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Abstract:

Jawed vertebrates have developed an efficient adaptive immune system to protect them against
pathogens or transformed cells. Partly, this immune system relies on T lymphocytes, which are
responsible for orchestration of the immune reaction as well as for immune tolerance. These T cells
develop in an evolutionary conserved organ, the thymus. In mammals, endogenous oestrogens are
powerful regulators of the thymic function and plasticity. The question is, therefore, whether this is
also the case in lower vertebrates, such as teleost fish. This thesis aimed (1) at elucidating the mode of
oestrogenic regulation of T cell development and (2) at investigating the effects of changes in the
internal oestrogen-levels on the thymic T cell differentiation in the European sea bass, Dicentrarchus
labrax.

To achieve these aims, firstly the distribution of oestrogen receptor subtypes was investigated by
immunohistochemistry on the background of a detailed description of the functional anatomy of the
thymic microenvironment. Secondly, thymic function- and T cell-related gene expression was
analysed in the thymus, and in two other lymphoid organs, the head-kidney and the spleen of sea bass
exposed in vivo to 17B-oestradiol. Moreover, to assess whether the modification of T cell
differentiation results in a modulation of a physiological parameter of immunocompetence, i.e.,
microbicidal activity, the oxidative burst capacity was evaluated in leucocytes isolated from the head-
kidney and spleen following in vivo and in vitro exposure to oestrogen. Eventually, age- and size-
dependent variations in leucocyte number in the thymus were examined in sea bass caught at various
time points over three years in the wild or taken from hatchery.

The thesis provides new insights into the evolution of the immunomodulatory function of oestrogen
with respect to the thymic and peripheral T cell differentiation in vertebrates. As a matter of fact, in
addition to a highly conserved morpho-functional organisation, the distribution of oestrogen receptor
subtypes as well as the oestrogenic effects appear to be evolutionary conserved. Our results suggest
that, similar to mammals, oestrogen (1) stimulates a thymic alternative pathway of T cell maturation
with innate-like properties, and (2) enhances peripheral T cell-mediated immune tolerance by
promoting Treg differentiation, and (3) actively regulates thymic plasticity.

The astonishing degree of resemblance between the teleost and the mammalian thymus and the
oestrogenic regulation of key events in T cell differentiation leads to the conclusion that
xenoestrogens, abundantly released into the aquatic environments could interfere with the fish immune
system. Exogenous oestrogens and oestrogen mimics may disturb T cell-mediated immunity in sea
bass and, therefore, the capacity to fight pathogenic agents.

From an evolutionary point of view, this study provides new aspects that may facilitate the
understanding of the biological significance that oestrogenic regulation of T cell development and
thymic function may have in vertebrates. As a matter of fact, in sea bass, high oestrogen-levels are
related to wintertime events including the reproduction and the migration. Accordingly, oestrogenic
regulation of T cell development and differentiation is likely to be involved in the redirection of
energy from immune to reproductive functions, and putatively in the modification of thymopoiesis
towards the production of wintertime adapted immune cells, which promote immune tolerance and
display innate-like characteristics.

Keywords: thymus, T lymphocyte, teleost fish, comparative immunology, endocrinology, regulatory T
lymphocyte, gamma-delta T lymphocyte,






Résumé

Les vertébrés gnathostomes ont développé un systéme immunitaire adaptatif efficace pour se protéger des agents
pathogénes ainsi que des cellules transformées. Ce systéme immunitaire repose en grande partie sur les
lymphocytes T qui sont responsables de la coordination de la réponse immunitaire ainsi que du maintien de la
tolérance immunitaire. Ces lymphocytes T se développent dans un organe conservé évolutivement : le thymus.
Chez les mammiferes, les cestrogeénes endogenes constituent de puissants régulateurs de la fonction et de la
plasticité thymique. La question soulevée ici est donc de savoir si c’est également le cas chez des vertébrés
inférieurs tels que les poissons téléostéens.

Dans ce contexte, cette thése vise (1) a élucider le mode de régulation cestrogénique du développement des
cellules T et (2) a rechercher les effets des changements des niveaux d’cestrogénes endogénes sur la
différentiation thymique et périphérique des lymphocytes T chez le bar européen Dicentrarchus labrax.

Dans ce but, en tout premier lieu la distribution des différents sous-types de récepteurs aux cestrogénes a été
étudiée par immunohistochimie dans le contexte d’une description détaillée de ’anatomie fonctionnelle du
microenvironnement thymique. Par la suite, I’expression de génes relatifs a la fonction thymique et aux
différents sous-types de lymphocyte T a été analysée dans le thymus et deux autres organes lymphoides, le rein-
antérieur et la rate de bars exposés au 17B-cestradiol. De plus, pour évaluer si la modification de la
différenciation des cellules T entraine une modulation d’un paramétre d’immunocompétence, c’est-a-dire
I’activité microbicide, la capacité de flambée oxydative a été¢ évaluée sur des leucocytes isolés de rein-antérieur
et de rate a la suite d’une exposition i vivo et in vitro a un cestrogene. Finalement, pour étudier la plasticité, les
variations du nombre de leucocytes dans le thymus selon différents dges et tailles ont été examinés sur des bars
capturés durant trois ans.

La thése fournit de nouvelles connaissances dans 1’évolution des fonctions immunomodulatrices des cestrogénes
quant a la différenciation des cellules T périphériques et thymiques chez les vertébrés. En effet, en plus d’une
organisation morpho-fonctionnelle fortement conservée, la distribution des sous-types de récepteurs aux
cestrogénes ainsi que les effets cestrogéniques apparaissent conservés au cours de 1’évolution. Nos résultats
suggerent que, comme chez les mammiféres, les cestrogénes (1) stimulent une voie thymique alternative de
maturation des lymphocytes T ayant des propriétés similaires aux cellules immunitaires innées, (2) augmentent
la tolérance immunitaire en stimulant la différentiation de lymphocytes T régulateurs, et (3) régulent activement
la plasticité du thymus.

Le degré étonnant de ressemblance entre le thymus des téléostéens et mammiféres et la régulation cestrogénique
d’événements clés dans la différenciation des cellules T meénent a la conclusion que les xéncestrogénes
abondamment libérés dans les environnements aquatiques pourraient interférer avec le systéme immunitaire des
poissons. Les cestrogeénes exogenes et les composés mimant les cestrogénes peuvent perturber I’ immunité médiée
par les cellules T chez le bar et ainsi altérer la capacité a lutter contre des agents pathogénes.

D’un point de vue évolutif, cette étude ouvre a de nouveaux aspects qui peuvent faciliter la compréhension de la
signification biologique que peut exercer la régulation par les cestrogenes du développement des cellules T et des
fonctions thymiques chez les vertébrés.

En fait chez le bar, des taux d’cestrogéne élevés sont associés a des événements hivernaux incluant la
reproduction et la migration. Par conséquent, la régulation cestrogénique du développement et de la
différenciation des cellules T est probablement impliquée dans la réallocation énergétique des fonctions
immunitaires vers celles de la reproduction et putativement dans la modification de la thymopoi¢se vers une
production des cellules immunitaires adaptées a la saison hivernale qui promeut une tolérance immunitaire et
affiche des caractéristiques de type innées.

Mots clefs : thymus, lymphocyte T, poisson téléostéen, immunologie comparative, endocrinologie, lymphocyte
T régulateur, lymphocyte T gamma-delta
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1) STATE OF THE ART

The immune system is a complex and powerful physiological system that evolved to protect
metazoans from pathogenic microorganisms and abnormal cells. In vertebrates, the immune
system is commonly subdivided in two systems: innate and acquired immune system (Boehm
and Swann, 2014). Both systems are fundamentally different but intimately connected so as to
develop an efficient immune response (Rauta et al., 2012). The innate or non-specific immune
system is the most ancestral and primitive component, which is already present in primitive
plants and metazoans (Parra et al., 2013; Rauta et al., 2012). This innate immune system
constitutes the first barrier of protection against foreign cells. It is composed of several
primordial elements: the physical, humoral and cellular components (Magnadottir, 2006). The
physical barrier, i.e., the epithelia, will prevent the majority of microorganisms from invading
the body. It is reinforced by a mucus layer composed of numerous immune-related proteins
(Cordero et al., 2015; Parra et al., 2016). Physical injury, however, enables the entry of
pathogenic microorganisms and foreign cells. To efficiently counteract a potential infection,
the organism needs to respond rapidly. To this end, sentinel cells will recognize the
pathogenic/foreign agents and initiate an inflammatory response. This inflammation facilitates
the recruitment of other immune cells (neutrophils, macrophages and dendritic cells), which
eliminate the opportunistic microorganisms. Vertebrate innate immune cells, however, are
more limited in their capacity to recognize invading organisms (Rauta et al., 2012). Evolution
has, therefore, developed a second component, the acquired/adaptive immune system, which
synergistically and more efficiently eliminates pathogenic agents (Boehm and Swann, 2014;
Rauta et al., 2012). In jawed vertebrates, B and T lymphocytes are the effector cells of this
adaptive immune system. Their central role in this specific immune response derives from
their memory function and the capacity to recognize a wide variety of antigens, thus allowing
a powerful and efficient immune response against the pathogenic agents (Boehm and Swann,
2014; Parra et al., 2013). In mammals, T cells have been associated to several major functions
such as the (1) coordination of the immune response including the amplification and the
suppression of the response with notably the secretion of pro- and anti-inflammatory
cytokines, (2) the elimination of infected or tumor cells with the secretion and expression of
cytolytic or pro-apoptotic factors and (3) for “unconventional” T cell the initiation of the
immune response (innate-like activity). Those different T cell functions are generally

associated to specific T cell populations respectively named helper, regulatory and yo6 T



lymphocytes (Chien et al., 2014; Tafalla et al.,, 2016; Ulges et al., 2016). All of them
developed in the thymus which provides a complex microenvironment necessary for their
development in self-tolerant and immunocompetent cells (Abramson and Anderson, 2017,

Klein et al., 2014; Mufioz-Ruiz et al., 2017).

In jawed vertebrates, or gnathostomes, comprising cartilaginous fish (sharks, rays, skates and
sawfish as well as ghost sharks), teleost fish and tetrapods, the innate and adaptive immune
systems share numerous features at the gene-, cellular- and organ-level (Boehm et al., 2012;
Boehm and Swann, 2014; Hayday, 2000). Jawed vertebrates (cartilaginous fish) diverged
from cyclostomes (lampreys) around 530 millions years ago (Boehm and Swann, 2014).
Teleost fish have a successful evolutionary story, as they represent the majority of the existent
vertebrate species (over 28,000 species) and have colonized a large variety of aquatic
environments (Cordero et al., 2015; Parra et al., 2016). Even if in fish the innate system is
considered predominant compared to the adaptive immunity (Rauta et al., 2012), the
conservation of adaptive immunity throughout evolution must be considered a determinative

innovation for the immune response in vertebrates.

To date, the vertebrate adaptive immune system has been investigated in mammals for the
most part. Teleosts emerge, however, as model organisms and study objects of comparative
immunology. Teleost fish represent a model of choice to better understand primary
mechanisms, as despite the divergence from mammals hundreds of million years ago,
mammals and teleost share many fundamental mechanisms-related to T cell development as
well as B and T cell function (Bajoghli, 2013; Langenau and Zon, 2005; Rauta et al., 2012;
Tafalla et al., 2016). Furthermore, zebrafish (Danio rerio) and medaka (Oryzias latipes) are
important model organisms that provide powerful genetic tools and in vivo imaging (Bajoghli
et al., 2015; Langenau and Zon, 2005; Rauta et al., 2012). More specifically, teleost fish
represent an interesting model for comparative studies of the endocrine-immune crosstalk,
since they display a high ecological diversity of life-history traits. For instance, teleost fish
display every mode of reproduction that can be found in vertebrates (Cockburn, 1992; Smith
and Wootton, 2016). In addition some species can well adapt to a large range of
physicochemical conditions in changing environments (Bly and Clem, 1992; Laverty and
Skadhauge, 2012). Because reproductive traits and adaptation to environmental stressors
relate to hormonal control and largely depend on the energetic resources available and
energetic allocation, they must be tightly connected to the immunological defence. Hence, the

more “basic” evolutionary position and the enormous diversity of species provide a unique



opportunity to investigate the mechanisms of adaptation and endocrine regulation of the
immune system in vertebrates. Besides, the interest in fish immunology has a strong applied
aspect as fish consumption has been continuously increasing worldwide resulting in a fall in
wild fish stock, which endangers the survival of several economic important teleost species.
One of the solutions to these problems is seen in an increase of aquaculture production (Food
and Agriculture Organization of the United Nations, 2016). To improve fish survival and,
hence, productivity, the control and improvement of cultured fish immune status represent a
major impetus in the research of fish immunology. Despite the quotas and fishing restrictions
imposed by governments and supra-national organisations, anthropogenic environmental
pollution may represent another menace for fish populations. Especially the estuaries, which
constitute important nurseries for many marine teleost species, are highly impacted by
chemical pollution (Kelley, 1988; Morin et al., 1999). Detoxification and perturbation of
endocrine regulation, may affect reproduction but also the immunocompetence of fish and, in
all probability, these processes are linked by the endocrine-immune system crosstalk. The
estuaries are notably polluted by endocrine disrupting chemicals (EDCs), many of which with
a supposed or proven oestrogenic activity (i.e., oestrogenic endocrine disrupting chemicals,
EEDCs) (Aris et al., 2014; Tappin and Millward, 2015). In both fish and mammals these
chemicals have been reported to also affect the immune system (Burgos-Aceves et al., 2016;
Milla et al.,, 2011; Segner et al., 2013; Szwejser et al., 2016). Assuming reduced
immunocompetence as a result of such interference with the fish immune system, a reduced
capacity to fight pathogenic agents would represent a supplementary stress, which could be
detrimental to wild fish populations (Burgos-Aceves et al., 2016; Segner et al., 2013).
Advanced knowledge in the fundamental relations between the endocrine and the immune
system of fish are, therefore, relevant for ecological preservation and risk assessment. It will,
however, also improve comparative immunotoxicology as well as our understanding of the
evolution of the immune system and ecological immunology. Indeed, with regards to the
impact of EEDCs, it is important to determine to which extent the immune system and its
hormonal regulation are conserved. The higher the degree of conservation, the higher the

likelihood that mechanisms can be extrapolated between teleost and mammals.

In mammals, the thymus and associated T cell development have long been identified as a
substantial evidence of the endocrine-immune system interaction, indeed the thymus plasticity
is strongly modulated by both endogen and exogenous oestrogens. This interaction has been

reported for some decades now and has been intensively investigated because it was believed



responsible of female immune system aging and it is notably suspected to be responsible of
the high autoimmune prevalence in female (Chapman et al., 2015; Dragin et al., 2016; Hince
et al., 2008; Ross and Korenchevsky, 1941). Most investigations have been dedicated to the
description of thymus atrophy observed with high-plasmatic level of 17f-oestradiol (E2)
(Chapman et al., 2015; Hince et al., 2008; Screpanti et al., 1991; Zoller and Kersh, 2006).
However, the mechanisms responsible of this phenomenon remained not completely
established and misunderstood. In teleost, early work in Masu salmon suggests that similar
effects occur (Sufi et al., 1980) and more recently Seemann et al. (2016) observed that E2-

exposure of juvenile sea bass modulates the thymus plasticity.

Based on the knowledge acquired in teleost and mammals, the present work of my PhD thesis
investigated possible mechanisms of E2-action on the thymic function of European sea bass.

To reach this purpose, we sequentially investigated:

1. The distribution of the different oestrogen receptor subtypes in the thymus of

adolescent female.

Aim: identify the potential thymic cells targeted by oestrogens and depict the possible

oestrogen effects and mechanisms of action (Article 1).

2. The in vivo effect of E2-exposure on the thymus of sea bass. A set of specific genes of
the thymic function as well as of different T cell subtypes and cellular homeostasis
were chosen. Gene expression-level analysis was conducted on the thymus as well as
on two major lymphoid organs, the head-kidney and the spleen. The molecular
biology approach was combined with respiratory burst analysis on leucocytes isolated

from head-kidney and spleen.

Aim: (1) unravel the E2-effect on the thymic T cell development including the potential
change in thymic T cell output and peripheral T cell differentiation in the head-kidney and
spleen (2) determinate if the potential E2-mediated changes in peripheral T cell modulate

the innate immune cell activity (Article 2).

3. the E2-effect on viability and redox capacity of leucocytes isolated from the thymus,
head-kidney and spleen after in vitro exposure. In addition, for the leucocytes of the
head-kidney and spleen, the oxidative burst capacity was evaluated. We also examined
the expression at transcript-level of all the oestrogen receptor subtypes in the head-

kidney, the spleen and the associated leucocytes.



Aim: determinate if oestrogen could directly and similarly modulates immune cells of

thymus, head-kidney and spleen (Article 3).

In parallel of this laboratory research focussing on the thymus and T cells, two supplementary

projects were conducted:

1.

In a field project entitled ECOTONES (Effect of Contamination on OrgaNisms of the
Seine Estuary), we measured on wild juvenile sea bass caught in the Seine estuary
from June 2015 to October 2017 different physiological tests on leucocytes isolated
from the thymus, head-kidney and spleen by flow cytometry (i.e., viability,
phagocytosis and oxidative burst capacity), in order to assess the fish
immunocompetence in a contaminated environment.

Effect of E2-exposure on the pituitary gland proteome of adolescent female sea bass.
The increase of knowledge in that matter would help to understand how E2 regulates
non-hormonal proteins which interfere in synthesis, cleavage, post-translational

modifications and release of follicle-stimulating and luteinising hormone.

However, those two projects are still ongoing project and only preliminary results are

provided in supplementary data at the end of this manuscript.



