of fluorescent in situ hybridization
(FISH) that AhR mRNA was expressed not in all but only in specific immune cell pop-
ulations of rainbow trout. Although identifying immune cell types without specific cell
markers is difficult, the morphological appearance of the FISH-positive cells resembled
lymphocytes and neutrophils. An earlier study by Nakayama et al. [151] used double
immunostaining for a key target gene of AhR signaling, CYP1A, and for surface marker
proteins of trout immune cells. With this approach, the authors identified B cells and
granulocytes to be CYP1A-immunoreactive. This finding would agree with the FISH data
of Song et al. [146] on AhR cellular distribution. Phalen et al. [152] applied FACS sorting
of rainbow trout immune cell populations, and found that AhR and CYP1A mRNA were
expressed in B cells of blood, spleen, and head kidney as well as in thrombocytes of blood
and spleen. Thrombocytes in fishes are nucleated cells with a primary role in blood clotting,
but they appear to play a role also in the immune defense, for instance, they express genes
involved in antigen presentation and they are active in phagocytosis [152-154].

After having confirmed that the AhR is present in fish immune cells, the next question
is whether AhR expression is regulated and by which compounds. It has been reported
that bacterial peptides can regulate AhR transcript levels in fish immune cells [150,155,156],
but xenobiotics are also able to modulate AhR expression in fish immune organs and
cells. Exposure to xenobiotic AhR agonists, such as TCDD or BaP, resulted in upregulation
of AhR mRNA and protein expression in fish immune organs like the spleen [143]. In
rainbow trout, BaP treatment resulted in a significant upregulation of splenic AhR2« (but
not AhR223) transcripts, whereas TCDD treatment did not lead to an induction of AhRr2«
and AhR2f transcripts in the spleen [144]. Isolated head kidney leukocytes of Atlantic
cod showed elevated levels of AhR protein when exposed to the PAH, phenanthrene [150].
Collectively, the available data suggest that xenobiotics—but probably also microbial
peptides—can regulate AhR expression in teleostean immune cells.

The mere presence of AhR mRNA or protein in fish immune cells does not yet impli-
cate functional AhR signaling in these cells. Evidence that the AhR pathway is functional
comes from the fact that a key target gene of the AhR, CYP1A, can be upregulated in fish
immune cells treated with AhR ligands. This has been shown in a number of in vivo stud-
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ies when fishes exposed to compounds, such as TCDD or BaP, showed increased CYP1A
immunoreactivity and/or CYP1A mRNA in immune cells [151,152,157-160]. Additionally,
in vitro studies with isolated fish leukocytes show that exposure to AhR ligands results in
CYP1A induction in these cells [146,150]. Importantly, CYP1A induction can be inhibited
by antagonistic AhR ligands, such as «-napthoflavone [146], a finding that argues for
functional involvement of the AhR signaling pathway.

In conclusion, the published data indicate that the AhR isoforms, in particular AhR?2,
are expressed and functional in fish immune organs and cells. One question, however,
which needs much more attention in future research is which immune cell types express
the AhR. The understanding of possible immunomodulatory and immunotoxicological
roles of the AhR in the fish immune system depends critically on our ability to distinguish
individual immune cell populations. The very preliminary data available suggest the
AhR is present in B cells, thrombocytes, and granulocytes, but we have, for instance,
no information on T cells or NK cells, which show high AhR abundance in mammals
(see above). For a long time, the identification of AhR-positive immune cells in fish
was hindered by the absence of appropriate cell markers and separation technologies.
However, more recently, major progress has been made in techniques for identifying
specific immune cell types of fish (e.g., [161-165]), and this opens ample opportunities to
advance our knowledge on the cell type-specific distribution and function of the AhR in
the fish immune system.

6. Impacts of Xenobiotic AhR Agonists on the Immunity of Teleost Fish

Absorbed toxicants are distributed within the fish organisms via the blood stream.
Therefore, immune cells circulating in the blood or resident immune cells in the vascular
endothelia (for instance, resident macrophages in liver sinusoids) are directly exposed
to the toxic chemicals. The same applies for the highly vascularized and richly perfused
immune organs. In fact, Valdez Domingos et al. [166] showed in a toxicokinetic study
with medaka, Oryzias latipes, that a substantial fraction of absorbed PAHs is distributed
to the immune organs, with the head kidney accumulating higher levels than the spleen.
Likewise, Moller et al. [167] found in rainbow trout injected with 15 mg BaP/kg that the
head kidney accumulated more BaP (1.3 ng/mg tissue) than the spleen (0.25 ng/mg tissue),
and the accumulation in the head kidney was clearly higher than in the liver (0.4 ng/mg
tissue).