A) Immune system with an evolutionary point of view from teleosts
to mammals

1) Innate immunity

In teleost fish, as in invertebrates and other vertebrates, the first barrier against infection (the
physical component) is represented by several mucosae, such as skin, gills and intestine.
Mucus hosts commensal non-pathogenic bacteria and protects from pathogenic
microorganisms (Parra et al., 2016). The integrity of the mucosal barrier is performed by
humoral and cellular factors (Magnadéttir, 2006; Parra et al., 2016). The humoral factors are
also interconnected with other body fluids, such as the blood (Magnadéttir, 2006). In fish,
several types of humoral factors have been documented: microorganism growth inhibitor
(e.g., transferrin), protease inhibitor (e.g., o2-macroglobulin) and lytic enzymes (e.g.,
lysozyme, chitinase and complement system), agglutinin (e.g., mannose-binding and fucose-
binding lectin) and natural antibodies (Cordero et al., 2015; Magnadoéttir, 2006; Parra et al.,
2016). Antibodies are generally considered as components of adaptive immune system, but
natural antibodies can be classified as a component of the innate immune system, since their
production occurs without apparent antigen stimulation and gene-rearrangement
(Magnadottir, 2006; Salinas, 2015). Humoral factors, such as antibodies, lytic enzymes and
agglutinin will notably facilitate the subsequent cellular response, i.e., phagocytosis by

opsonisation (Cordero et al., 2015; Magnadéttir, 2006).

Innate immune cells can be considered as sentinel cells. In vertebrates, several innate immune
cells have been described, e.g., mast cells and dendritic cells, but mainly professional
phagocytes (granulocytes and macrophages) (Esteban et al., 2015; Galindo-Villegasa and
Mulero, 2015). These innate immune cells express different subtypes of the pathogen
recognition receptor (PRR), such as toll-like receptors (TLR) or nucleotide-binding
oligomerization domain like receptor (NLR; Galindo-Villegasa and Mulero, 2015; Rauta et
al., 2012). PRRs recognize microorganisms that express conserved structures named
pathogen- or microbe-associated molecular pattern (PAMP, MAMP; Galindo-Villegasa and
Mulero, 2015). Interestingly, teleost have been described to express a higher diversity of
PRR, notably TLR, which initiate the transduction signal and the reaction against the bacterial
invasion (Galindo-Villegasa and Mulero, 2015; Rauta et al., 2012). In professional
phagocytes of vertebrates, pathogenic bacteria and PAMP (e.g., lipopolysaccharide, LPS)

induce the formation of superoxide as well as nitric oxide (NO) respectively catalysed by the



nicotinamide adenine dinucleotide phosphate (NADPH) oxidase and the NO synthase (NOS).
This phenomenon is named oxidative burst or respiratory burst and is used to kill the invading
organisms (Esteban et al., 2015; Havixbeck and Barreda, 2015). In mammals, it was also
shown that innate immune cells can be activated by damage-associated molecular pattern
(DAMP), which is released by cellular injury (necrotic changes and natural apoptosis)
(Galindo-Villegasa and Mulero, 2015; Magnadéttir, 2006). Furthermore, numerous
inflammatory cytokines (TNF-a, IFN-y...) can also induce a respiratory burst response of

neutrophils in mammals, but this has not yet been investigated in teleosts (Havixbeck and

Barreda, 2015).

(1) Macrophages

In all vertebrate classes, macrophages are one of the best known innate immune cells
(Galindo-Villegasa and Mulero, 2015). With their capacity to engulf and to kill pathogens,
they activate subsequent adaptive and specific immune responses when needed by presenting
antigens to lymphocytes as well as by the production of numerous cytokines (Galindo-
Villegasa and Mulero, 2015; Lewis et al., 2014). In fact from mammals to teleost, during the
immune response against microbial or parasitic infection, macrophages differentiate into type
M1 or M2, which are associated to the helper T cell (Th) 1 and Th 2, respectively (Wiegertjes
et al.,, 2016). Type M1 and M2 macrophages are generally referred as classically- and
alternatively- activated macrophages with pro-inflammatory and anti-inflammatory (healing)
phenotypes. From a comparative immunological point of view, it was hypothesised that
macrophages, instead of T cells, could by sensing the microbial/parasitic infection initiate the
immune system polarization for type 1 (M1) or type 2 (M2) immunity (Fig. 1; Wiegertjes et
al., 2016).

Microbial stimuli activate the macrophages via multiple PRR, which drive M1 polarization
characterized by increased oxidative burst capacity (NO production) and the production of
pro-inflammatory cytokines (e.g.,, IFN-y and TNF-a) provoking Thl differentiation.
Differentially, parasite-related stimuli such as chitin from helminths are sensed by
macrophages which trigger the differentiation of alternatively-activated M2 macrophages.
The M2 polarized macrophages have decreased microbicidal activity but increased arginase
activity, as well as increased extracellular matrix and polyamine production for the healing

process. Consequently, M2 activity drives Th2 differentiation by secreting IL.-4/13. Then,



both M1/M2 and Th1/2 synergistically drive the immune response with a positive feedback
loop (Wiegertjes et al., 2016).
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Figure 1: “Macrophage first” point of view: immune response polarization is initiated by macrophage activation
and sustained by Th1 (IFN-y) and Th2 (IL-4/13) cytokines. Microbe stimulus activates macrophage through PRR
such as TLR which leads to M1 differentiation (classically-activated macrophage) with increased anti-microbial
activity (NO production) and increased secretion of pro-inflammatory cytokines, e.g., [IFN-y. Those cytokines
promote Thl differentiation and IFN-y secretion which act in a positive feedback loop on MIl-polarized
macrophage to increase their capacity of antigen presentation. Differentially, parasite-related molecular pattern
(PAMP) sensed by macrophage leads to the development of alternatively-activated M2 macrophages. M2
macrophages have increased arginase activity (L-arginine being the substrate of NOS), decrease microbicidal
activity and increased production of numerous factors involved in healing process. Furthermore, M2 phenotype
drives Th2 differentiation and IL-4/13 secretion which act in a feedback positive loop to further increase M2
polarization and activity. From Wiegertjes et al. (2016).

The M2 phenotype was further subdivided on the basis of their activation pathways: (1) M2a
is activated by IL-4/13, (2) M2b is activated by protozoan, helminths, apoptotic cells and



immune complex and (3) M2c also called regulatory macrophage is activated by

glucocorticoids/TGF-B/IL-10/MCSF-1 (Wiegertjes et al., 2016).

Macrophages have also important role for tissue homeostasis (i.e., apoptotic body clearance)
after the immune response or in primary lymphoid organs. In fact, adaptive immune response
both implies high clonal proliferation and migration of numerous immune cells (e.g.,
neutrophil and T cell), which, mainly die by apoptosis during the resolution of the
inflammation (Havixbeck and Barreda, 2015). In the thymus as an example, most of the T cell
produced do not express a functional TCRaf and therefore die by apoptosis in the cortex
(Klein et al., 2014). Consequently, in the thymus of mammals and teleost, macrophages have

been described to be more abundant in the cortex (Halkias et al., 2014; Romano et al., 1999b).

(2) Granulocytes

Teleost and mammal neutrophils share numerous characteristics. They are critical elements of
the first line of defence against pathogens. Upon early pro-inflammatory signals, neutrophils
will be the first to migrate to the site of inflammation via the blood circulation (Fig. 2;
Havixbeck and Barreda, 2015). In addition to their high phagocytic capacities, neutrophils
display a high anti-microbial activity involving oxidative burst and the release of
antimicrobial and cytotoxic substances stored in neutrophilic granules (Havixbeck and
Barreda, 2015). As in mammals, teleost neutrophils can confine and kill extracellular
pathogen with the degranulation of Neutrophil Extracellular Traps (NET), which are filaments
of DNA associated to granular proteins (Esteban et al., 2015; Havixbeck and Barreda, 2015).
Recent studies indicate that neutrophils actively take part in the inflammatory resolution
process also in teleosts by the production of pro-resolving lipids (Fig. 2; Havixbeck and
Barreda, 2015). Indeed, to preserve the host health and tissue homeostasis, the inflammation
needs to be controlled and down-regulated rapidly once the pathogenic threat is eliminated.
Subsequently, the damaged tissue needs to be cleared and the anti-inflammatory signals are
followed by wound healing signals. A critical step of the inflammation resolution process is
neutrophil apoptosis, which is tightly regulated by complex signalling pathways involving the
intrinsic and extrinsic pathways of apoptosis that are mediated by the mitochondria and death
receptors, respectively. Neutrophil apoptosis will stimulate the apoptotic corpse clearance by

macrophages during the resolving phase of inflammation (Havixbeck and Barreda, 2015).
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Figure 2: Contribution of neutrophils to the 3 steps of the immune response: induction, regulation and resolution.
Peritoneal injection of zymosan provokes a release by sentinel cells (e.g., macrophage) of pro-inflammatory
cytokines such as TNF-a, IL-1f and IFN-y as well as chemoattractants like CXCL8 and LTB4 (pro-inflammatory
lipid mediator), promoting the successive infiltration of neutrophils and other leucocytes. Circulating neutrophils
penetrate into the site of inflammation and are subsequently activated by the inflammatory milieu which notably
promote ROS production capacity and the release of LTB4. With the progression of the inflammation, an
inflammatory transition begins to occur (18 h-24 h post-infection, hpi). Neutrophils decrease their production of
lipid mediators and increase the release LXA4 which is followed by an entry into apoptotic cascades, peaking at
24 hpi. Havixbeck and Barreda (2015) hypothesised that this switch from pro-inflammatory to anti-inflammatory
activity, i.e., LTBa to LXA4 (a pro-resolving lipid) release is mediated in part, by the release of PGE (a major
prostaglandin) from neighbouring cells. The inflammatory site slowly becomes pro-resolving as macrophages
are stimulated by LXA4 which decrease their ROS-production capacity and increase their uptake of apoptotic
neutrophils. This progression eventually leads to the return to homeostasis by 72 hpi. The relationship between
neutrophil production within the kidney hematopoietic tissue, their migration through the blood, and infiltration
into the challenge site highlight unique features of the teleost system. From Havixbeck and Barreda (2015).
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(3)Mast cells

The teleost mast cells (MC), also called eosinophilic granular cells, remain poorly described.
Because mammalian and teleost MCs have been described to share differentiation process,
they are believed to be homologous (Prykhozhij and Berman, 2014; Sfacteria et al., 2015).
Most likely, MC progenitors emerge from hematopoietic organs, i.e., the bone marrow in
mammals and, consequently, the head-kidney in teleost, from where they migrate into
multiple organs, in which they undergo differentiation (Prykhozhij and Berman, 2014;
Sfacteria et al., 2015). MCs are found in connective tissues, close to blood vessels and nerves
in numerous organs. They are particularly present in the digestive tract, but also in the skin,
the respiratory and reproductive system of all vertebrate groups (Prykhozhij and Berman,
2014; Sfacteria et al., 2015). As described for mammals, MCs are both resident and motile
cells, they can migrate to the site of infection after parasitic or bacterial infection. With
respect to their localization close to the tissue-environment interface, they represent an
important first line-sensor of invading pathogens. MCs are important for the initiation of
inflammation and the immune response. Activated MCs release antimicrobial and vasodilator
compounds from cytoplasmic granules (Prykhozhij and Berman, 2014; Sfacteria et al., 2015).
In perciform fish, a family considered as the most evolutionary advanced, such as gilthead
seabream and sea bass, the granules of MCs contain histamine, a powerful vasodilator
(Galindo-Villegas et al., 2016; Mulero et al., 2007). Hence, the MCs of these fish are very
similar to those of higher vertebrates. Mammalian MCs are activated through PRR, such as
TLR1-9, and produce cytokines, chemokines and eicosanoids such as prostaglandins to attract
in the inflammatory site macrophages, neutrophils, dendritic cells and T-cells to initiate the
adaptive immune response. Similar observations have been made in fish (Cardamone et al.,
2016; Prykhozhij and Berman, 2014). The importance of MCs for the immune response is
underscored by their implication in allergic reactions, autoimmune diseases as well as cancer

and asthma described for mammals (Cardamone et al., 2016; Sfacteria et al., 2015).

(4) Dendritic cells

In mammals, dendritic cells (DC) are considered as the main antigen-presenting cells (APC).
They, therefore, represent the main bridge between innate and adaptive immunity (Audiger et
al., 2017; Steinman and Banchereau, 2007). DCs are also important sentinel cells, widely

present in different secondary lymphoid organs, such as skin, lung and mucosa (Devi and
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Anandasabapathy, 2016). Different DCs with either immunogenic or tolerogenic phenotypes
will be produced upon varying stimuli such as DAMP, MAMP and other environmental
stimuli. Both types of DCs modulate T cell activity by presenting antigens. Upon infection,
upon, for instance, MAMP or DAMP stimuli, immunogenic DCs promote Th differentiation
which stimulate T cell dependent adaptive immune response and memory. Differentially, in
steady-state, upon cytokine stimulation, for example, tolerogenic DCs regulate immune
tolerance by notably promoting regulatory T cell differentiation and function (Audiger et al.,
2017; Devi and Anandasabapathy, 2016; Steinman and Banchereau, 2007). After antigen
stimulation, DCs modify their chemokine receptor and migrate to lymph nodes to either
induce adaptive immune response or immune tolerance via cross-presentation of the antigen
to T cells (Audiger et al., 2017; Steinman and Banchereau, 2007). In mammals, the activated
immunogenic DCs also synthesise cytokines in order to enhance innate and adaptive immune
responses as well as chemokines to attract, one after another, phagocytes, memory
lymphocytes and naive T cells (Steinman and Banchereau, 2007). Dendritic-like cells have
been isolated from teleost fish and characterized using adhesion protocols developed for
mammalian species (Bassity and Clark, 2012; Shao et al., 2015) as well as cell sorting based
on their affinity for peanut agglutinin or the expression of CD8a and CD209 (also named DC-
SIGN for Dendritic Cell-Specific Intercellular adhesion molecule-3-Grabbing Non-integrin;
Granja et al., 2015; Lugo-Villarino et al., 2010; Shao et al., 2015). It was found that these
cells have the same tree-like morphology and a similar functionality. Their capacity to
stimulate T cell proliferation and differentiation in a Mixed Leucocyte Reaction (MLR) is
higher than that of B cells and macrophages and they also express mammalian DC markers,
e.g., CD209, CD83, CD80/86 and MHC-II among others which confirm conserved function
as professional APC (Bassity and Clark, 2012; Granja et al., 2015; Shao et al., 2015). As in
mammals, dendritic-like cells of fish are present in several lymphoid organs such as the head-
kidney, the spleen and the skin (Bassity and Clark, 2012; Granja et al., 2015; Shao et al.,
2015; Steinman and Banchereau, 2007). Furthermore, they express several PRR and are
activated by PAMP such as LPS and zymosan (Granja et al., 2015; Shao et al., 2015). They
also have a high capacity of migration and to phagocyte small particles (Bassity and Clark,
2012; Granja et al., 2015), all this being properties they share with mammalian DCs. A recent
study in rainbow trout suggest that the tissue resident skin CD8a* DC-like, which is
homologous to the mammalian form, is involved in the promotion of the tolerance in steady-

state and CD8a* T cell immunity after activation by virus infection (Granja et al., 2015).
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Dendritic-like cells have not been isolated from sea bass yet, but DC-like cells expressing
MHCH-II transcript have been observed in the cortico-medullary junction (CMJ) of the thymus
(Avilés-Trigueros and Quesada, 1995; Picchietti et al., 2015) where numerous apoptotic cells
were also observed (Abelli et al., 1998). Overall those observations suggest that dendritic

cells are actively involved in immune tolerance in teleost fish as well.

1) Adaptive immunity

(1) Definition

In the vertebrate lineage, comprising jawless (shark, teleost, tetrapod) and jawed vertebrates
(hagfish and lampreys), an adaptive immune system evolved, which is based on effector cells:
the lymphocytes. Lymphocytes clonally express a monoallelic, somatically diversified antigen
receptor; in other words, each clone expresses a single receptor and, subsequent to receptor-
mediated activation, the lymphocytes undergo intensive proliferation (Boehm and Swann,
2014; Litman et al., 2010). The antigen receptors of jawed and that of jawless vertebrates are,
however, fundamentally different in structure. In jawed vertebrates, the receptors comprise
the B cell receptor (BCR) and the T cell receptor (TCR), both of which belong to the
immunoglobulin (Ig) superfamily. They consist of heterodimer transmembrane proteins with
several Ig folds. Other than the germline encoded receptor of the innate immune system,
which allows only limited antigen recognition, those of the adaptive immune system are
based on somatic diversification of antigen receptor genes. This, in theory, allows for an
infinite capacity of antigen recognition and therefore the development of a wide repertoire of
antigen receptors (Boehm and Swann, 2014; Litman et al., 2010). The respective somatic
diversification takes place during the lymphocyte development when the variable (V),
diversity, (D) only for heavy chains, and joining (J) segments are assembled into a complete
gene. In jawed vertebrates, the somatic gene rearrangement is enabled by the recombination-
activating gene (RAG) family of proteins. Eventually, the lymphocyte repertoire of antigen
receptors is further increased by randomly added nucleotides through the terminal
deoxyribonucleotidyl transferase (tdt) at the junction of the V, (D), J segments (Litman et al.,
2010). In lamprey, a well-studied representative of jawless vertebrates, three types of variable
lymphocyte receptors (VLR), have been identified that are formed by the insertion of leucine-
rich-repeated modules. The VLRA, VLRB and VLRC, are membrane-bound proteins, and

just as TCR and BCR assembled in such a way that no complete sequence of these receptors
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can be found in the lamprey genome (Boehm and Swann, 2014; Litman et al., 2010). Their
rearrangement is probably accomplished through the cytosine deaminase (Boehm and Swann,

2014; Litman et al., 2010).

Classically, and contrariwise to the innate immune system, the adaptive immune system
involves a memory that enables a more efficient immune response in the case of further
responses directed against the same antigen. This capacity derives from the differentiation of
activated effector lymphocytes into a memory phenotype, which will maximize the clonal
expansion during a secondary response. However, in some cases, a variant of immunological
memory has been described in invertebrates as well as unicellular organisms such as
prokaryotes, thus indicating that the memory is not a faculty restricted exclusively to the

adaptive immune system (Boehm and Swann, 2014).