Rehberger et al. [13] estimated that about 15% of the articles on fish immunotoxicology
published over the last 20 years investigated the effects of AhR binding chemicals. From the
findings of those studies it is evident that exposure of fish to xenobiotic AhR agonists or to
environmental mixtures containing such compounds (e.g., heavy oil or creosote) can impact
the immune status of fish [125,168]. In the following section, we will critically review the
reports on immunological effects observed in fishes exposed to AhR-binding xenobiotics.
We will structure the discussion along the biological hierarchy, i.e., from changes at the
gene transcription level in immune cells and organs, over changes of cellular and systemic
immune functions, to changes of systemic immunocompetence as evidenced from altered
susceptibility of fish hosts to infectious pathogens (see also Table 2). As recommended
by Rehberger et al. [13] and Ye et al. [138], we aim to consider modulating factors, such
as gender-specific responses, or different environmental conditions, such as temperature,
although the majority of published studies did not account for such variables.
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Table 2. Summary of impacts of xenobiotic AhR agonists on fish immunity.

Biological Effect Level Immune Parameters

e  altered transcription of (pro)inflammatory cytokines (mostly
suppressive)

e  altered transcription of T- and B cell immune genes (mostly
suppressive)

Molecular level

e  altered immune cell numbers and/or proliferation (mostly
suppressive)

e  altered anti-pathogenic functions of fish immune cells
(phagocytosis, oxidative burst etc.) (mostly suppressive)

Cellular level

Tissue level e  lymphoid depletion of immune organs

thymus atrophy
Organism level e Increased pathogen susceptibility and mortality
Population level e  Increased disease prevalence

6.1. Immune Transcriptional Responses of Fish to AhR-Binding Xenobiotics

In vivo as well as in vitro studies reported that HAH or PAH exposure of fish or fish
immune cells results in altered expression of pro-inflammatory cytokines like IL-1(3, TNF,
IL-6, IL-8, or IFNYy [150,155,169-173]. Additionally, global transcriptomic studies corrobo-
rate that exposure to AhR ligands modulates immune gene expression of fish [170,174-176].
The toxicant-induced changes of immune gene transcription are not adverse by themselves,
but they may have implications for the overall immune functioning of the organism. For
instance, rainbow trout fed a diet containing 10 PAHs showed a reduced activation of in-
nate immune genes under infection with Aeromonas salmonicida [177]. The downregulation
was observed for genes encoding for complement factors and for bacterioloytic proteins,
such as lysozyme. Likewise, studies on the impact of TCDD on global gene expression in
whole body extracts of zebrafish, Danio rerio, and rainbow trout revealed a general down-
regulation of immune gene transcripts [178,179]. Similarly, liver transcriptomes of fishes
exposed to xenobiotic AhR agonists displayed prominent changes in immune pathways
(e.g., [180,181]). Additionally, the expression of genes related to the adaptive immune sys-
tem is modulated by exposure to AhR ligands, for instance, an increase in the production
of Th2-related transcripts [182] or a downregulation of IgM [171,183] has been observed. A
prominent AhR-mediated effect in the mammalian immune system is the stimulation of
IL-22 production by Th17 cells (see above). Recently, Li et al. [184] provided evidence that
certain benzotriazole ultraviolet stabilizers activate ahr2 and cypla expression in zebrafish,
and through this mechanism the benzotriazole compounds modulate the expression of
genes of the IL-17/IL-22 immune pathway. Collectively, these data point to immune genes
as critical targets of the action of xenobiotic AhR agonists, although these observations do
not yet prove that the effects are directly mediated through the AhR. PAHs and HAHs
may activate alternative signaling pathways like NF-kB or NFAT signaling [169,185], or the
effects may result from systemic interactions between different immune cell populations,
as it has been shown in mammals.

6.2. Immune Functional Responses of Fish to AhR-Binding Xenobiotics

Exposure of fish to xenobiotic AhR agonists can alter the immune cell numbers and/or
proliferation [30,137,145,186-191]. Likewise, exposure to complex environmental mixtures
containing AhR ligands, such as creosote or PAH/PCB-contaminated sediments, has been
found to induce alterations of immune cell numbers and ratios [29,36,192-195]. Unstimu-
lated as well as mitogen-stimulated leukocytes responded to the contaminant exposure,
both in vitro and in vivo. The majority of studies described that AhR ligands led to a
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reduction of leukocyte numbers. This can be explained by either suppressive effects on cell
proliferation, as it has been described for B cells and innate immune cells [187-189,196,197],
or by an increased rate of apoptosis [196-200]. However, some studies found either no
leukocyte response [201-204], or even an increase of leukocyte proliferation under expo-
sure to AhR ligands [182,186,196,197,205-207]. Such discrepancies might be explained by
species differences and/or differences in the exposure conditions. For instance, Spitsbergen
et al. [201] found a dose dependency of the TCDD immunotoxic effects, with injections of
0.1 or 1.0 pg/kg TCDD immune parameters causing no leukocyte alterations in rainbow
trout but injection of 10 pg/kg TCCD suppressing immune cell proliferation. Interestingly,
when leukocytes isolated from the spleen of TCDD-treated trout were stimulated with the
mitogen Con-A, cell proliferation remained unaltered. However, when pokeweed mitogen
(PWM) was used, they showed a proliferative response. These results indicate that the
immune response is not invariate but can vary according to the treatment conditions. The
currently available body of published information on the possible influence of contaminant
properties, exposure dose, exposure duration, fish species, life stage, etc. on the leukocyte
responses of fish under exposure to AhR ligands is by far not conclusive yet.

A particular feature of fishes are melanomacrophage centers, which are believed to
have an immunological function [208]. They appear to be responsive to exposure to AhR
ligands, although the existing results are controversial: while Payne and Fancey [209]
found a decrease of melanomacrophage centers in the livers of flounder (Pseudopleuronectes
americanus) exposed to PAH-contaminated sediments, van der Weiden et al. [210] observed
an increase in TCDD-injected carp.

One group of immune cells that have not yet been considered in fish immunotoxico-
logical studies are reticuloendothelial cells. These cells are an important component of
the non-specific defense mechanisms in fish [10,211,212], and may have a prominent role
particularly in the immune response to foreign particles. Exposure of fish to AhR ligands is
known to result in a pronounced upregulation of the AhR target gene, cytochrome P4501A4,
in reticuloendothelial cells [213,214]. Therefore, the defense functions of these cells may
also be sensitive to AhR ligands, but this remains to be experimentally confirmed.

Beyond changes in cell number and proliferation, direct anti-pathogenic functions of
fish immune cells can be modulated by exposure to AhR-binding contaminants. In partic-
ular, oxidative burst activity, phagocytosis activity, and cytolytic activity of fish immune
cells were found to be sensitive to the impact of AhR ligands [111,187,188,192,202,215-219].
Further immunological functions of fish that were impacted by AhR ligands including
B cell functioning [188,220,221], bactericidal activity [205,222], leukocyte leukotriene secre-
tion [155], and cytotoxic cell activity [222,223]. In addition, humoral immune parameters
of fish, such as lysozyme activity, antibody levels, or complement activities, were mod-
ulated by exposure to AhR-binding xenobiotics or environmental matrices containing
AhR ligands [152,192,217,223-225]. Generally, the toxicants had suppressive effects on
the measured immune functions, although exceptions exist. For instance, an increase of
the serum levels of acute-phase proteins occurred in rainbow trout exposed to TCDD,
Aroclor 1254, or 3-methylcholanthrene [226]. The role of confounding factors in causing
such variation of the immune responses is not well studied but must not be overlooked.
For instance, Duffy and Zelikoff [227] showed that the fish immune response to coplanar
PCBs is age-dependent, and White et al. [222] as well as Martin et al. [228] pointed to
a marked influence of the nutritional status on the immune response. Additionally, the
fact that the immune response can vary between tissues and that it is influenced by the
activation status of the immune system [182,203,229,230] complicates the interpretation of
the results. Finally, variations in the methodologies used to measure the immune responses
of fish can be a factor contributing to contradictory findings, as it has been highlighted by
Bols et al. [212] on the example of oxidative burst measurements.