(2) Humoral immunity

(a) Definition

The adaptive humoral immunity is also called B-cell-mediated immunity. It is generally
associated with circulating antibodies (soluble Immunoglobulin, slg), which are an important
component of the adaptive immune system destined to eliminate viruses and toxins.
Circulating antibodies will bind to and coat the antigen, thus activating the complement
system, which neutralizes and aggregates antigens (opsonisation) to form antigen-antibody
complex. Such antigen-antibody complexes will facilitate phagocytosis and hence the
destruction of foreign particles. Soluble antibodies are secreted by plasma cells, which are

activated and differentiated B cells.

(b) B lymphocytes

The B cells were first described in birds (Parra et al., 2013). Together with T cells they
represent the two lymphocyte lineages of jawed vertebrates. B cells are characterized by their
antigen-binding surface immunoglobulin receptor (BCR, B cell receptor). The high diversity
of B cell Igs is obtained, just as in T cells, by somatic gene rearrangement associated to the
TdT. However, B cells display supplementary diversification process mediated by cytosine
deaminase comprising class switch recombination, gene conversion and somatic

hypermutation involving a point mutation and sequence change between V gene segments.
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The former arise only in tetrapod (Parra et al., 2013). Gene conversion and somatic
hypermutation allow to modify and improve the clonally expressed antigen-receptor by
randomly changing the V, (D), J exon sequences. From this highly variable repertoire, clones
with higher antigen affinity can be selected (Litman et al., 2010). Somatic hypermutation as a
mechanism of somatic gene diversification and affinity maturation has been described in all

jawed vertebrates, including cartilaginous fish (Litman et al., 2010).

After antigen stimulation, the Ig expression changes from the membrane-bound to the
secreted form. In tetrapods, this process is made possible by the class switch recombination,
which involves a gene change in the constant fragment of the heavy chain (Litman et al.,
2010; Parra et al., 2013). In jawed vertebrates, the membrane-associated isoform is the IgM.
In teleosts, however, IgM is also the most prevalent form in body fluids and is also present in
the mucosal response (Parra et al., 2016; Zwollo, 2016). Indeed, IgM is the best studied Ig
subtype in teleosts, and, as such, considered the main teleost isotype (Parra et al., 2016;
Zwollo, 2016). Teleost IgM is generally present as a tetramer with a variety of inter-heavy
chain disulphide polymerisations of the monomeric and/or dimeric subunits. The various
oxidation states have been shown to correspond to its functionality with an increase of
disulphides (oxidation) leading to higher affinity and longer half-life (Parra et al., 2016). In
addition, teleost B cells also produce IgT (named IgZ in cyprinids) and IgD (Parra et al.,
2016; Zwollo, 2016). IgM and IgD have been identified in almost all jawed vertebrates
excepted for rabbit and birds which lack IgD (Parra et al., 2013). IgT/Z appear to be the
functional equivalent to the mammalian IgA and the amphibian IgX involved in the mucosal
defence (Parra et al., 2013; Zwollo, 2016). The IgT is the main immunoglobulin coating
microbes for immune exclusion (Parra et al., 2016; Salinas, 2015). IgM+ cells are the most
abundant B cell subtype in the spleen, the kidney, the blood and the peritoneal cavity, whereas
IgT+ B cells outnumber IgM+ cells in the skin and the gut (Parra et al., 2013). I[gM+ and
IgD+ B cells do not express IgT/Z; a distinct lineage appears to express uniquely IgT in
teleosts (Parra et al., 2013; Picchietti et al., 2017). Both IgM and IgT are important
components of the immune response, as the titers of both increase in the serum and mucus
after immunization or following infection (Parra et al., 2016). Considering IgT, it is present in
the serum as a monomer and in the mucus as a pentamer or tetramer non-covalently bound
(Parra et al., 2016). On the contrary, IgD, of which two different secreted monomeric forms

have been observed in the serum, is less characterised. Due to its rather weak induction during
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infection, however, its role appears to be minor in comparison to the two other isoforms

(Parra et al., 2016).

Compared to mammalian B cells, the teleost IgM are less diverse, show little increase of IgM-
affinity and a longer response time to those of mammals. Also, the response latency appears
to be temperature dependent in fish (Parra et al., 2013). As teleosts are poikilotherm, their
metabolic rate is lower than that of mammals, which limits lymphocyte proliferation and,
therefore, impedes an early adaptive immune response. These particularities probably also
result in an lower capacity of antibody production, repertoire, affinity maturation and
memory, as compared to mammals (Galindo-Villegasa and Mulero, 2015; Magnadottir, 2006;

Segner et al., 2017).

Although the main function of B cells is antibody production, they also have innate-
immunity-like functions in teleosts. Indeed, it was discovered that B cells of fish also display
phagocytic activity (Basten and Silveira, 2010; Li et al., 2006). Presumably, the recently
described capacity of oxidative burst of teleost B cells is related to their phagocytic activity
(Zhang et al., 2017) and their antimicrobial activity described in mammals and teleost
(Kovats, 2015; Li et al., 2006). These innate-like properties of teleost B cells correspond to
that of the mammalian B-1 cells. Furthermore, across all vertebrate classes, B cells also act as
APCs (Basten and Silveira, 2010; Zhu et al., 2014). Eventually, mammalian B cells can also
participate to the regulation of the immune response by the secretion of pro-inflammatory and

anti-inflammatory cytokines (Basten and Silveira, 2010).

(3) Cellular immunity

(a) Definition

In jawed vertebrates, the second component of adaptive immunity is referred as “cellular
immunity” or “T lymphocyte-mediated immunity”. Accordingly, it is based on T
lymphopoiesis (thymopoiesis), which is accomplished in the thymus, from where naive and
mature self-tolerant T cells migrate to the peripheral lymphoid organs. T lymphocytes are
characterized by their antigen-binding receptor: TCR (T cell receptor), a membrane
heterodimer protein associated to the CD3-complex, which is involved in the TCR-signal
transduction. The CD3-signalling complex is composed of a CD3-y and a CD3-6 chain and
two CD3-¢ and CD3-¢ chains. In teleost only three CD3 chains have been found, i.e., CD3-y9,
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-¢ and -§ (Tafalla et al.,, 2016). T cells can be further identified by the expression of
lymphocyte-specific protein tyrosine kinase (Lck) or by the well conserved ZAP70, both of
which are involved in the TCR-signalling (Dee et al., 2016; Nakanishi et al., 2015).

Based on the TCR heterodimers presented on their membrane, two fundamentally different T
cell populations can be distinguished in jawed vertebrates: the TCRyd or the TCRaf. These
confer different antigen-recognition capacities: for TCRa3+ cells (af3 cells), the antigen must
be presented by another cell on the major histocompatibility complex (MHC) of type 2 or 1;
for TCRYo the antigen-recognition is not related to MHC so that TCRyd+ T cells (yo T cells)
can directly bind the antigen in order to become activated. The four TCR gene-families are
strongly conserved across jawed vertebrate (Hayday, 2000). However, the major and best-
described T cell population is the aff T cells. Based on the expression of CD4 and CDS§
membrane glycoproteins, Y0 T cells are generally referred as double negative (DN). From
these, two populations of mature a§ T cell with specific function emerge: the single positive
CD4 or CD8 aff T cells. Single positive (SP) CD4 coordinates and regulates other immune
cells during the adaptive immune response (T helper and T regulatory, Th and Treg). SP CD8
off T cells have cytotoxic activity (Tc): they are involved in cellular surveillance of
transformed cells (tumor or infected cells) (Nakanishi et al., 2015; Tafalla et al., 2016). Those
af} T cell subsets have been firstly described in human and rodents but phenotypic and
functional homologous populations have been described in teleost (Nakanishi et al., 2015;

Tafalla et al., 2016).

(b) TCRaB+ lymphocytes
(1) CD4+ af3 lymphocytes

Different to tetrapods, which have a single CD4 co-receptor with four Ig domains, teleost
species have two CD4 isoforms, designated CD4-1 and -2 with four and two Ig domains,
respectively (Dee et al., 2016; Tafalla et al., 2016; Takizawa et al., 2016). The functional
structure of the two isoforms was assessed in pufferfish by investigating their affinity to IL-16
and MHC-II. CD4-2 appears to be the functional equivalent to the mammalian CD4 in this
species (Wen et al., 2011). In rainbow trout, the two CD4 discriminate two populations of
CD4 positive lymphocytes, the main population displaying both DP CD4-1 and CDA4-2,
whereas the minor population expresses only CD4-2 (Takizawa et al., 2016). The latter SP
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CD4-2 a3 T cell appears to be a distinct population with a more restricted TCRp repertoire
and minor proliferation capacity (Takizawa et al., 2016). Teleost CD4 af§ T cells appear to
have similar properties as their mammalian homologue, i.e., they are non-phagocytic cells and
non-cytotoxic cells (Tafalla et al., 2016; Takizawa et al., 2016). In fish, as in mammals, CD4-
1 expression is not restricted to lymphocytes; it is also expressed in trout and zebrafish by a
population of macrophages/monocytes with high phagocytotic capacity (Dee et al., 2016;
Takizawa et al., 2016).

Based on the expression of specific cytokines and transcription factors, several subtypes of
CD4+ af T cells were described for mammals. In teleost, the main cytokines- and genes-
related to the transcription factors have also been characterised (Fig. 3, Boschi et al., 2011;
Tafalla et al., 2016). Moreover, the teleost Th subtypes are believed to have a fundamental
role in the immune response coordination as well (Nakanishi et al., 2015; Tafalla et al., 2016).
In mammals, after antigen stimulation, CD4+ a3 T cell subsets mainly differentiate in the
peripheral immune organs. As shown in Figure 3, the cytokine microenvironment directs the
naive CD4+ T cells to differentiate into one of the different Th subsets. In turn the cytokines
inhibit the differentiation into other Th subsets (Straub, 2007; Tafalla et al., 2016).
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Figure 3: Model for peripheral CD4+ of3 T cell differentiation in teleost fish as adapted from mammals. Naive
cells migrate from the thymus to the secondary lymphoid organs. In steady-state (in non-infection), tolerogenic
DCs promote the differentiation of specific peripheral Treg (pTreg) toward environmental and not harmful
antigens (e.g., commensal organism and food antigens). Upon infection, damage-associated molecular pattern
(DAMP) and microbe-associated molecular pattern (MAMP) promote Thl, Th2 or Th17 depending on cytokine
environment. Cytokines associated to differentiated CD4 off T cell subset inhibit the differentiation of other
subtypes.

1. Treg

In mammals, the regulatory T cell (Treg) function and differentiation is controlled by the
master transcription factor forkhead box winged helix p3 (FOXP3; Fig. 3) (Tafalla et al.,
2016). Tregs are also characterized by the membrane expression of CD4 and CD25 (IL-2Ra).
Their action is notably mediated by the production of interleukin 10 (IL-10) and transforming

19



growth factor B (TGF-B). IL-10 has an anti-inflammatory activity and inhibits the Th1/Th17
polarization, but stimulates the Th2 immunity via B cell proliferation (Tafalla et al., 2016).
Different to the above-described other CD4+ af3 T cell subtypes, two populations of Tregs
have been distinguished: natural or thymus derived Treg (tTreg) and induced or peripheral
Treg (pTreg) which respectively differentiate in the thymus and peripheral lymphoid organs.
After first antigen encounter of naive CD4+ af3 T cells, Treg differentiation is notably
promoted by IL-2, IL-10 and TGF-f secretion in its close environment (Fig. 3) (Audiger et
al., 2017; Li and Rudensky, 2016). Tregs are involved in peripheral tolerance (e.g., self-
tolerance and mucosal tolerance), but also in the regulation of the immune response in order
to avoid an excessive immune response for instance (Nakanishi et al., 2015; Tafalla et al.,
2016). A homolog of the mammalian FOXP3 gene was identified in several teleost species
(Jia et al., 2015; Quintana et al., 2010; Yang et al., 2012). Although teleost Foxp3 displays
gene promotor region, protein-structure and functional properties homologous to the
mammalian counterpart (Quintana et al., 2010; Yang et al., 2012), the functionally important
N-terminal domain, which is important for the interaction with the protein partner, as well as
key amino acid residues in the DNA-binding element are missing in teleost (Andersen et al.,
2012). It is, therefore, discussed controversy whether FOXP3 function is indeed conserved
across vertebrate classes. In Nile tilapia, however, FOXP3 is only expressed in lymphoid cells
in the thymus, spleen, and head-kidney (Jia et al., 2015). Furthermore, CD4+ T cells with a
Treg phenotype, and hence Treg response and function have been identified in fish in vitro
and in vivo (Dee et al., 2016; Quintana et al., 2010; Wen et al., 2011; Yang et al., 2012). Treg-
like cells expressing CD4-2, CD25-like (IL-2Ro/IL-15Ra-like) and Foxp3 have been
described in the pufferfish. These Tregs appear to have a similar inhibitory effect on mixed
leucocyte culture and non-specific cytotoxic cells in vitro (Wen et al., 2011). And the
depletion of Tregs by injection of an anti-CD25-like antibody induced intestinal inflammatory
lesions, lymphocyte infiltration and induction of pro-inflammatory (Thl) IFNy and TNFa
transcript which corroborate their anti-inflammatory roles. Moreover, in the zebrafish
similarly to what was found in mammals, CD4-1 T cells isolated from the gut show a Treg-
like phenotype with a high expression of foxp3a and il-10 in comparison to the cells isolated
from the spleen and head-kidney (Dee et al., 2016). Eventually, the anti-inflammatory role of
Tregs in fish was confirmed by a foxp3a zebrafish mutant, which shows an autoimmune-like

phenotype, i.e., an increased inflammatory mononuclear cell infiltration (mostly T cells) in
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mucosa-associated lymphoid tissues (MALTSs), e.g., gills and intestine as well as the

overexpression of gene relative to Th1 and Th2 immune response (Sugimoto et al., 2017).

Overall, these studies demonstrate that teleost Foxp3 is also implicated in Treg function and
the peripheral tolerance, albeit the significant difference in the structure with the mammalian
FOXP3. This suggests a similar mechanism of immune tolerance between mammals and

teleosts.

2. Thl

In mammals, following antigen stimulation, the differentiation of naive CD4+ o3 T cell into
pro-inflammatory Th1 is promoted by the IL-12 (Fig. 3). IL-12 induces the expression of the
lineage specific transcription factor T-bet and STAT4 (Fig. 3) (Boschi et al., 2011; Dee et al.,
2016; Tafalla et al., 2016). Thl are characterized by the production of several cytokines such
as interferon y (IFN-y), tumor necrosis factor o (TNF-a) and interleukin 2 (IL-2) (Boschi et
al., 2011; Straub, 2007; Tafalla et al., 2016). Th1 cytokines induce cellular immunity, IFN-y
and TNF-a are involved in the defence against intracellular pathogens and IL-2 induces
lymphocyte proliferation. In turn IFN-y and TNF-a inhibit Th2 and Th17 differentiation (Fig.
3) (Straub, 2007; Tafalla et al., 2016). In teleost fish, induction of IFN-y, and TNF-a gene
transcription have been measured in the intestine following infection with pathogenic bacteria

and protozoa (Tafalla et al., 2016).

3. Th2

The differentiation of SP CD4 T cells into Th2 is regulated by the transcription factors
GATA3 and STAT6 (Fig. 3) (Dee et al., 2016; Tafalla et al., 2016). GATA-3 expression itself
is induced by IL-4 (Dee et al., 2016). Upon APC stimulation Th2 differentiation is promoted
by IL-4 secretion (Boschi et al., 2011; Straub, 2007). Th2 are characterized by the production
of IL-4, IL-5, IL-10 and IL-13, all of which induce humoral immunity by stimulating
antibody secretion of B cells (Straub, 2007; Tafalla et al., 2016). It was hypothesised that IL-
13 arose from a gene duplication of IL-4. Hence, the two related genes have been nominated
il-4/il-13a and il-4/il-13b in teleosts (Tafalla et al., 2016). In steady-state, CD4-1 T cells
isolated from the gills of zebrafish show a Th2-like phenotype with a high expression of
gata3a and il-4/13b (Dee et al.,, 2016). And infection with carp reovirus resulted in an

induction of IFN-y and T-bet gene expression and a decrease of GATA3 gene expression
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(Tafalla et al., 2016). This suggests the existence of the Thl and Th2 paradigm like in
mammals (Tafalla et al., 2016).

4. Thl7

Th17 differentiation is mediated by the transcription factor RORy and STAT3 (Fig. 2)
(Boschi et al., 2011; Tafalla et al., 2016). Th17 are characterized by the production of the pro-
inflammatory cytokines IL-17, IL-21 and IL-22 (Ouyang et al., 2008; Rathore and Wang,
2016; Tafalla et al., 2016). In addition to APC stimulation, Th17 differentiation in mice
require IL-6 and TGF-f and, IL-6 and IL-1 in human (Rathore and Wang, 2016). Th17 are
implicated in the induction of the immune response against extracellular bacteria and fungi
(Rathore and Wang, 2016; Tafalla et al., 2016). They are particularly important for mucosa
defence (Ouyang et al., 2008; Rathore and Wang, 2016). Th17 offer a rapid amplification and
termination of the immune response due to a rapid cell division and apoptosis (Rathore and
Wang, 2016). IL-17 is involved in the maturation and recruitment of macrophages and
neutrophils (Chien et al., 2014; Rathore and Wang, 2016). In both mammals and teleosts, the
IL-17 family includes several members; the mammalian Th17 mainly produce IL-17A and IL-

17F, both of which have teleost orthologues (Tafalla et al., 2016).

(11) CD8a.p+ TCRa B+ lymphocytes

Teleost CD8+ aff T cells appear to express the heterodimer CD8 formed by o and B chains
and to share similar function with their mammalian counterparts (Tafalla et al., 2016). Indeed,
CDS8a is expressed in a teleost T cell subtype distinct from CD4+ a3 T cells (Nakanishi et al.,
2015; Takizawa et al., 2016). Furthermore, in teleost, CD8a+ a3 T cells have a high diversity
in the TCR repertory (Tafalla et al., 2016). As in mammals, CD8a+ o T lymphocytes are
implicated in the cell-mediated cytotoxicity against allogeneic cells and tissues (cells from the
same species) and against virus- and bacteria-infected cells (syngenic/isogenic infected cells,
i.e., genetically identical; Nakanishi et al., 2015). The cytotoxic activity of teleost CD8a+ o
T cells is mediated by the recognition of the MHC-I, followed by the induction of
programmed cell death (apoptosis) of the target cells (Nakanishi et al., 2015; Tafalla et al.,
2016). As in mammals, apoptosis appears to be mediated by two distinct pathways: (1) the
degranulation of perforin and granzymes (Nakanishi et al., 2015; Takizawa et al., 2011) and

22



(2) the induction of apoptosis via death receptor such as Fas. The cytotoxic cells express the
Fas ligand (FasL), which will activate the external pathway of the caspase-dependent
apoptosis (Nakanishi et al., 2015). In mammals, perforin forms pores, which allow the entry
of granzyme (serine protease) into the cytoplasm to induce apoptosis (Nakanishi et al., 2015;

Takizawa et al., 2011).

In the gill and the intestine of rainbow trout, CD8a+ positive cells represent the majority of
lymphocytes (25 and 54.6% respectively), whereas in head-kidney and spleen they are scant
(i.e., 4.1% and 2.3%, respectively, Takizawa et al., 2011). Numerous CD8a+ cells have also
been found in the epithelium and the lamina propria of the intestine in sea bass (Picchietti et

al., 2011).

(c) TCRy6+ lymphocytes

In human and mouse, Y0 T cells comprise around 4% of the total of T cells in all lymphoid
organs (Chien et al., 2014; Tafalla et al., 2016). In the mouse, but not in human, yo T cells
represent an elevated proportion of total T cell in the MALTs (e.g., 50% to up to 70% in the
skin; Chien et al., 2014). In higher vertebrates, i.e., mouse, cattle, sheep, or chicken, yd T cells
represent around 25% of the lymphocyte in the blood and from 50 to 70% in the skin (Chien
et al., 2014). Regardless of their tissue localization, Yy T cells express a highly diverse TCR
repertoire in these tetrapods (Chien et al., 2014). The anatomical repartition is based on the
expression of Vy, which is determined by the V, (D), J recombination (Hayday, 2000; Mufioz-
Ruiz et al., 2017; Turchinovich and Pennington, 2011). y6 T cells appear to have a distinct
role in the immune response, as they respond earlier than af T cells (Chien et al., 2014). They
are usually described as innate immune cell-like: (1) during the infection their number in the
blood increases drastically, followed by their early infiltration in the lesion (Chien et al.,
2014; Turchinovich and Pennington, 2011) in which they (2) act as a first line of defence by
initiating the inflammation, notably by the early production of IL-17 and IFNy (Chien et al.,
2014; Turchinovich and Pennington, 2011). y6 T cells are (3) not restricted to MHC for
antigen stimulation. Instead, they express PRR offering the capacity to initiate the immune
response (Tafalla et al., 2016). Moreover, Y0 T cells have also been described to have (4) anti-
bacterial activity with the production of antimicrobial peptides (Chien et al., 2014).
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Human and mouse yd T cells have been described to develop a Th1/Th2 response with pro-
inflammatory, anti-inflammatory and cytotoxic activity in infections and tumours similar to
af T cells, albeit at a lower extent (Chien et al., 2014; Hayday, 2000). v T cells are also
implicated in the balance between the immune response and tolerance towards commensal
microbiota and other environment-related antigens on the skin and intestine (Chien et al.,

2014; Tafalla et al., 2016).

In teleost fish, the y0 T cells and TCRyd repertoire have been poorly investigated (Wan et al.,
2017). In common carp and sea bass TCRy gene in teleost is mainly expressed in the thymus,

and, to a lesser extent, in MALT, such as gut and gill (Boschi et al., 2011; Shang et al., 2008).

In the gut of sea bass, using sea bass pan-T cell antibody named DLT15, purified DLT15+
leucocytes have been shown to highly express TCRy gene in comparison of the TCR[3 gene
(Boschi et al., 2011). And during sea bass ontogenesis, Romano et al., (2011) quantified the
density of tcrfp+ and DLT15+ cells in the thymus, head-kidney, spleen and gut. And they
observed lower density of tcrf+ than DLT15+ cells in the gut and the head-kidney. They,
therefore, hypothesis that the majority of DLT15+zcrf cells corresponds to o T cells. Based
on that hypothesis, in the oldest juvenile investigated (180 days post fertilization) Yo T cells
represent respectively 92%, 54%, 45% of total T cells in the head-kidney, spleen and gut.
Because in teleost and mammals yd and a3 T cells express CD8a., both cell populations are
likely to correspond to the numerous cd8a+ cells observed in the gut of sea bass by Picchietti
et al. (2011). Those results indicate that y0 T cells are likely to play a key role in mucosal
immunity of sea bass. As a confirmation, Nufiez Ortiz et al. (2014), observed that
phytohemagglutinin stimulation of leucocytes isolated from the gills strongly increased TCRf3

and much more TCRy gene expression-level.

Very recently, and for the first time in teleost, Y0 T cells have been isolated from zebrafish
(Wan et al., 2017). As in mammals, they have the typical lymphoid cell phenotype with a
TCRyd+ CD4- CD8a+ surface that is also found in a minor population of mammalian Y6 T
cells (Hayday, 2000; Wan et al., 2017). Their relative proportion amongst lymphoid cells of
spleen, head-kidney, skin, intestine and peripheral blood lymphocyte (PBL) of 7.7%, 9.3%,
16.9%, 18.3% and 20.5%, respectively, confirm their importance in mucosal immunity of
zebrafish. As described for mammals, zebrafish yo0 T cells appear to have phagocytic and

APC capacity (Chien et al., 2014; Wan et al., 2017). By immunisation against the T cell
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dependent antigen keyhole limpet hemocyanin (KLH), in vivo depletion and transfer, the
authors have shown that teleost y0 T cells are implicated in the CD4+ a3 T cell activation,
followed by the production of systemic anti-KLLH IgM and mucosal IgZ. Consequently, in all
jawed vertebrates, Y& T cells seem to initiate the adaptive immune response (Wan et al.,

2017).

111) Immune tolerance vs. immune reaction

Immune tolerance has been almost exclusively investigated in mammals. It can be divided
into two subtypes intimately connected: the thymic (central) and the peripheral tolerance
(Audiger et al., 2017; Devi and Anandasabapathy, 2016). In mammals, APCs, and especially
DCs, have a key role in central and peripheral immune tolerance (Devi and Anandasabapathy,
2016). In addition to DCs, thymic specific APCs with non-redundant function in immune
tolerance have been identified: the medullary thymic epithelial cells (mTEC) and cortical

TEC (cTEC) (Audiger et al., 2017; Klein et al., 2014).

Immune tolerance is essential to prevent autoimmune diseases in mammals (Audiger et al.,
2017; Devi and Anandasabapathy, 2016). Tolerogenic DCs have a key role because they
maintain and induce immune tolerance through different processes: (1) clonal deletion (i.e.,
elimination of autoreactive T cells by apoptosis) through the up-regulation of death receptors,
such as FasL (or CD95L), (2) the induction of anergy and (3) the induction of Treg
differentiation and function by antigen-presentation, and the production of IL-10, indoleamine
2,3-dioxygenase (IDO) and NO (Audiger et al., 2017; Devi and Anandasabapathy, 2016).
IDO is the rate-limiting enzyme of tryptophan catabolism, which contributes to immune
regulation and tolerance by depleting tryptophan, causing effector T cell apoptosis and an
increase of Treg frequency and activity (Audiger et al., 2017; Devi and Anandasabapathy,
2016).

To promote immune tolerance, APCs express a wide variety of self and non-self-peptides
loaded on the MHC, which are presented to immature or mature T cells that escape the thymic
clonal deletion (Audiger et al., 2017; Devi and Anandasabapathy, 2016; Klein et al., 2014).
And as stated, potentially harmful autoreactive T cells are eliminated by apoptosis (clonal
selection). In mammals, this apoptosis depends on the two caspase-dependent pathways, i.e.,

the intrinsic and extrinsic pathway of apoptosis (Audiger et al., 2017; Bouillet and O’Reilly,
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2009). The extrinsic pathway and the intrinsic pathway are respectively initiated by the
binding of death receptor on the target cell and various external stresses (Bouillet and
O’Reilly, 2009). They are notably mediated by the activation of CASPASE 8 and 9,
respectively (Bouillet and O’Reilly, 2009).

In steady-state, tolerogenic DCs with an immature phenotype are present in MALT associated
to the gut and skin and promote peripheral immune tolerance towards commensal organisms
and food antigens (Audiger et al., 2017; Devi and Anandasabapathy, 2016). Differentially,
and after activation, immunogenic DCs express high levels of co-activator membrane
proteins, such as CD40, which interact with CD40-ligand on T cells. Immunogenic DC highly
express also B7-1 (CD80) and B7-2 (CD86) which bind to CD28 on T cells to stimulate the
production of cytokines (e.g., IL-2, IL-13) and effector CD4+ T cell differentiation (Audiger
et al., 2017; Devi and Anandasabapathy, 2016).

iv) Lymphoid organs

The adaptive immune system emerged in jawed vertebrates with the lymphoid organs that can
be classified primary and secondary lymphoid organs. By definition, the primary lymphoid
organs will provide the microenvironment necessary for the development of the B and T cell
(lymphocyte) repertoire. The secondary lymphoid organs are specialized in the initiation of
the adaptive immune response. These specialized organs support the interactions between
APC and lymphocytes (Drayton et al., 2006). Lymphocytes, as all hematopoietic cells,
differentiate from hematopoietic stem cells (HSC). The HSCs can differentiate into the
myeloid cell progenitor or lymphoid cell progenitor which respectively differentiate in
various innate immune cells (granulocytes, macrophages, mast cells and dendritic cells) and
lymphocytes including B and T cells (Boehm and Swann, 2014; Prykhozhij and Berman,
2014). The HSCs are present in hematopoietic tissues, i.e., the bone marrow in tetrapods, or
its equivalent, the kidney in teleosts (Fig. 4) (Boehm and Swann, 2014). B and T cells are
produced in specialized and distinct microenvironments. Contrariwise to the development of
B cells, which can occur in anatomical diverse sites across the vertebrate lineage, the
development of T cells, i.e., thymopoiesis, occurs exclusively in an ancient primary lymphoid
organ located near the pharynx, called thymoid in lamprey larvae and thymus in all jawed

vertebrates (Boehm and Swann, 2014).
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Figure 4: Evolutionary emergence of primary and secondary lymphoid organs/tissues in the different vertebrate
lineages. The vertebrate immune system is characterized by the presence of several distinct primary and
secondary lymphoid organs/tissues of various evolutionary origins. The time points when major groups of
vertebrate emerged are indicated on the left; vertical bars indicate the time of emergence of different tissue types.

GALT, gut associated lymphoid tissue; Ma, million years. Adapted from Boehm and Swann (2014).

(1) Primary lymphoid organs

(a) Bone Marrow equivalent

Hematopoiesis, such as myelopoiesis and B lymphopoiesis, occurs in the head-kidney of
teleosts, the bone marrow of mammals and in the bursa of Fabricius of birds (Boehm and
Bleul, 2007; Parra et al., 2013). The main developmental steps of B lymphopoiesis, which are
defined by the expression of B cell specific gene and transcription factors, appears to be well
conserved amongst jawed vertebrates (Zwollo, 2016). In mammals, multiple mechanisms of
self-tolerance, i.e., elimination of autoreactive B cells have been identified in the bone

marrow and the spleen (Basten and Silveira, 2010). In the spleen, B cell clones with a high
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self-affinity that (1) escaped to the first line of selection (in the bone marrow) and which were
(2) formed in the germinal centers after somatic hypermutation are eliminated by apoptosis

(Basten and Silveira, 2010).

(b) Thymus

(1) General presentation

The anatomic location and the number of lobes of the thymus, however, varies between
species. In fish, the thymus is a bilobed organ of which either lobe is on each side of the fish
near the gill cavities. In birds and in mammals, the lobes are gathered in the neck and in the
thorax, respectively (Boehm et al., 2012; Rezzani et al., 2013). In almost all jawed
vertebrates, the lobes are divided into lobules that present two distinct regions: the cortex and
the medulla. The cortex is characterised by densely packed immature T cells. In the various
teleost species so far investigated, the thymus is the first lymphoid organ in which lymphoid
cells appear during ontogenesis, however the cortico-medullary regionalization was not

always observed (Bowden et al., 2005).

In mammals, and most likely in teleosts, the different states of T cell maturation can be
characterized by the differential expression of CD4 and/or CDS8. Using antibodies against
CD4-1 and CDS8a, the distribution of the different T cell populations was described in the
thymus and in the peripheral lymphoid organs of Crucian carp, Carassius carassius (Fig. 5).
In the thymus, the main population that was identified were SP CD4-1 cells (37.3%),
followed by the DN cells (31,3%), the SP CD8a cells (1,9%) and the DP cells (17,5%)
(Nakanishi et al., 2015; Toda et al., 2011). More recently, the expression CD4-2 was
investigated in rainbow trout (Takizawa et al., 2016). Based on the expression of CD8 and
CD4-2 (being expressed on all rainbow trout CD4+ T cells), the main population were the DP
cells with 66.3%, followed by SP CD4-2 cells with 16.1%, the DN cells with 10,7% and SP
CD8a cells with 6,9%. These relative proportions are close to those found in mice (Fig. 3)
where the DPs also constitute the main population (80-85%), followed by the SP CD4 (10%),
SP CDS8 (5%) and DNs (5%) (Nakanishi et al., 2015). As in mammals, the DP population was
observed mainly in the thymus, which corresponds to an immature state of maturation
(Nakanishi et al., 2015). These results (1) may confirm that CD4-2 is the teleost functional
equivalent to the mammalian CD4 as observed by Wen et al. (2011) in pufferfish and (2)

suggest evolutionary conserved feature in T cell maturation from teleosts to mammals.
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Figure 5: Thymic distribution of the different T cell populations based on the expression of CD4 and CDS in
teleosts and rodents.

(i1) Thymopoiesis and morpho-functional specialization of the

thymus

Thymopoiesis is believed to share the same basic fundamental mechanisms across the
vertebrate lineage (Boehm and Swann, 2014). In mammals and teleosts, early thymic
progenitors (ETPs) reach the thymic lobe, enter the thymus, migrate in the subcapsular zone
of the cortex and later relocate to the medulla (Fig. 6) (Bajoghli et al., 2015; Gameiro et al.,
2010; Klein et al., 2014). The journey of the immature T cells passing through the different
zones of the thymus relates to distinct and sequential steps of maturation where maturing T
cells will interact with different stromal cells (Gameiro et al., 2010; Klein et al., 2014). This
morpho-functional specialisation has been well described for mammals. And, in fish, a
number of studies strongly suggest that teleost thymopoiesis and thymus organisation are
similar to that of mammals. Notably, immature T cell migration through the different
subregions of the thymic microenvironment as well as interaction with other thymic cells has
been recently confirmed with non-invasive in foto imaging on a medaka transgenic reporter

line (Bajoghli et al., 2015).

A major component of the thymic stroma is composed of the thymic epithelial cells (TEC)
(Gameiro et al., 2010). Across all vertebrate classes, at least three sub-types are commonly
distinguished according to their morphology and thymic localisation: limiting TEC (ITEC)
adjacent to the connective tissue, medullary (mTEC) and cortical TEC (¢TEC) (Fig. 6, Klein
et al., 2014; Romano et al., 1999a). The TECs provide growth factors for the immature T cell
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proliferation as well as extracellular matrix components and chemokines for ETP homing and
T cell migration through the different thymic areas (Abramson and Anderson, 2017; Gameiro

et al., 2010; Halkias et al., 2014).

Chemokines are a major family of secreted proteins that induce chemotaxis. Usually,
chemokines are divided into four subfamilies (CC, CXC, C, or CX3C), identified according to
the pattern of their N-terminal cysteine residues (Gameiro et al., 2010; Halkias et al., 2014).
In mammals, several chemokines and associated receptors are implicated in T cell maturation,
such as the chemokine CCL25 associated to CCR9, CXCL12 (also known as Stromal cell-
derived factor 1o, SDF-1a) which binds to CXCR4, and CCL19/21 promoting chemotaxis of
cells expressing CCR7 (Gameiro et al., 2010; Halkias et al., 2014). Chemokines do not only
provide directional cues, but also modulate the activity of integrins for the modulation of cell
motility that are involved in the adhesion of immature T cells to the extracellular matrix, such
as fibronectin, laminin and collagen (Gameiro et al., 2010; Halkias et al., 2014). TCR-
signalisation and numerous other molecules are believed to direct the distinct migration
pattern of immature T cells, such as cytokines, galectins, neurophiline-1/semaphoring-3A, for

instance (Gameiro et al., 2010; Halkias et al., 2014).