An interesting case is provided by studies on PCB-resistant killifish (Fundulus hete-
roclitus) populations at highly contaminated rivers in the Eastern US. The PCB-resistant
phenotypes possess a desensibilization of the AhR signaling pathway and genetic variation
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of the AhR genes [147]. When resistant killifish from the PCB-contaminated sites were
challenged with a bacterial pathogen, they displayed normal antibacterial responses, in
contrast to PCB-sensitive phenotypes, which showed a suppressed immune response. This
suggests that the altered sensitivity of the AhR receptor in the PCB-resistant population
provides some protection against the immunosuppressive effects of PCBs [231]. This hy-
pothesis is supported by the toxicogenomic analysis of Ruggeri et al. [232], who showed
that the killifish from the polluted sites experienced a selection of genes involved in the
immune response against bacterial infections and thus may confer a genetic resistance to
the immunosuppressive effects of xenobiotic AhR ligands.

6.3. Immune Pathology Responses of Fish to AhR-Binding Xenobiotics

Corresponding to the above-described reduction in the numbers of circulating leuko-
cytes in fishes exposed to xenobiotic AhR agonists, a number of histopathological studies
observed lymphoid depletion and hypocellularity of the lymphohematopoietic organs.
Such effects have been reported, for instance, for TCDD-exposed yellow perch (Perca
flavescens) [233], rainbow trout [210,234,235], and zebrafish [172], as well as for BaP- or
DMBA-exposed tilapia [187,198]. The loss of immune cells was partly associated with an ap-
parent increase of stromal and vascular tissue, vascular congestion, and increased immune
cell apoptosis or necrosis [198,210,233-236]. Concomitant to the changes of the immune
cell compartments in the spleen and kidneys, an induction of cytochrome P451A occurred,
pointing to the activation of the AhR signaling pathway in the immune cells [158,159,210].

A further prominent target of the immunotoxic action of xenobiotic AhR agonists is
the thymus. As noted by Grinwis et al. [158], “atrophy of the thymus and suppression of
the thymus-dependent immunity is the most important immunotoxic effect of TCDD and
it is seen in all animals species tested.” In teleost fish, thymus atrophy under exposure to
organochlorines or PAHs has been reported from rainbow trout [234], yellow perch [233],
or flounder [159].

There exists pronounced variation in the severity of the pathological lesions observed
in the various studies, which probably relates to differences in the experimental condi-
tions, such as the route of toxicant administration, toxicant dose, and exposure duration.
Therefore, it is difficult to identify the causative factors of the variation in the pathological
response. In addition to the previous factors, the strain of the experimental species can be
of influence, as shown by Spitsbergen et al. [234], who compared the immunopathological
effects of TCDD in four strains of rainbow trout. That said, it is actually surprising that the
overall trend of the immunopathological responses appears to be rather uniform among
fish species: lymphoid depletion and hypocellularity in the lymphohematopoietic tissues,
together with thymus atrophy.

6.4. Altered Disease Susceptibility of Fish under Exposure to AhR-Binding Xenobiotics

If it comes to immunotoxic effects of contaminants in fish, the critical question is
whether an alteration in any immune parameter would modulate the resistance of fish to
infectious pathogens. As pointed out by Rehberger et al. [13], a toxicant-induced change
in an immune parameter does not yet mean that the immunocompetence of the organism
is compromised. The ultimate evidence to show this is provided by showing that the
defense capacity of the fish host against infectious pathogens is compromised (pathogen
challenge or host resistance test). A number of laboratory studies have demonstrated an
increased pathogen susceptibility of fish exposed to AhR-activating contaminants. For
instance, rainbow trout fed with a diet containing a PAH mixture suffered lower survival
than control fish after challenge with Aeromonas salmoncida [237]. Similarly, Aroclor 1254
exposure reduced the resistance of Arctic char (Salvelinus alpinus) to A. salmonicida [238].
Rainbow trout embryos treated with a low PCB dose had a significantly lower survival
compared to controls after bacterial infection, whereas embryos exposed to a high PCB
dose showed no difference to the control group [239]. BaP treatment led to a higher
susceptibility of Japanese medaka (Oryzias latipes) towards the pathogenic bacterium,
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Yersinia ruckeri [188]. Exposure of Japanese flounder, Paralichtyhs olivaceus, to heavy oil
resulted in high mortalities of virus carrier fish [240].

Additionally, field studies provide evidence of an increased pathogen susceptibility
of fish living in PAH and/or HAH-contaminated habitats. An example comes from the
seminal studies of Arkoosh and colleagues on diseases of wild Pacific salmon living in
polluted estuaries [33,35]. The elevated disease incidence appears to be a limiting factor
for the recovery of Chinook salmon stocks [241]. Out-migrating juvenile Chinook salmon,
Oncorhynchus tshawytscha, pass through contaminated urban estuaries in which they are
exposed to PCBs and PAHs. These fishes display suppressed immune functions and,
if challenged with infectious pathogens, they suffer elevated mortalities [34,220]. Since
in a field situation it is difficult to trace back immunological alterations to a specific
causative factor, Arkoosh and colleagues exposed fish in the laboratory to PCB and PAH
mixtures extracted from field sediments and they could replicate the field findings on
immunosuppression and increased pathogen susceptibility (cf. [35]). This provides strong
evidence that the AhR-binding contaminants are indeed the etiological agent.

Another field example comes from the Deepwater Horizon oil spill, which led to
the release of huge amounts of crude oil to the northern Gulf of Mexico. Following the
oil spill, increased incidences of external lesions that are indicative of bacterial infections
occurred among wild fish populations in the contaminated regions [242,243]. Bayha
et al. [244] could confirm in a laboratory study that crude oil exposure of Southern flounder
(Paralichthys lethostigma) results in immunosuppression and increased susceptibility to
bacterial infections. Further evidence for immunotoxic effects of the Deepwater Horizon
oil comes from studies with sheephead minnow, Cyprinodon variegatus, and red snapper,
Lutjanus campechanus [245,246]. Collectively, field and laboratory data provide strong
evidence that fish populations exposed to AhR-activating xenobiotics are particularly at
risk to infectious diseases.

7. Concluding Remarks
7.1. Are There General Patterns in the Immune Response of Fish to Xenobiotic AhR Agonists?

The majority of studies on the immunological activities of xenobiotic AhR agonists
in fish describe immunosuppressive effects: decreased transcript levels of immune genes,
decreased leukocyte numbers, decreased leukocyte proliferation, decreased leukocyte
functionality, decreased plasma humoral factors, and, associated with this, decreased
pathogen resistance and reduced survival under pathogen challenge. The overall high
degree of agreement in the findings of the individual studies is surprising, given the
diversity of fish species and test chemicals investigated, life stages, exposure concentrations,
exposure durations, and exposure routes (orally, water-borne or injection). Beyond this, the
findings in fish appear to agree with those in mammals, where mostly immunosuppressive
effects have also been reported for AhR-activating chemicals.

7.2. Are the Immunotoxic Effects of Xenobiotic AhR Agonists Mediated through the Receptor?

While numerous studies show that xenobiotic AhR agonists modulate the immune
system of teleost fishes, the actual available evidence that these effects are caused di-
rectly through an AhR-dependent mechanism is limited. What has been unequivocally
shown is that the AhR is present in certain immune cell populations of fishes, that treat-
ment with AhR ligands results in the upregulation of a key AhR target gene, CYP1A,
and that this induction can be inhibited by AhR antagonists, such as «-naphthoflavone
(ANF) [30,146,160,171]. This indicates the existence of a functional AhR pathway in fish
immune cells. However, this does not necessarily imply that AhR signaling is the key
molecular event causing all known immune effects of AhR agonists.