1. Cortical and subcapsular zone

a. Homing and T cell lineage commitment

In jawed vertebrates during the thymus ontogenesis, thymic lobules are shaped by connective
tissue and the vascular system, which participates to the colonisation of the thymic cortex
with ETPs, coming from the bone marrow equivalent, i.e., the head-kidney in teleosts (Fig. 6
A; Gameiro et al., 2010; Langenau and Zon, 2005). Across all vertebrate classes, the homing
of ETPs is mediated by CXCL12 and CCL25 (e.g., ccl25a and cxcli2a in medaka and
zebrafish; Bajoghli, 2013; Halkias et al., 2014). In mammals, CCR7/CCL21 are also involved
in this process (Bajoghli, 2013; Halkias et al., 2014). Following ETP homing, the progenitors
are committed to the T cell lineage (Fig. 6 B), a process which is mediated by the Notch
ligation to Delta-like 2 (DIl2a in medaka) express on TEC (Bajoghli et al., 2009). In all
vertebrates, ETP homing and differentiation into T cells are regulated by the transcription

factor FOXN1 expressed in TECs, which induces ccl25 and DIl2a expression (Bajoghli,
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2013; Halkias et al., 2014). The committed immature T cells represent the common T cell

progenitors which can differentiate in either yd and af T cell lineages.
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Figure 6: Model for teleost T cell development in the thymic microenvironment, i.e., morpho-functional
specialization as adapted from mammals. A, early thymic progenitor (ETP) homing in the thymus, ETP migrate
from the head-kidney (HK) in the cortex likely via the vascular system in non-larval fish as in mammals. B, T
cell lineage commitment after Notch and Delta-like 2a interaction. C1, yd selection, i.e., Y0 T cell commitment;
C2a, B selection, ie, aff T cell commitment and C2b, maturation signalling for yd T cells; C3, DP
differentiation. D, positive selection or death by neglect; E, migration to the medulla; F, central tolerance which
either eliminate by apoptosis autoreactive a3 T cells (negative selection or clonal deletion) and promote tTreg
differentiation (thymus derived Treg); G, migration toward peripheral lymphoid organs of mature and naive vy
and off T cells. The question mark indicates that the yd T cell development as well as thymic localisation has not
been investigated yet in teleost. ITEC, limiting epithelial cells; cTEC, cortical epithelial cells; mTEC, medullary
epithelial cells; DC, dendritic epithelial cells; pMHC, complex self-peptide major histocompatibility complex.
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In mice, the early immature DN T cells are usually subdivided into four subsets on the basis
of the expression CD117 (c-kit), CD44 and CD25 (Halkias et al., 2014). In humans,
analogous stages have been characterized by the expression of CD34, CD38 and CDla
(Halkias et al., 2014). To date, no similar subset has been described in teleost fish. The early
thymic progenitors of teleost fish express the transcription factor Ikaros, the expression of
which is down-regulated when ETP begin to express rag/ (Hess and Boehm, 2012; Lam et
al., 2004).

b. v8 T cell lineage commitment

This process as well as the development of yo T cells have been exclusively investigated in
mammals. In mammals, and possibly in teleost as well, DN RAG1/2+ T cells rearrange the
TCRp, 6 and y gene segments differentiate in the two T cell lineages (Mufoz-Ruiz et al.,
2017; Turchinovich and Pennington, 2011). In mammals, the common T cell progenitors first
experience y0 selection which trigger the o T cell lineage commitment (Fig. 6 C1) or further
maturation toward the aff T cell lineages. The Y0 T cell commitment is a complex process
that, to date, is not understood in all details. Indeed, different mechanisms have been
described that determinate the yd T cell lineage choice: (1) on the one hand it is proposed that
the T cell destiny would be independent from the TCRyd-ligand signalling, and that it
depends on specific transcription factors or efficiently paired TCRy/TCRS chains, for
instance. On the other hand, (2) the DN T cell differentiation has also been described to be
determined by the strength of TCR-signalling, i.e., T cells with a strong TCRyd-signalling
will differentiate into the yo T cell lineage, whereas the others will differentiate into af T
cells (Mufoz-Ruiz et al., 2017; Turchinovich and Pennington, 2011). Consequently, the
development of yo T cell can be initiated without TCR-ligand mediated signals. However
such stimulation is mandatory to mature and leave the thymus (Chien et al., 2014;
Turchinovich and Pennington, 2011). In jawed vertebrates, Y0 T cells are the first cells to
appear during the ontogenesis of the thymus (Chien et al., 2014; Hayday, 2000). In contrast to
the majority of afy T cells, the y0 T cell effector function is acquired in the thymus. The yo T
cells are “developmentally programmed”. The different effector y6 T cell subsets, e.g., [IFNy
or IL-17 producing cells, are defined by (1) the Vy (which also determines the anatomical

localisation), (2) yd T cell commitment initiation (TCR-ligand dependent or independent) and
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the (3) TCR signal strength (Chien et al., 2014; Mufioz-Ruiz et al., 2017; Turchinovich and
Pennington, 2011).

c. af T cell lineage commitment

Immature DN T cells which did not differentiate into the y6 T cell lineage undergo 3 selection
(Fig. 6 C2a; Trampont et al., 2010; Turchinovich and Pennington, 2011). At this step,
immature DN T cells express on the membrane recombined TCRP chain coupled to an
invariant TCRa chain (TCRB/pre-TCRa complex), consequently clones with a functional
TCRp receive pro-survival signal which triggers the TCRa gene-rearrangement as well as the
differentiation into DP CD4 and CDS8 (Fig. 6 C3; Gameiro et al., 2010; Klein et al., 2014;
Turchinovich and Pennington, 2011). In the following, DP T cells undergo positive selection
step in order to eliminate non-MHC restricted clone and to determine the aff T cell
differentiation into SP CD4 or CDS8. DP CD4 and CDS expressing a TCRaf} with low affinity
for the complex self-peptide MHC-I or II differentiate into SP CD8 or CD4 (Klein et al.,
2014). The af T cell and y6 T cell lineage commitment are respectively highlighted by the
expression of both CD4 and CD8 (DP cells) and TCRys (Fig. 6 Cl1, C2a and C3;
Turchinovich and Pennington, 2011). However, if the different steps of a3 T cell maturation
have been well described in mammals, the selection step during yo T cell maturation remained
poorly known (Abramson and Anderson, 2017; Cowan et al., 2015). Notwithstanding, The [3-
selection and apparently yd selection at a lesser extent are highlighted by intensive steps of

proliferation (Fig. 6; Taghon et al., 2006).

In medaka, the investigation of RAG2 gene expression revealed a morpho-functional
specialisation of the cortex for somatic gene recombination (Bajoghli et al., 2015). In
mammals as well, RAG2 gene is expressed in the cortex by early immature T cell until
positive selection (Ruscher et al., 2017). In mammals, subsequent to homing and T cell
lineage commitment, DN3 T cells migrate to the subcapsular zone for B selection allowing for
DN3-DN#4 transition and the commencement of a high proliferation step, which is highlighted
by the predominance of proliferating cell nuclear antigen (PCNA) positive lymphocytes in
this area (Fig. 6; Forsberg, 1996; Klein et al., 2014; Trampont et al., 2010; Zoller and Kersh,
2006). Similar processes probably occur in sea bass, where DN cd4-/cdSa- and PCNA+
lymphocytes are localised in the subcapsular zone (Picchietti et al., 2015, 2009).
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In the cortex of mice, 90% of DP T cells are not positively selected and therefore die by
apoptosis (Klein et al., 2014). Accordingly, in the cortex of carp and sea bass, apoptotic cells
are mainly found in the cortex and the CMJ (Abelli et al., 1998; Romano et al., 1999b).
Moreover, in sea bass, DP cd4-1+ cd8a+ tcrf+ are abundantly localized in the cortex

whereas mhc2 f+ were detected in subcapsular zone (Picchietti et al., 2009).

In mammals, positive selection is also highlighted by the high level expression of TCRaf3
(Halkias et al., 2014; Ruscher et al., 2017), similar process is likely to occur in medaka
because tcrf appeared to be mainly expressed in the medulla in the larvae (Bajoghli et al.,
2015). However, the results of Bajoghli et al. (2015) contrast with the results obtained in post-
larvae and one-year-old sea bass, where tcrf+ lymphocytes were mainly detected in the
medulla (Picchietti et al., 2008). Nevertheless, altogether those results indicate that similar
steps of T cell maturation occur in the cortex of teleosts and mammals which would confirm

the functional homology.

In mammals, after B and positive selection, the transition from DN4 to DP and then to SP is
associated with the migration from the cortex to the medulla (Fig. 6E) directed by the
downregulation of CXCR4 and the upregulation of CCR7 in mammals (Halkias et al., 2014;
Klein et al., 2014; Trampont et al., 2010). In medaka, because T cells express ccr9b in the
medulla only, ccr9b expression is, therefore, activated in late stage of somatic recombination
(rag2 being expressed only in the cortex) when the cell move to the medulla (Bajoghli et al.,
2015). As CCR7 in mammals, this chemokine receptor may be involved in the migration from

the cortex to the medulla during T cell development in the medaka.

2. Medulla

In the CMJ and medulla, SP aff T cells are negatively selected by professional APCs, such as
mTEC and DC, in order to eliminate clone expressing a TCRaf with a too high affinity for
self-pMHC, i.e., autoreactive T cells (Fig. 6 F; Halkias et al., 2014; Klein et al., 2014).
Moreover, in the medulla, CD4+ aff T cells with an intermediate or a high affinity for p-
MHC-II differentiate in Treg (Fig 6 F; Klein et al., 2014; Li and Rudensky, 2016). In
agreement, Picchietti et al. (2009, 2015) observed in the medulla of sea bass, SP cd4+ and
cd8a+lymphocytes as well as mhc-2+ cells corresponding to TEC and DC-like cells which
were also observed in the CMJ (Picchietti et al., 2015). In medaka, Bajoghli et al. (2015)
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observed that immature T cells interact with phagocytes at the CMJ during their migration or
via extending long protrusions with phagocytic cups at their tips (Macrophage/DC).
Moreover, as a confirmation that in teleost as well medullary T cells undergo intensive
selection, nur77b which is upregulated after TCR-signalling in mammals, is only expressed in

the inner zone of the thymus of medaka (Bajoghli et al., 2015).

Anomalies in the selection may induce the release of self-reactive T cells into the periphery,
which could cause deleterious autoimmune diseases (Klein et al., 2014). For central tolerance,
i.e., negative selection and tTreg differentiation, mammalian mTECs express a wide variety of
tissue specific antigen (TSA) also called tissue-restricted autoantigens (Anderson and Su,
2016; Romano et al., 2013). The transcriptional factor AIRE regulates a large panel of TSAs
and AIRE-deficiency results in an altered AIRE-dependent TSA expression leading to
autoimmune diseases in mouse and human (Anderson and Su, 2016). In teleost, aire is mainly
expressed in the thymus as in mammals (Saltis et al., 2008) and, more specifically, could be
detected in the medulla of medaka (Bajoghli et al., 2015). The comparative analysis of aire
sequences in jawed vertebrates revealed a potential conservation of its function in central
tolerance (Saltis et al., 2008). Surprisingly, a high correlation between the mutation in human

aire entailing autoimmunity and the evolutionary conserved residues was found.

These data indicate that in the medulla of teleost also take place important steps of central
tolerance including negative selection and likely tTreg differentiation because foxp3 is well
expressed in the thymus of teleost (Wang et al., 2010; Yang et al., 2012). The teleost medulla

is, therefore, apparently the functional homologue of the mammalian counterpart.

Afterwards, the selected self-tolerant and mature SP o8 T cells that constitute the repertoire
of naive and mature T cells, reach the secondary lymphoid organs (Halkias et al., 2014;
Turchinovich and Pennington, 2011). T cell egress occurs via the blood vessels of the CMJ
(Fig. 6 G), which has been clearly demonstrated in mice, but is probably also the case in

humans (Halkias et al., 2014). In teleost fish, a3 T cell egress has been poorly investigated.

Considering the y6 T cells, the yd-selected T cells apparently migrate to the medulla to
complete their maturation before they leave the thymus (Fig. 6 C2b) (Abramson and
Anderson, 2017; Cowan et al., 2015).
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(2) Secondary lymphoid organs
(a) Head-kidney

The head-kidney can also be considered as a secondary lymphoid organ, as it is actively
involved in mounting the immune response. Furthermore, numerous T cells, which
differentiate in the thymus, have been reported in the head-kidney of various teleost species
(Table 1). In the head-kidney, like in the spleen, T cells have been described to be randomly
distributed (Nakanishi et al., 2015; Romano et al., 2007) and grouped close to
melanomacrophages (Romano et al., 2007). In response to microbial stimulation, [gM+ and
IgT+ proliferate and secrete the respective Igs in the head-kidney (Parra et al., 2013). The
IgM are secreted by plasma-like cells, which are mainly localized in the head-kidney where

they will bear memory function (Parra et al., 2013).

Table 1: Distribution of the different lymphocyte subtypes (%) isolated from the head-kidney and spleen in
various teleost species. By flow cytometry the population distributions in the lymphoid gate were determined
using specific antibodies (see references). *Indicates population distribution calculated on the total leukocytes.

Head-kidney
B cells aff T cells yo Teell trombocyte references
Spec,é:”bbod[ o IgM IgT CD4.1 CD4.2 CD8a Tery
37.94 2,7 0.56 Takizawa 2011
rainbow trout 224 249 34 Takizawa 2016
14.7* 5.1% Zhang et al. 2010
ginbuna crucian
carp 18.0 10.3 23.6 Toda et al. 2011
zebrafish 9,3 Wan 2017
DLTI15
sea bass 33% 7% Romano et al. 1997
22% Picchietti et al. 2017
Spleen
B cells aff T cells yo Teell trombocyte references
M IeM IgT CD4.1 CD4.2 CD8a Tery
57.71 2,15 15,85 Takizawa 2011
rainbow trout 8.3 9.4 2.0 Takizawa 2016
42.9% 11.9% Zhang et al. 2010
ginbuna crucian
carp 52 11.5 Toda et al. 2011
zebrafish 7,7 Wan 2017
DLT15
sea bass 30% 6* Romano et al. 1997
16* Picchietti et al. 2017
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(b) Spleen

The spleen is present in all jawed vertebrates and is considered as the most ancient secondary
lymphoid organ (Fig. 4) (Boehm et al., 2012). As in mammals, the teleost spleen is believed
to act primarily as a secondary lymphoid organ, where mature B cells are activated by
antigens (Zwollo, 2016). The spleen has also been reported to be an important organ for T cell
activation, because CD4 T cells from the spleen, but not from the head-kidney, have been
observed to respond to T cell-dependent-antigen (Takizawa et al., 2016). The spleen has also
a key role in the filtration and clearance of blood, i.e., antigen trapping and removal of
damaged blood cells, and in hematopoiesis (Boehm et al., 2012; Rauta et al., 2012). The
spleen is subdivided in different areas and this subdivision is largely conserved across
vertebrates. The white pulp, for instance, which is essentially formed by leucocytes and
involved in the coordination of the immune response between the different leucocyte
populations can be found in teleosts as well as in mammals (Boehm et al., 2012). The teleost
spleen, however, lacks germinal centres. It was, therefore, hypothesised that the
melanomacrophages may present the antigen to B cells like follicular dendritic cell in
mammals (Zwollo, 2016). Teleost leucocytes from the spleen have been shown to be
abundantly composed of mature B cells, but also T cells (Table 1). Using a sea bass pan-T
cell antibody named DLT15, isolated immunopositive cells or gathered in small groups have
been described in the lymphoid area close to the melanomacrophages in sea bass (Romano et

al., 2007).

(c) Mucosa-associated lymphoid tissues

The MALTSs comprise the main surfaces in contact with the environment and therefore
represent the main routes of entry for pathogens (Parra et al., 2016). Considering their
localization, four subtypes of MALTSs can be distinguished in teleosts: SALT (skin-associated
lymphoid tissue), GIALT (gill-associated lymphoid tissue), NALT (nasopharynx-associated
lymphoid tissues) and GALT (gut-associated lymphoid tissue; Parra et al., 2016; Salinas,
2015). MALTs and specially GIALT and GALT combine two different fundamental
functions: (1) absorption of nutrients and regulation of the gas/ionic exchanges (respiration
and osmoregulation), which require a high surface and thin epithelia, (2) immune defence to
avoid the invasion of potential pathogen across the epithelia and (3) immune tolerance (Parra

et al., 2016; Salinas, 2015). Indeed, MALTSs present symbiotic bacterial microbiota and are
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constantly exposed to a microbial-rich environment. Therefore to avoid constant immune
response against non-harmful antigens comprising food-related and other environmental
antigens, the balance between immune tolerance and immune response must be tightly
regulated to maintain mucosal homeostasis (Salinas, 2015). In teleost, it is well known that
mucosal present an innate and adaptive immune cells and potentially an adaptive immune
response (Fig. 7 and Table 2; Salinas, 2015). However, in contrast to mammals, fish do not
have an organised lymphoid structure that resembles the classical lymph nodes, such as
Peyer’s patches, mesenteric lymph nodes, isolated lymphoid follicles and the mucosa-
draining lymph nodes (Parra et al., 2016; Tafalla et al., 2016). In teleosts, diffused B and T
lymphocytes seem to be associated with the mucosa (Fig. 6 and Table 2). As mammals, the
teleost leucocytes of the intestine are present in two distinct immunological compartments:
the lamina propria formed by macrophages, granulocytes, plasma cells as well as T and B
lymphocytes; and in the intraepithelial compartment comprising mainly T cells and very few
B cells (Fig. 7; Parra et al.,, 2016; Tafalla et al., 2016). The activation of B cells and
production of pathogen-specific Igs in teleosts rather occur at the mucosal surface (Fig. 7;
Parra et al., 2016). However, it remained to be determined if teleost MALTSs represent true
secondary lymphoid organs because the area where APC, T and B cells interact to mount
mucosal immune response or immune tolerance have not been clearly established even for the

most investigated GALT (Fig. 7; Parra et al., 2016; Salinas, 2015; Tafalla et al., 2016).
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Figure 7: Induction of mucosa IgT immune response in the teleost GALT. Scheme of typical intestinal villus
structure in healthy teleost (A) and suggested model for the immune response upon pathogen infection in
rainbow trout (B). In healthy fish (A) the number of IgT+ and IgM+ B cells is low and they are generally located
in the lamina propria. Natural IgM and IgT are respectively produced by IgM and IgT secreting B cells and
transported from the epithelium into the mucus layer via polymeric Ig receptor (pIgR). IgM and specially IgT
coat the microbiota, however, whether IgD contributes to the microbiota recognition remained to be evaluated.
In infected rainbow trout (B), in the lamina propria, antigen from the pathogen is apparently taken up by
antigen-presenting cells which trigger CD4+ o3 T cell activation. In response, CD4+ of3 T cells proliferate (not
represented) and activate IgT+ B cells which also proliferate locally and start to differentiate into plasmablast or
plasma cell-like cells. The possibility exists that upon antigen uptake, loaded gut APCs, i.e., B cells, dendritic-
like cells, macrophages and yd T cells may migrate into the spleen or head-kidney where they will present
antigen to naive and memory CD4+ aff T cell. Consequently, activated IgT+ cells may home into the gut.
Alternatively, antigens from the parasite may travel from the gut into the lymphoid tissues through the vascular
system to initiate the immune response. In the case that immune response develops in the spleen or the head-
kidney, Parra et al. (2016) hypothesises that IgT+ B cell may proliferation in those organs. Alternatively,
activated IgT+ B cell may migrate into the gut where they may proliferate. From Parra et al. (2016).
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Table 2: Summary table of the main characteristics of teleost MALT. Question points highlight unknown
aspects, not studied. Total % of B cells represent the B cell proportion in total leucocytes. ILT, interbranchial
lymphoid tissue. T cells appear to be very abundant in MALTS, representing, for instance, 50%-70% of
lymphoid cells in the GALT, SALT and GIALT of common carp. From Salinas (2015).