Dysregulation of immune genes and functions directly through AhR signaling is only
one possible mechanism by which environmental AhR ligands may modulate fish immu-
nity. As discussed above, the AhR signaling pathway interacts with numerous other signal-
ing pathways like, e.g., NF-kB, and it has been shown that TCDD and related compounds
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can regulate gene expression in fish via interaction with the NF-«kB pathway [185,247]. AhR-
independent immunotoxic mechanisms of xenobiotics may also include Ca?*-dependent
signaling pathways, particularly in the case of PAHs [248]. Treatment of carp lymphocytes
in vitro with 3-methylcholanthrene inhibited their mitogen-induced proliferation, and,
in parallel, resulted in an elevation of intracellular Ca?" levels [249]. Importantly, the
3-methylcholanthrene effect could not be inhibited by AhR antagonists, which argues
against an AhR involvement. In the study of Hur et al. [171], the impact of BaP on TNFx
gene expression could be blocked by ANF, whereas the IL-6 response was inhibited by
EGTA, which suggests a mechanistic role of the Ca?*-dependent NFAT pathway rather
than the AhR pathway. PAHs may also modulate immunity via their metabolites [160,248].
For instance, Faisal et al. [30] showed that a main metabolite of BaP, 7,8-dihydrodiol, is able
to suppress immune cell mitogenesis. It is this metabolite that in rainbow trout constitutes
70% of the BaP metabolites produced in the spleen, while in the liver, 7,8-dihydrodiol
accounted for only 32% of the metabolites [167]. Of course, the absolute concentration of
7,8-dihydrodiol was higher in the liver, but the local environment in the spleen appears
to be dominated by this metabolite, so that an influence of this metabolite on immune
functions could well be possible. Finally, we should not exclude the possibility that the
environmental contaminants activate the hypothalamic-pituitary-interrenal stress axis of
fish and that the resulting increase of cortisol levels could suppress immune functions [169].

Concerning the current state of knowledge, the question on the mechanistic role of
AhR signaling in xenobiotic immunotoxicity in fish cannot be conclusively answered. What
is well documented is that chemicals activating AhR signaling modulate the immune
parameters and pathogen resistance of fish, but, as often in fish toxicology, research to
date stopped at the description of such correlative effects and did not analyze the under-
lying mechanisms and processes [250,251]. In recent years, adverse outcome pathways
(AOPs) have been introduced into ecotoxicology as a framework to mechanistically connect
“molecular initiating events (MIEs)” of the chemical-biological interaction through a series
of “key events” to adverse effects at higher levels of biological organization [252]. There
have been attempts to create such AOPs for toxic effects induced by dioxin-like chemicals
in fishes, mainly for developmental, cardiac, and reproductive toxicity, but even for those
well-studied toxicities of AhR-activating xenobiotics, insufficient knowledge on the key
events currently prevents full AOPs being established [116]. Consequently, an AOP to link
AhR activation as MIE to altered immunocompetence at the organism level of fish is not
possible at the current state of knowledge. The scheme, as shown in Figure 1, therefore only
presents likely but unconfirmed linkages between molecular, cellular, and systemic immune
events and disease outcomes. Activation of the AhR may be one “molecular initiating
event (MIE)” for the immunotoxicity of dioxin-like chemicals, whereas the immunotoxicity
of PAHs may also be mediated via their metabolites, and the role of the AhR would be
restricted to its influence on PAH metabolism. Apart from the question on the MIE, it is
the pleiotropy of AhR-related events cascading at the system level of immunity [112] that
complicates the establishment of AOPs for immunotoxic effects of xenobiotic AhR ligands.
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Figure 1. Adverse outcome pathway(s) for the immunotoxicity of AhR-activating xenobiotics. By binding to and activating

the AhR as the molecular initiating event, xenobiotics potentially can dysregulate diverse molecular, cellular, and systemic

key events in the immune system, and this eventually leads to compromised immunocompetence, impaired fitness (survival,

reproduction), and to changes at the population level. Currently, the precise series of key events that link the molecular initi-

ating event and the adverse outcomes is not known. Additionally, molecular initiating events alternative to AhR activation

exist, which may mediate the immunotoxicity of AhR-activating xenobiotics. Still, the AOP framework can be instrumental

to identify the knowledge gaps and direct future research on the immunotoxicity of AhR-activating xenobiotoics.

7.3. Is There a Role for the Microbiome in AhR-Related Immunotoxicity in Fishes?

Over recent years, increasing evidence has accumulated that contaminants which
bind to and activate the AhR can interfere with the gut microbiome of fishes [253-256].
Interestingly, the gut microbiome differs even between PAH-sensitive and PAH-tolerant
populations of Atlantic killifish [257]. To date, research focused largely on the toxicant
effects on the composition of the intestinal microbiome; however, from biomedical research,
we know that the microbiome has an important influence on intestinal and organismic
immunity [258-260]. If this microbiome—-immunity relationship applies for fish as well,
then the toxicant effects on the gut microbiome may have consequences for the immune and
health status of the fish host. This question clearly warrants further research to elucidate if
there is a role of the microbiome in AhR-related immunotoxicity in fishes.

7.4. Are the Immunotoxic Effects of AhR-Activating Contaminants Ecotoxicologically Relevant?

Many of the studies on the immunotoxicity of TCDD and related compounds in
fish administrated the toxicants via injection. This raises the question of how the effects
observed with this artificial administration route compare to effects in fishes naturally
exposed to AhR ligands via water or diet. Beyond, it is difficult to compare concentrations
on the basis of a single injection of pug or mg toxicant per kg fish to the concentrations the
fishes that are chronically exposed to AhR-activating contaminants in their environment.
This leads to the question of whether results from such laboratory experiments can be
transferred to environmentally realistic scenarios. This is always a tricky question in
ecotoxicological research. However, the evidence that immunotoxic effects are of ecological
relevance is provided by the field studies: those studies show that fish populations living in
habitats contaminated with HAHs and /or PAHs suffer immune suppression and increased
disease susceptibility, indicating that HAH and PAH concentrations as present in the
environment are indeed associated with impaired immunity.

The complication with immunotoxicity is that a chemical effect on, e.g., cytokine
transcription or phagocytosis activity, is not yet adverse per se; only if it propagates
into a compromised defense capacity against pathogens or reduced health it becomes
ecologically relevant [261]. Although in most cases we are not yet in a position to causally
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connect xenobiotic-induced AhR activation, altered immunity with reduced health and
pathogen resistance of fish populations, the strong association between exposure of wild
fish populations to xenobiotic AhR ligands, and elevated disease outbreaks and prevalence
in those populations should attract increasing attention to the immunotoxic activities
of environmental contaminants. Currently, fish immunotoxicology may be in a similar
situation as the endocrine disruption field was in its beginning: The trigger to attract
attention to the ecotoxicological risks caused by endocrine-disrupting compounds came
from field observations, not from laboratory testing. Similarly, an awareness that fish
populations from habitats contaminated with AhR-activating xenobiotics suffer from
impaired health and increased disease susceptibility may stimulate more research on the
ecotoxicological risks of immunotoxic contaminants.

7.5. What Is Next?

The toxicity of AhR-activating xenobiotics in fishes has been considered primarily
with respect to developmental and reproductive effects. This review highlights that these
contaminants are also potent immunotoxicants to fish, which is of environmental relevance
as it places fish populations at an elevated risk of pathogen infections and disease-induced
mortalities. That said, it is evident that future environmental risk assessment should give
more attention to the possible adverse outcomes of immunotoxic AhR ligands. Importantly,
the immunotoxic effects may cumulate with the impacts of other stressors. It may be this
interaction between multiple stressors, including immunotoxic chemicals, temperature
change, habitat and predator stress, impaired nutrition, and hypoxia, which is responsible
for the increasing emergence of infectious diseases and mass mortalities in wild fish
populations [221,262-268].

In parallel to the future risk assessment implications, fish toxicological research needs
to give more attention to understanding the mechanisms of the immunotoxic effects, and
to the question to what extent the AhR activation is indeed a common molecular initiating
event of the immunotoxicity of the diverse xenobiotic AhR agonists. Investigation of
these questions was hindered for a long time by the absence of proper tools to study fish
immunity, in particular to identify specific immune cell subpopulations, their expression
of AhR family members, and their response to AhR ligands. However, with the recent
advancements in fish immunology and the availability of sophisticated tools, such as
transgenic fish lines or single-cell sequencing, these hindrances can be overcome. Vice
versa, research on AhR-mediated immunotoxicity will advance basic knowledge of fish
immunology.
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