Characteristic GALT SALT GIALT NALT

Anatomical localization Intestine Skin Gills Olfactory organ

) ) Diffuse with one organized .
Organization Diffuse only Diffuse . . Diffuse
tissue in salmon (ILT)

Presence of goblet cells Yes Yes Yes Yes
Total % of B cells 4-5% 4-5% ? 35%—-40%
Approximate IgT/IgM B cell ratio 1:1 1:1 ? 1:1
Expression of pIgR (protein level) Yes Yes ? Yes
Compartmentalized specific IgT responses
Yes Yes Not demonstrated Not demonstrated
against pathogens (protein level)
Abundant T cells Yes Yes Yes ?
Presence of bacterial microbiota Yes Yes Yes Yes
Microbiota coated by secretory
Yes Yes ? Yes

immunoglobulins

In mammals and likely in teleost, in the lamina propria compartment, T cells are mainly
represented by conventional SP CD4 monomer and CD8af3 heterodimer (Picchietti et al.,
2011; Salinas, 2015; Tafalla et al., 2016). Differentially in mammals, intraepithelial
lymphocyte (IEL) of the intestine are represented by yo and af T cells which express CD8oou
homodimer or do not express CD4 and CD8f (Cheroutre et al., 2011; Tafalla et al., 2016).
IELs are extremely heterogeneous populations commonly referred as unconventional T cell
populations. They are believed to play an important role for mucosal immunity including
defence and tolerance (Cheroutre et al., 2011; Tafalla et al., 2016). In teleost fish, CD8a.,
CDS8pB, TCRPB and TCRa transcripts have been detected in MALT and in purified CD8o+
leucocytes isolated from the GALT and GIALT (Tafalla et al., 2016; Takizawa et al., 2011).
Furthermore, for instance, numerous cd8a+ and fcrft+ cells have been observed in the
epithelia of the sea bass GALT (Picchietti et al., 2011), as well as numerous CD8a+ cells
were observed in the epithelial of GIALT and GALT in rainbow trout (Takizawa et al., 2011).
Altogether these observations suggest the existence of IELs similar to the mammalian
counterpart. However, differentially from mammals and birds, an investigation on adult
rainbow trout has shown that the TCRp repertoire of gut IEL seems to be diverse and

polyclonal as in the spleen and head-kidney (Salinas, 2015; Tafalla et al., 2016).
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B) Endocrine System: oestrogenic regulation, evolution and

disruption

Three major endogenous oestrogens are implied in the hormonal regulation: oestrone (E1),
17B-oestradiol (E2) and oestriol (E3). E2 is the most potent and abundant endogen oestrogen.
It represents the major female hormone, and increases notably during reproductive period
(Bondesson et al., 2015; Samavat and Kurzer, 2015). At lower serum-level, oestrogens are
also present in males. Functional oestrogen-signalling and synthesis are well conserved in the
vertebrate lineage and can be detected across all vertebrate classes as well in
cephalochordates (Baker et al., 2015; Bondesson et al., 2015; Eick and Thornton, 2011;
Tokarz et al., 2015). Endogenous oestrogens are generally associated with the hypothalamus-
pituitary-gonad axis and regulate sexual development and differentiation as well as
reproduction (Segner et al., 2017). However, in mammals, oestrogens are also well known to
modulate numerous other physiological functions, which may be, indirectly, related to
reproduction. Notably the immune system as well as the cardiovascular, the central nervous,
metabolism, behaviour and musculoskeletal system are subject to oestrogenic regulation and,
therefore, display sexual dimorphisms (Cooke et al., 2017; Jochmanova et al., 2015; Prossnitz
and Barton, 2014). In view of the evolution of oestrogen metabolism and oestrogenic
signalling in cephalochordates/vertebrates, it is not surprising that in teleost fish oestrogens
have been described to also interact with numerous physiological processes, such as the
sensory system, the behaviour, the osmoregulation and mineral homeostasis as well as,
importantly, the immune system (P. Pinto et al., 2014; Segner et al., 2013). Of course, this
regulation is not unidirectional and, in turn, the immune and central nervous system modulate
the reproductive system (Segner et al., 2017). Such tight crosstalk is notably necessary to
allocate limited energetic resources to the function where they are most needed and to
preserve internal homeostasis between energetically costly physiological systems, such as

reproduction and the immunity.

1) Oestrogen metabolism and function

Oestrogens are small steroid hormones, the synthesis of which, as for all steroid hormones,
begin with cholesterol (Fig 8). Oestrogen synthesis is a complex biochemical pathway

involving several enzymes, such as the aromatase cytochrome P450 (CYP19) and
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hydroxysteroid dehydrogenases (HSD, Fig. 8). CYP19 converts testosterone into E2 and

androstenedione in EIl. E2 is also produced by 17-B-hydroxysteroid dehydrogenase 1
conversion of E1 (Baker, 2011; Tokarz et al., 2015). Aromatase (CYP19) is the rate-limiting

enzyme in the conversion of androgens to oestrogens. It is, therefore, an indicator of

oestrogen production (Baker et al., 2015; Bondesson et al., 2015).
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Figure 8: Human steroidogenesis with the enzymes involved as well as the major classes of steroid hormones
and molecular structure changes. Steroid hormones are formed from the common precursor the cholesterol.
The synthesis pathway begins with the cleavage of the cholesterol side chain to form the pregnenolone
(Cypl1la, not shown). Downstream, to form androgens and then oestrogens, several enzymes add and modify
functional groups by hydroxylation, reduction and aromatization. Aromatase: CYP19, cytochrome P450 and
HSD: hydroxysteroid dehydrogenase. From Haggstrom and Richfield (2014).
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Oestrogen-biosynthesis and -signalling appear to be well conserved throughout evolution. The
evolution of steroidogenic enzymes involved in the vertebrate type biosynthesis of oestrogen
is not known but already evolved in jawless vertebrates (Baker et al., 2015; Bondesson et al.,
2015; Eick and Thornton, 2011; Tokarz et al., 2015). In mammals, E2 is abundantly
synthesised by the ovaries (granulosa cells) during the reproductive cycle and the placenta
during pregnancy (Barakat et al., 2016; Nelson and Bulun, 2001). Although in most
vertebrates, aromatase(s) are mainly expressed in gonads and brain (Lange et al., 2002;
Piferrer and Blazquez, 2005), it is also expressed in numerous other tissues, such as testis,
adipose tissue, liver, blood tissue, intestine and lymphoid tissue which are referred as extra-
gonadal or peripheral sites of oestrogen synthesis (Barakat et al., 2016; Bondesson et al.,
2015; Piferrer and Blazquez, 2005; Szwejser et al., 2017). In fish, two aromatase genes have
been well described: cypl9ala and cypl9alb also named respectively cypl9a and cypl9b
(Guiguen et al. 2010). They encode two structurally different proteins with similar catalytic
activity that are predominantly expressed in the ovaries and in brain, respectively (Guigen et
al. 2010; Piferrer and Blazquez, 2005; Tokarz et al., 2015). In all vertebrates, oestrogens are
essential for sexual differentiation, the regulation of reproduction of both gender as well as
control of metabolism investment (Bondesson et al., 2015; Cooke et al., 2017; Lange et al.,
2002; Piferrer and Blazquez, 2005). This notably implies the production of oestrogens by the
gonads and the regulation of gonad development via signals from the brain involving a
feedback-loop along the hypothalamus-pituitary-gonad axis (HPG; Fig. 9). In oviparous
vertebrates, gonadal secretion of oestrogen controls the metabolic investment for oogenesis
(egg yolk production with induction of vitellogenin synthesis; Lange et al., 2002; Piferrer and
Blazquez, 2005). In viviparous eutherians, oestrogens control endometrium proliferation and
cervical mucus, in addition oestrogen is involved in pregnancy maintenance and preparation

of lactation period (Lange et al., 2002).
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In mammals, two distinct pathways of oestrogen action have been distinguished: the gonadal
steroidogenesis (ovaries) that releases sex steroid hormones into the bloodstream so as to
deliver them to all tissues; this is the classical endocrine action. The endocrine action of
oestrogen is evidenced by high aromatase activity and triggers notably the brain and the liver.
On the contrary, peripheral steroidogenesis exert their action more locally with paracrine and

autocrine action (Barakat et al., 2016; Nelson and Bulun, 2001).

Extra-gonadal oestrogen synthesis has been also highlighted by their incapacity to synthetize
the testosterone precursor, i.e., androstenedione (commonly abbreviated A4 or A4-dione) and
dehydroepiandrosterone (commonly abbreviated DHEA; Barakat et al., 2016; Nelson and
Bulun, 2001). In teleost fish as well numerous extra-gonadal sites of oestrogen synthesis have
been identified (Piferrer and Blazquez, 2005). Considering the immune system, leucocytes
have been described to express CYP19(s), both in mammals and teleosts. Common carp
monocytes/macrophages and human macrophages express CYP19(s), have aromatase activity
and likely 17B-HSD and 3B-HSD activity (Schmidt et al., 2000; Szwejser et al., 2017).
Similarly, murine immune cells and specially splenic T cell express at transcript-level
CYP19, 17B-HSD, 3B-HSD, a-reductase and bears the corresponding enzymatic activities
(Samy et al., 2001). Interestingly in all of those studies, the activity of testosterone and
oestrogen synthesis is apparently modulated by the immune cells activity, as hypothesised by
Szwejser and co-worker (2016). Those data suggest that hormone synthesis by immune cells
is actively regulated for a fine tuning of their function or neighbouring cells (e.g., endothelial

cells).
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Oestrogen-level is determined by the activity of steroidogenic enzymes but also by the
enzyme involved in biotransformation. In mammals and likely in teleost, E2 and E1 are
transformed by three competitive pathways involving irreversible hydroxylations catalysed by
the NADPH-dependent cytochrome P450 enzymes comprising CYPIA, CYPIBI, and
CYPA2 (Fig. 10). Depending on the carbon position which is hydroxylated, oestrone and
oestradiol are converted by CYPs in different catechol oestrogens: 4 or 2-hydroxyoestrone, 2
or 4-hydroxyoestradiol, and 16a-hydroxyoestrone (Phase I of the biotransformation). The
hydroxylation of oestradiol or 16-hydroxyoestrone produce oestriol. Afterwards, catechol
oestrogens can be methylated to methoxyoestrogens by the cathechol-O-methyltransferase.
Then, methoxyoestrogens, catechol oestrogens and oestrogens are conjugated with glucuronic
acid or sulfate by hepatic phase II enzymes including UDP-glucuronosyltransferases and
sulfotransferases, respectively (Lange et al., 2002; Liu et al., 2009; Samavat and Kurzer,
2015). The step of conjugation increases the polarity, i.e., water solubility of the compounds
which is considered as detoxification reaction important for the excretion. Natural oestrogens,
are excreted via the urine and at a lesser extent in the faeces as free hormones but mainly as
sulfate or glucoronide conjugated oestrogens in human but not in all species of mammals

(Lange et al., 2002; Liu et al., 2009; Samavat and Kurzer, 2015).

Interestingly, from mammals to teleost, lymphocytes express at the transcript-level various
CYPs such as CYP1A which is upregulated by an exposure to various xenobiotic (Bellamri et
al., 2016; Phalen et al., 2017). Human T cells have also been shown to have CYP1A1 and
CYPIB activity which is stimulated upon xenobiotic-exposure but also more intriguingly
upon T cell activation (Bellamri et al., 2016). Therefore, because catechol oestrogens have
low or no oestrogen activity (Liu et al., 2009), we can hypothesis that, in addition to locally
produce oestrogen, lymphocyte may also metabolize oestrogens and locally deplete the

availability of biologically active oestrogen.
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Figure 10: Endogen oestrogen metabolism in human. Several cytochrome P450 enzymes such as CYPIA,
CYPI1BI, and CYPA2 add hydroxyl group (-OH) to form different catechol oestrogens. Afterwards before
excretion, catechol oestrogens are conjugated with sulfate or glucuronide acid or methylated to
methoxyoestrogens by the catechol-O-methyltransferase (COMT). From Samavat and Kurzer (2015).

1) Oestrogen-signalling pathways

Signal transduction of oestrogen can be realised via two fundamentally different, but
connected pathways: the nuclear-initiated steroid signalisation (NISS) and the membrane-
initiated steroid signalisation (MISS) also characterized as genomic and non-genomic

signalling (Fig. 11), which will be described in more details in the following:

(1) Nuclear-initiated steroid signalisation

NISS is mediated in mammals via two receptors ESR1 (ERa) and ESR2 (ERp), encoded by
duplicate genes belonging to the family of ligand-dependent transcription factors. In
numerous teleost species two receptors related to ESR2 have been identified: Esr2a (Erf1 or

Erp) and Esr2b (Erp2 or Ery) (Nelson and Habibi, 2013; P. Pinto et al., 2014; Segner et al.,
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2013). These nuclear ESRs have been detected in the cytoplasm and the nucleus across all
vertebrates from teleosts to mammals (P. Pinto et al., 2014). In absence of ligand, the
cytoplasmatic ESRs are associated to inhibitory heat shock proteins (Nelson and Habibi,
2013). The lipophilic property of oestrogen is assumed to facilitate the diffusion across the
cell membrane, followed by binding to ESRs in the cytoplasm and subsequent nuclear
translocation to act as a transcription factor (Fig. 11; Bondesson et al., 2015). Three types of
ESR-mediated transcription regulation have been described: (1) the classical pathway
involving ESRs dimerization, which activates gene transcription by binding to oestrogen-
response elements (EREs) in the promotor region of oestrogen-responsive genes (Fig. 11 A);
(2) the alternative pathway, involving the dimerization of ESRs with other transcription
factors, such as activated protein 1 (AP-1), specific protein 1 (SP-1) or NFkB. The resulting
transcription factor complexes bind to non-ERE elements to activate gene transcription (Fig.
11 B; (Klein and Flanagan, 2016; Nelson and Habibi, 2013; P. Pinto et al., 2014; Straub,
2007). (3) In mammals, it was also shown that ESRs can also activate gene transcription

independently from ligand fixation (Fig. 11 E; Khan et al., 2012; Nelson and Habibi, 2013).
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Figure 11: Scheme of the different signalling pathways of endogen oestrogen and EEDC (with an E2-mimicking
action). From P. Pinto et al., (2014).

(2) Membrane-initiated steroid signalisation

Recent studies in fish provide evidence for membrane-associated oestrogen receptors (e.g.,
the G protein-coupled oestrogen receptor, Gper, previously named Gpr30) mediating a rapid
non-genomic pathway as in mammals (Fig. 11 D; Cabas et al., 2013; Rodenas et al., 2017b;
Seto et al., 2016; Szwejser et al., 2017). This signalling pathway was notably characterized in
the fish gonad and in granulocytes (Cabas et al., 2013; P. Pinto et al., 2014). However,
differentially from mammals, several teleost species, such as European sea bass or European
eel, appear to have different genes corresponding to two GPER-isoforms, i.e., gpera and
gperb, or, alternatively, named gper and gper-like (Lafont et al., 2016; P. Pinto et al., 2014).
Mammalian MISS is also initiated by membrane bound ESR1 (Fig. 11 D). The cellular
localisation of ESRI1 is influenced by post-transcriptional modification and alternative
splicing. Full-length ESR1 can act a ligand-dependent transcription factor or activate a

cytoplasmic signalling cascade after post-translation modification, i.e., palmitoylation that
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allows the anchoring to plasma membrane (Romano and Gorelick, 2017). In human, the
alternative spliced proteins that lack one or both transactivation domains were also associated
to the membrane after post-translation modifications. Because truncated human ESR1s have
been shown to be less efficient transcription factors, they are, therefore, believed to be
predominantly involved in MISS (Romano and Gorelick, 2017). In teleosts numerous
alternative splice variants are expressed but their functions have not been identified yet. In
contrast, no splice variant of post-translation modification has been described for GPER

which, however, can be localized on the plasma membrane or endoplasmic reticulum

(Romano and Gorelick, 2017).

MISS activates cytosolic signalling cascades involve calcium/cyclic adenosine
monophosphate/protein kinase A (Ca?*/cAMP/PKA), Diacylglycerol/phospholipase C/protein
kinase C (DAG/PLC/PKC) and kinase signalling cascades (Fig. 11 D). Consequently, MISS
modulates specific enzyme activity and also gene expression by activating transcription factor

(Fig. 11 C; P. Pinto et al., 2014; Romano and Gorelick, 2017).

(3) Integration of oestrogen-signalling pathways — Biological

significance

Both, in teleost fish and in mammals the different Esrs and Gper(-s) isoforms are expressed in
a large variety of tissues and cells with its specific subtype-ratio (Iwanowicz et al., 2014;
Kuiper et al., 1997; Lafont et al., 2016; Massart et al., 2014; Nagler et al., 2007; Olde and
Leeb-Lundberg, 2009; Segner et al., 2013). This wide oestrogen receptor distribution
illustrates the pleiotropic and complex activities of oestrogens in the modulation of numerous
physiological functions (Iwanowicz and Blazer, 2011; P. Pinto et al., 2014; Segner et al.,
2013). However, even in mammals, the biological significance of the most investigated ESR1
and ESR2 is not fully understood due to a complex interplay (Leitman et al., 2010; Matthews
and Gustafsson, 2003; Tetel and Pfaff, 2010). In teleosts, knowledge on the importance of
ESR1 and ESR2, is scarce. Much work has been conducted on the liver, the primary source of
vitellogenin (vtg). Via both ESR1 and ESR2 activation, E2 is well known to induce Vtg
expression in the liver of both teleost male and female (Nelson and Habibi, 2013). Therefore,
Vtg-level is commonly used as a biomarker and, the liver as a reference organ to validate and
evaluate oestrogen-exposure as well as oestrogen receptor probes (Nelson and Habibi, 2013;

Segner et al., 2013; Szwejser et al., 2017).
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In mammals, the contribution of MISS is far less understood, but has been given attention
more recently in order to elucidate if it provides possibilities for therapeutic interventions in
cancer, cardiovascular and autoimmune diseases. In fact, MISS is involved in the modulation
of immune and vascular system but requires further validation (Barton and Prossnitz, 2015;
Prossnitz and Barton, 2014; Seto et al., 2016). In teleost, GPER has been involved in the
modulation of the reproduction and, more recently, the immune system (Cabas et al., 2013;

Rodenas et al., 2016; Szwejser et al., 2017; Thomas, 2012).

As in mammals, MISS and NISS have non-redundant and complementary functions also for
fish (Menuet et al., 2004; Nelson and Habibi, 2013; Rodenas et al., 2016, 2016; Szwejser et
al., 2017; Thomas, 2012). In mammals and likely in teleost, their interplay depends on the cell
type, differentiation and pathological status (Maggioli et al., 2016; Prossnitz and Barton,
2014; Romano and Gorelick, 2017; Seto et al., 2016). Notwithstanding, in teleost fish, the
presence of two Esr2-subtypes and two Gper-isoforms in addition to Esrl suggests amplified
complexity of oestrogenic regulation, although its physiological and evolutionary significance

remains to be elucidated.

In summary, this diversity of signalling pathways involved in the cellular transduction of E2
as well as the wide oestrogen receptor expression in various organs and cell types investigated
are likely to explain the complexity of oestrogen-action, which is specific for each tissue, cell

type and physiological state (Khan et al., 2012; Segner et al., 2013).

111) Oestrogenic Endocrine Disrupting Chemicals

The endocrine system which represents the body’s communication system mediating with
hormones the coordination of major physiological functions such as immune system,
reproduction, metabolism, development or behaviour. Chemicals notably released by
anthropogenic activity that interfere with this system are named endocrine disrupting
chemicals (EDC). Following the WHQ’s definition, “an endocrine disruptor is an exogenous
substance or mixture that alters function(s) of the endocrine system and consequently causes
adverse health effects in an intact organism, or its progeny, or (sub) populations” (Bergman
et al.,, 2012). Recently, the WHO evaluated that EDCs are represented by 800 chemicals
including the suspected and well known ones (Bergman et al., 2012). EDCs have been widely

retrieved in the environment. They, therefore represent a special concern for human and wild
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life because of their wide environmental distribution, which, eventually, ends up in aquatic
environment (Bergman et al., 2012; Ting and Praveena, 2017; Wee and Aris, 2017).
Consequently, international governments and organisations (European Union, the USA,
Canada and Japan; OECD) are establishing testing approaches and regulatory frameworks to
assess the risk for human and aquatic organisms (Ting and Praveena, 2017). As an example,
in Europe, the water framework directive (WFD, 2000/60/EC) establishes standards for a
good chemical and ecological status for surface and ground waters and intends to prevent

their degradation (Ting and Praveena, 2017).

EDC-risk assessment is complex, because EDCs are plentiful and they are likely (1) to act at
very low doses with a non-monotonic dose-response, (2) to have long term effects and (3) an
additive effect in mixture. This is complicated by different actions depending on the
developmental stage and on the species (MacLatchy et al., 2009; Segner et al., 2013; Wee and
Aris, 2017; Xu et al., 2017). Moreover, EDCs interfere with hormonal signalisation by
multiple mechanisms of action by acting as (1) an agonist to the hormone receptor and thus
mimicking endogenous hormone, as (2) an antagonist, which blocks the transduction of the
endogenous hormone, or by modulating (3) the availability of the natural hormone or
hormone receptor (metabolism and synthesis). In addition, EDCs can act in a complex manner
on various physiological functions via multiple receptors, (Fig. 12; Jochmanova et al., 2015;
P. Pinto et al., 2014; Wee and Aris, 2017). For example, bisphenol A, generally attributed
oestrogenic activity, has also the capacity to act as an androgen receptor antagonist

(Jochmanova et al., 2015).
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Figure 12: Interaction of endocrine disrupting chemicals (EDCs) with multiple pathways of the endocrine system
through several nuclear receptors (NRs) affecting different physiological functions. NR, Nuclear receptor; AR,
androgen receptor; ER, oestrogen receptor; TR, thyroid hormone receptor; PR, progesterone receptor; AhR, aryl
hydrocarbon receptor; PPAR, peroxisome proliferator-activated receptor; GR, glucocorticoid receptor; CNS,
central nervous system. Adapted from Wee and Aris (2017).

(1) Xenoestrogens

Xenoestrogens designate any compound with possible action on the oestrogen-signalisation
that is liberated into the environment by organisms (animals and plants) and anthropogenic
activities. Oestrogenic EDCs (EEDC) represent one of the best investigated group of EDCs
(Segner et al., 2013). They modulate cellular transduction and signalisation pathways of
endogenous oestrogens (Oestrone, E1; 17B-oestradiol, E2; Oestriol, E3). EEDCs comprise
compounds of various nature and structure (Fig. 13), such as:
e Naturally produced compounds:
o Endogenous oestrogens
o Phytoestrogens (isoflavones)
o Mycoestrogens (zearalenone)
e Synthetic therapeutic drugs:
o Selective oestrogen receptor modulators (SERM) (e.g., raloxifen and tamoxifen)

o Synthetic oestrogens (e.g., 17a-Ethinylestradiol, EE2 and Diethylstilbestrol, DES)

e Synthetic compounds found in numerous products:
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o Industrial chemicals (e.g., polychlorinated biphenyls, PCBs; dioxins such as
2,3,7,8- Tetrachlorodibenzo-p-dioxin, TCDD; polycyclic aromatic hydrocarbons,
PAHs)

o Surfactant and detergent (e.g., alkylphenols; nonylphenol, NP; octylphenol)

o Pesticides (methoxychlor, dichlorodiphenl-trichloroethane, hexachlorobenzene,
dieldrin)

o Plastic compounds (phthalates; bisphenol A, BPA; bisphenol F; Aris et al., 2014;
Jochmanova et al., 2015; P. Pinto et al., 2014; Wee and Aris, 2017).

Estriol (E3)
Ethinylestradiol (EE2) Raloxifene
D OH
e cl cl ‘
?n" = - e
P | c4 cl L
™~ HO Z"~0H S
Cl
Tributyltin (TBT) Bisphenol A (BPA) Polychlorinated 3-Hydroxybenz[a)

biphenyl (PCB)118 anthracene (3-OHBaA)

Figure 13: Chemical structure of common oestrogenic disrupting chemicals: endogenous oestrogens (A) and,
example of phytoestrogen (B), synthetic EEDC used in endocrine therapy (C) or in industry (D). From P. Pinto
etal. (2014).
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EEDC are detected in the environment across the world, but E2 and EE2 are of particular
concern, because they are among the most powerful oestrogenic compounds representing the
main environmental oestrogenic activity (Adeel et al., 2017; Aris et al., 2014; Wee and Aris,
2017). Consequently, E2 and EE2 belong to the European WFD watch list of substances for
Union-wide monitoring (2015/495/EC). The WFD (2011/0429/EC) proposed thresholds of
0.4 ng/L for E2 and 0.035 ng/L for EE2 as annual average value for environmental quality
standards in the inland surface water (rivers and lakes). As the natural ligand for ERs, E2 is
the most powerful endogenous oestrogen. However, EE2 has the highest oestrogenic activity
in teleosts and mammals with respect to (1) their higher ER binding affinity (Aris et al., 2014;
Segner et al., 2013) and (2) in vitro and in vivo oestrogenic response (Aris et al., 2014; C.
Pinto et al., 2014). EE2 has received special interest because of its (1) high capacity to resist
the degradation (persistent nature), its (2) tendency to absorb to organic matter and to
accumulate in the sediment, (3) its bioaccumulation capacity in the biota and (4) its high
potent oestrogenic activity eliciting oestrogenic responses at extremely low concentrations

(ng/L) (Aris et al., 2014; P. Pinto et al., 2014).

El, E2 and E3 are naturally excreted by animal faeces and urine, especially during pregnancy
(Adeel et al.,, 2017; Liu et al.,, 2009). E2 and EE2 are used in endocrine therapy (e.g.,
contraceptive pill), in cattle breeding and aquaculture for growth promotion (banned in
European Union in 1988 and 1996; Ting and Praveena, 2017). Both, natural and synthetic
oestrogens are not completely removed by wastewater treatment plants. Consequently, natural
and synthetic oestrogens are mainly released by wastewater effluents of municipal treatment
plants into the environment, as well as from livestock activities (Fig. 14, Adeel et al., 2017;
Aris et al., 2014; Elnwishy and Sedky, 2016). Aquaculture is another likely source of natural
oestrogens’ discharge into the environment (Ting and Praveena, 2017). Part of the oestrogens
is also present in the sewage sludge and animal manure, which, in turn, are used as fertilizer.
With the runoff, these oestrogens may likewise end up in surface water, groundwater and
drinking water (Fig. 14, Adeel et al., 2017; Aris et al., 2014; Ting and Praveena, 2017; Wee
and Aris, 2017). Indeed, animal manure represents a major environmental source of natural

oestrogens (Adeel et al., 2017; Ting and Praveena, 2017).
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Figure 14: Diagram of the main oestrogenic endocrine disrupting chemicals sources and the link with the aquatic
organisms and human health. EE2, ethinylestradiol; OCs, oral contraceptives. From Wise ef al. (2011).

Natural oestrogens can be easily degraded by several microorganisms such as bacteria.
Synthetic EE2, on the contrary, is not readily biodegradable and is not removed from the
environment (Adeel et al., 2017; Ting and Praveena, 2017). In the aquatic environment, E2
and to a far lesser extent EE2 are rapidly eliminated by photolysis and photocatalysis (Adeel
et al., 2017).

Steroid oestrogens including EE2 and E2 are excreted as sulfate or glucuronide conjugated
oestrogens in addition to the free form (Aris et al., 2014; Liu et al., 2009; Ting and Praveena,
2017). These conjugated oestrogens are more polar than free oestrogen and have a far lower
affinity for oestrogen receptors. Subsequently, excreted conjugated oestrogens are
metabolised by microorganisms to free oestrogens before their final degradation (Aris et al.,
2014; Ben et al., 2017; Ting and Praveena, 2017). However, if glucuronide form are readily
deconjugated into free form in sewage transport, the sulfate conjugates seem to represent a
large part of the oestrogens retrieved in the effluent of wastewater treatment plant (Ben et al.,
2017). Consequently, the slow deconjugation of oestrogens is likely to participate in the
uncomplete removal of natural oestrogens in the wastewater effluents (Ben et al., 2017; Liu et

al., 2015).

55



Moreover, a recent work has shown that E1 is likely to be underestimated as environmental
oestrogen. As a matter of fact, Ankley et al. (2017) demonstrated that E1-exposure of adult
male fathead minnow (Pimephales promelas) at environmentally relevant concentrations
induces high-plasmatic level of E2 of 5 ng/mL, which is similar to the female-level during
reproduction. This increase probably results from 173-HSD conversion (Ankley et al., 2017).
In the environment, E1 makes up from a large proportion of oestrogens. It is commonly found
in wastewater effluents because it appears to be the main product of E2 and EE2 of
microorganismal degradation under aerobic conditions (Adeel et al., 2017). Due to its low
oestrogenic activity, however, E1 was rarely considered as an important environmental

oestrogen (Adeel et al., 2017; Ankley et al., 2017).

(2) EEDC-eftects

The effects of EEDCs on various organisms, in particular vertebrates, are complex. Firstly,
their effects differ depending on the nature of a specific EEDC. Secondly, receptor
distribution which determinate EEDC-effect is cell and tissue-specific notably dependent on
the physiological state and the species (P. Pinto et al., 2014; Segner et al., 2013). Eventually,
these compounds, cell and tissue specificities are multiplied by the combined action of
EEDCs in mixtures, defining the overall EEDC-concentration assuming additivity.
Compound specificity is determined by molecule structure, which confers differential affinity
for the ESR-isoforms. This results in a different capacity to modulate oestrogen receptor
conformation, which, in turn, initiates the cellular signalling transduction (P. Pinto et al.,
2014; Segner et al., 2013). Such characteristics, associated with a pleiotropic expression of
the oestrogen receptor and highly complex oestrogen-signalling pathways, increase the

challenge for EEDC-risk assessment.

Numerous reports confirm adverse effects on human and teleost fish reproduction (Giusti et
al., 1995; Szwejser et al., 2016). However, EEDCs can also be carcinogenic and
immunotoxic, both for humans and wild-life (Adeel et al., 2017; Aris et al., 2014; Giusti et
al., 1995). An exceptionally well-documented example in humans is diethylstilbestrol (DES),
which was prescribed to women with risk pregnancies between 1940 and 1972 in USA and
until 1978 in Europe. In USA, an estimated 5 to 10 millions of people were exposed including
the mother and the foetus (Giusti et al., 1995). This prenatal exposure produced some of the

worst deleterious effects reported for any EEDC, i.e., long-term reprotoxic effects, but also
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immune-deficiencies entailing increases in autoimmune diseases or cancer in the offspring as
well as into the second generation (Giusti et al., 1995). In teleost fish, both laboratory and
field studies have shown that EEDCs increase the plasmatic level of vitellogenin in males and
females, increase intersex, reduce testes size, decreased egg and sperm production, which
consequently reduces the fertility (Adeel et al., 2017; Aris et al., 2014; Segner et al., 2013).
Alike endogenous oestrogens, EEDCs have been described to modulate numerous
physiological functions, such as the nervous, the cardiovascular and the immunological
system (Jochmanova et al., 2015; Segner et al., 2013; Wee and Aris, 2017). It was notably
suggested that the oestrogen-containing oral contraceptives or hormone replacement

therapeutics are responsible for disease exacerbation (Jochmanova et al., 2015).

C) Interaction immune system — endocrine system: evolution and

oestrogenic regulation

In mammals, the immune system and endocrine system crosstalk is notably characterized by a
sexual dimorphism in immune system performance: adult females generally mount a stronger
adaptive and innate immune response, but, at the same time, are more susceptible to
inflammatory and autoimmune diseases (Klein and Flanagan, 2016). Indeed, women comprise
80% of autoimmune disease cases in the USA and respond stronger to vaccines. Men, on the
contrary, are more susceptible to infectious disease and malignant cancers (Klein and
Flanagan, 2016; Straub, 2007). Although some of this disease prevalence between men and
women derives from multiple factors, such as behavioural and genetic differences (the X
chromosome, for instance, has more genes-related to the immune system than its Y
counterpart, e.g., PRRs, cytokine receptors and transcription factors), differences in sex
steroid-levels are well known to be responsible for a great deal of the sexual dimorphism in
immune system performance (Klein and Flanagan, 2016). Sex steroids, and specially E2,
profoundly modulate the immune response, which is particularly underscored by female
autoimmune disease severity, changes in the immune response throughout the female
menstrual cycle, and, accordingly similar effects following experimentally increased levels of
E2 (Khan and Ansar Ahmed, 2016; Klein and Flanagan, 2016; Straub, 2007). In female
mammals, oestrogens have been reported to have both immunosuppressive and
immunoenhancing effects with a context dependent action. These fundamentally different

responses depend on numerous factors, such as oestrogen concentration, organ and cellular
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target, as well as reproductive and immune status (Khan et al., 2012; Khan and Ansar Ahmed,
2016; Straub, 2007). The dichotomous and specific reaction to oestrogens can be explained by
the large number of signalling pathways and cell types which are modulated by E2 including
immune cells and other cell types in close interaction, e.g., endothelial cells. And the E2-
effect is dependent on the expression oestrogen receptor subtypes which has a spatial and
temporal variation (Khan and Ansar Ahmed, 2016; Segner et al., 2013; Straub, 2007).
Depending on the targeted immune cell, oestrogens have been reported to modulate various
functions such as cytokine secretion, migration, proliferation, differentiation and apoptosis
(Straub, 2007). The oestrogen effects on the innate and adaptive immune system has been
extensively reviewed mostly for mammals (Khan et al., 2012; Kovats, 2015; Laffont et al.,
2017; Straub, 2007). Nevertheless, similar regulations occur in many non-mammalian species
such as reptiles, birds and teleosts (Burgos-Aceves et al., 2016; Milla et al., 2011; Segner et
al., 2017; Szwejser et al., 2016). Notwithstanding, sexual dimorphisms in the immune system
have been also described in various non-mammalian vertebrates, such birds, reptiles and
teleost fish (Dong et al., 2017; Klein and Flanagan, 2016; Segner et al., 2017; Szwejser et al.,
2016).

1) Immune system and endogenous oestrogens in teleost

Female teleost fish, such as Common carp or European sea bass among other species display
a pronounced seasonal reproduction. This discontinuous reproductive cycle entails a seasonal
variation of plasmatic E2-levels with higher levels encountered generally at the end of winter
(February) to spring (April). In sea bass as in several teleost species two patterns of E2-
variation have been described: plasmatic E2-level show an increase during the months of
vitellogenesis reaching maximal value during or before the spawning period (Fig. 15; Cerda

et al., 1995; Mananos et al., 1997; Navas et al., 1998; Szwejser et al., 2016).
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In these studies, maximum E2-levels were associated with up-regulated cyp/9 and ESRs in
the ovaries, increased oocyte growth, high gonadosomatic indices (GSIs), high plasmatic
vitellogenin and gonadotropin II hormone-levels. E2-levels in fish have been widely studied
in conjunction with their reproductive status. The role of E2 in the regulation of the immune
system function in fish, however, has received far less attention (Navas et al., 1998; Szwejser
et al., 2016). Together with the above-mentioned seasonal variations in E2-levels and the
associated gametogenesis processes, variations in numerous immune parameters have been
reported, such as innate immune parameters (e.g., number of neutrophils, oxidative burst
capacity, phagocytosis, complement system and total [gM plasmatic levels), and adaptive
immune parameters (e.g., specific Ig titer and lymphocyte proliferation). In agreement with
those immune parameter changes, seasonal variation in the immune response and disease

susceptibility have been described in teleost fish (Bowden, 2008; Szwejser et al., 2016).

In mammals, one of the most prominent examples of immune parameters being modulate
with high plasmatic E2-level, might well be the changes of the thymus, i.e., thymic volume
and thymopoiesis, attenuating immune system-performance during pregnancy. Similar
effects, i.e., thymus atrophy accompanied by a drastic diminution of immature T cells, can be

obtained when E2-levels are artificially elevated (Hince et al., 2008; Straub, 2007).
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11) Thymus plasticity

In teleost, the size of immune organs has also been reported to vary with the season
(Nakanishi, 1986; Szwejser et al., 2016). Accordingly, the thymus displays important
involution which can precede and surpass the involution of the head-kidney and spleen
(Alvarez et al., 1998; Honma and Tamura, 1984). Seasonal thymus plasticity has been
described in several species of teleosts, reptiles and birds but not in rodents and humans,
however, from teleosts to mammals the thymus increases in size until the puberty and
decrease with ageing in various species (Aw and Palmer, 2012; Cockburn, 1992; Finger and
Gogal, 2013; Honma and Tamura, 1984; Peel and Belov, 2017; Rezzani et al., 2013; Tatner,
1996; Torroba and Zapata, 2003). In mammals, the age-related involution has been mostly
attributed to the influence of sex hormones. It is, however, initiated before puberty, and
accelerated with puberty and the rising level of sexual hormones, a phenomenon that can be
observed in humans, rodent, horse and marsupial species (Aw and Palmer, 2012; Peel and
Belov, 2017; Rezzani et al., 2013). Similarly, in teleost, correlation between sexual
maturation and breeding season was observed in several species (Cockburn, 1992; Honma
and Tamura, 1984). However, the timing, i.e., before or after puberty and extent of the
observed thymus involution can vary greatly in mammals and among teleost species.
Interestingly, it appears to correlate with the different strategies in life-history across the
different vertebrate classes (Cockburn, 1992). Cockburn observed that vertebrates which
reproduce once (semelparous) such as Salmon, eel and a small marsupial species of the
genera Anthechinus undergo a complete thymus involution, which begins before puberty.
However, in Anthechinus, steroid hormones (sex steroids and corticosteroid) were not
correlated with the involution. The author hypothesized that thymus involution results from
an immune-reproduction trade-off with the high energetic costs allocated to reproduction

reducing the amount of energy invested in the immune system.

Interestingly, in teleost, examples of sexual dimorphisms in the immune system are notably
provided by the ovoviviparous fish Sebasticus marmoratus, in which females exhibit (1) a
lower humoral response against a T cell-dependent-antigen with sexual maturity, (2) a higher
seasonal thymus atrophy (in winter) than males and (3) higher atrophy during pregnancy
following the spawning season (Nakanishi, 1986). Interestingly, winter and
pregnancy/spawning correspond to relatively high level of E2 in the serum of this species
(Takano et al., 1991). Seasonal thymus size dimorphism has also been reported in the

ovoviviparous surfperch, in which females had larger thymuses, especially during gestation,
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than males or females of other reproductive conditions (Tamura et al., 1981). The sexual
dimorphism in thymus plasticity is probably mediated by an action of both male and female
sexual hormones because jawed vertebrate androgens have an immunosuppressive function
and both oestrogens and androgens are likely to trigger thymus atrophy in teleost as in birds,

reptiles and mammals (Hince et al., 2008; Lutton and Callard, 2006; Sufi et al., 1980).

Presumably, among teleosts and also likely in mammals, interspecies differences in thymus
atrophy reflect the multiplicity of reproductive strategies and ecological conditions associated
to a complex interaction between the thymus and the endocrine system. Indeed, in addition to
the sexual hormones, the thymus plasticity is modulated by stress- and circadian rhythm-
related hormones in teleosts (Chilmonczyk, 1992; Honma and Tamura, 1984; Torroba and
Zapata, 2003). Interestingly, as observed for the seasonal involution by Alvarez et al., (1998),
Honma and Tamura (1984), accordingly to Torroba and Zapata, (2003) and Tatner (1996) the
most obvious evidence of lymphoid organ aging is the involution of the thymus in all
vertebrate investigated. Taken into consideration these observations, in mammals and teleost,
thymus regression occurs early and therefore may not only result from ageing but rather from
regulated processes (Aw and Palmer, 2012). From teleosts to mammals, the data emphasise
the importance of the thymus and confirm the existence of complex mechanism to allocate the
expenditure to this energy demanding organ (Aw and Palmer, 2012). Therefore, in all jawed
vertebrate, the immune system and particularly the thymus must be tightly regulated by the

neuro-endocrine system as in mammals (Savino et al., 2015; Savino and Dardenne, 2000).

11i1) Oestrogenic effects on the immune system with special focus on T cell

biology

In rodents and humans of both gender, the thymus plasticity and thus T cell development is
strongly regulated by E2 (Hince et al., 2008; Straub, 2007). In non-mammalian species, this
could be experimentally confirmed in several studies that observed E2-modulated thymic
plasticity in birds, lizard and teleosts (Hareramadas and Rai, 2006; Kondo et al., 2004;
Seemann et al., 2015; Selvaraj and Pitchappan, 1985). Evidence, therefore, suggests that

oestrogenic effects on T cell maturation described below are conserved in jawed vertebrates.

61



(1) Oestrogenic effects on thymus ontogenesis

In several species of jawed vertebrates, such as lizard, pigeon, salmon and mammals,
oestrogen-exposure of adult has shown to induce thymic atrophy (Forsberg, 1996;
Hareramadas and Rai, 2006; Selvaraj and Pitchappan, 1985; Sufi et al., 1980). A similar
effect has been observed after foetal exposure of Guinea pig and mouse (Holladay et al.,
1993; Screpanti et al., 1982). In certain cases, however, thymic hypertrophy was reported
(Forsberg, 1996; Kondo et al., 2004; Leceta et al., 1988; Seemann et al., 2015). This was
associated with oestrogen-exposure during specific periods of thymus ontogenesis in perinatal
rodents, chick embryos and sea bass juveniles, suggesting that in all jawed vertebrates,
oestrogen can increase thymus volume during critical windows of the thymus ontogenesis,
during which immunocompetence is established (DeWitt et al., 2012; Kondo et al., 2004;
Seemann et al., 2017, 2015). In birds and mammals, the importance of oestrogen and ESR1
during the immune system development is highlighted by the modulation of ESRI
distribution during the thymus ontogenesis (Katayama et al., 2012; Seiki and Sakabe, 1997).
Hence, these studies point to the implications of E2 in thymus ontogenesis being critical

during specific phases of immune system development of all jawed vertebrates.

Studies using aromatase-, ESR2-, GPER- and especially ESR1-knockout mice confirmed that
oestrogen plays an important role in thymus ontogenesis of both genders (Erlandsson et al.,
2001; Li et al., 2002; Wang et al., 2008; Yellayi et al., 2000). It could be further demonstrated
that ESR1, but neither GPER nor ESR2, was necessary for a full size development of the
thymus and spleen (Erlandsson et al., 2001; Staples et al., 1999; Yellayi et al., 2000). More
specifically, the expression of ESR1 in radio-resistant stromal cells, but not radiosensitive
hematopoietic cells, is necessary for the development of a full size thymus (Staples et al.,
1999). Interestingly, Yellayi et al. (2000) have shown that, at birth, ESR1-knockout (ERKO)
mice have a thymus size similar to the wild-type but neonatal ERKO mice of five days of age
exhibited a significant reduction in thymus weight and medullary area, which persisted into
adulthood. Overall, these studies emphasise the primordial role of oestrogen and ESR1 during
critical windows of the thymic ontogenesis (perinatal period in mammals) in jawed

vertebrates.
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(2) Oestrogenic effects on thymus function

Although the changes in thymus volume resulting from increased levels of natural (E2) or
synthetic (DES) oestrogens and EEDC (TCDD, NP and genistein) are well described (Brown
et al., 2006b; Erlandsson et al., 2001; Gould et al., 2000; Staples et al., 1998; Yao and Hou,
2004; Yellayi et al., 2002; Zoller and Kersh, 2006), the mechanisms leading to the oestrogen-
induced thymus atrophy are not well understood (Bernardi et al., 2015; Forsberg, 1984;
Glucksmann and Cherry, 1968; Screpanti et al., 1991). Thymus atrophy is characterized as
drastic and reversible decrease of lymphocytes in the entire organ, but especially in the cortex
(Gould et al., 2000; Martin et al., 1994b; Moreno and Zapata, 1991; Oner and Ozan, 2002;
Selvaraj and Pitchappan, 1985). The opposite, i.e., thymic hypertrophy is obtained when E2-
levels decrease following ovariectomy in lizard and rodents (Hareramadas and Rai, 2006;

Hince et al., 2008).

In detail, several steps of T cell maturation were identified to be modulated by oestrogen,
such as (1) decrease of T cell progenitor homing in the thymus (Zoller and Kersh, 2006); (2)
inhibition of thymocyte proliferation (Gould et al., 2000; Zoller and Kersh, 2006; Zoller et al.,
2007); (3) induction of thymocyte apoptosis (Do et al., 2002; Okasha et al., 2001; Wang et al.,
2008); and (4) extensive T cell leakage through the blood vessels into the periphery
(Chapman et al., 2015; Martin et al., 1995a).

(a) Apoptosis

As discussed above, T cell apoptosis is a major process for negative and positive selection to
build a peripheral T cell repertoire with self-tolerant and immunocompetent T cells.
Numerous studies have described in vivo exposure to oestrogens to induce immature T cell
apoptosis (Do et al., 2002; Martin et al., 1994b; Okasha et al., 2001; Wang et al., 2008), and
specially DP T cells (Wang et al., 2008). Similar effects were described after DES- and NP-
treatment of adult male and female rodents (Brown et al., 2006a; Calemine et al., 2002; Yao
and Hou, 2004). Consequently, it was hypothesised that immature T cell apoptosis is
responsible of the E2-mediated thymic atrophy.

This oestrogen-induced T cell apoptosis appeared to be mediated by the extrinsic pathway of
apoptosis via death receptor as indicated by (1) the E2-mediated increase of expression of

genes-related to the extrinsic pathway (e.g., FasL) in thymocytes and whole thymus (Do et al.,
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2002; MOR et al., 2001); (2) the absence of bcl-2 overexpression effect on the E2-induced
atrophy in mice (an anti-apoptotic oncogene that belong to the intrinsic pathway; Staples et
al., 1998); and (3) the inhibition of E2-mediated apoptosis when using a caspase 8 inhibitor
(Do et al., 2002). In addition, in vivo E2-exposure of juvenile mice was also reported to
increase caspase’7 and caspase9 transcript-level in whole thymus extracts (Selvaraj, 2005).
This would mean that oestrogen also activates the intrinsic pathway. In fact, FasL/Fas-
deficiency mice increased the resistance to the E2-induced apoptosis, but did not prevent the
induction of apoptosis (Do et al., 2002). Although the extrinsic pathway does not appear to be
essential for thymocyte selection (Daley et al., 2017), nevertheless this pathway is apparently

also involved in positive and negative selection (Paulsen and Janssen, 2011).

The E2-induced thymocyte apoptosis could result from a mechanism conserved in all jawed
vertebrates, as (1) in lizard, in vitro exposure to E2 has also been reported to induce a caspase
9-dependent apoptosis in thymocytes (Hareramadas and Rai, 2006), and (2) oestrogens were
apparently able to induce T cell apoptosis in teleosts as well, because degenerated

lymphocytes have been observed after oestrogen-treatment in salmon (Sufi et al., 1980).

Although an important decrease of DP T cells was frequently reported, other studies could not
associated apoptosis with increased E2-levels (e.g., Staples et al., 1998; Zoller and Kersh,
2006) or EEDCs, such as DES (Gould et al., 2000).

Conflicting results with respect to E2-mediated T cell apoptosis may originate from
methodological differences or from the difficulties to detect apoptosis in vivo because of rapid
clearance of apoptotic cells by phagocytic cells. In several studies, which reported E2-induced
apoptosis, the in vivo exposure was followed by 24 h of thymocyte culture before apoptosis
was measured (Brown et al., 2006a; Do et al., 2002; Okasha et al., 2001). Other studies
observed apoptosis directly by electron (Kawashima et al., 1995) and light microscopy
(Martin et al., 1994b; Moreno and Zapata, 1991).

(b) Proliferation

Another source of thymus atrophy could be the inhibition of the thymocyte proliferation,
which was observed following oestrogen-treatment in atrophied thymus rodents and Guinean
pig (Gould et al., 2000; Gulino et al., 1985; Martin et al., 1994b; Moreno and Zapata, 1991;

Screpanti et al., 1982). Pregnancy in mice also inhibited the proliferation of all thymocyte
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subsets (Zoller et al., 2007). In vitro spontaneous proliferation of thymocytes has been
reported to precede the decrease in thymocyte number in mice after administration of a single
dose of oestradiol (Okuyama et al., 1992). And, as a confirmation that E2-signalling is
involved in the regulation of the proliferation, aromatase-deficiency also decreases the
proliferation of immature T cells (Li et al., 2002). Contrariwise, oestrogen has also been
reported to inhibit thymocyte proliferation in rats with thymus hypertrophy (Forsberg, 1996),
which would mean that inhibition of immature T cell proliferation may not be the main cause

of thymic atrophy.

Chances are that the inhibition of thymocyte proliferation is evolutionary conserved.
Oestrogen-treatment of salmon has been reported to decrease mitotic events in the thymus
(Sufi et al., 1980). Moreover, E2-exposure of isolated thymocytes from lizards inhibited
ConA-induced proliferation (Hareramadas and Rai, 2006).

(¢) Homing

A number of studies discussed E2-modulated cellular migration into the thymus as a possible
cause of changes in thymus volume. Zoller and Kersh (2006) observed E2-depleted T cell
precursors in the bone marrow and ETP. Correspondingly, decreased E2-levels following
ovariectomy increased the number of T cell precursors in the bone marrow and ETP (Ryan et
al., 2005). At physiologically high levels of E2, during mouse pregnancy, only the decrease
number of ETP was confirmed (Zoller et al., 2007).

In addition, oestrogen-treatments appear to increase the number of CD5+ B cells in the
thymus, particularly around the blood vessels in the medulla and CMJ (Martin et al., 1995b),
plasma cells (Martin et al., 1994a; Ross and Korenchevsky, 1941), macrophages (Martin et
al., 1994; Moreno and Zapata, 1991; Oner and Ozan, 2002), mast cells (Oner and Ozan, 2002)
and granulocytes (Martin et al., 1994a). These findings may be explained by an E2-triggered

increase in peripheral immune cell migration.

(d) T cell output

Thymus volume might not only change due to a reduced entry of early T cell progenitors, but

also by an increased release of T cells. Indeed, E2 has also been reported to increase the
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proportion of CD4, CD8 SP and DP (which are generally not present in the spleen and lymph
node) in the spleen and lymph nodes two days after oestradiol benzoate injection (Martin et
al., 1995a). It was, therefore, hypothesised that E2-induces T cell output. A high level of E2
during pregnancy was also described to decrease total thymic output in the spleen of mice
(Zoller et al., 2007). However, ovariectomy increased the number of naive CD4 SP migrating

from the thymus to the spleen (Ryan et al., 2005).

(e) Maturation

As almost all studies have reported that E2, but also NP and TCDD, modulate T cell
phenotype distribution and markedly decreased the proportion of DP, it was also suggested
that E2 modulates T cell maturation (Erlandsson et al., 2001; Okasha et al., 2001; Staples et
al., 1998; Wang et al., 2008; Zoller and Kersh, 2006). In addition, oestrogen-treatment of rat
and mouse have been shown to increase the proportion of T cells with a mature phenotype
CD4 and CD8 SP (Bernardi et al., 2015; Erlandsson et al., 2001; Okasha et al., 2001).
Similarly, during mouse pregnancy, (1) the proportion of immature DP was drastically
reduced, (2) the proportion of mature CD4, CD8 and CD3 SP T cell phenotypes increased,
and (3) the fraction of immature CD3 CD4 CDS triple negative (TN) T cell was almost
entirely composed of DN1 CD44+ CD25- (Rijhsinghani et al., 1996a). The same observations
could be made after E2-treatment (Rijhsinghani et al., 1996b; Screpanti et al., 1991; Wang et
al., 2008). Thus, it was assumed that oestrogen stimulated an alternative pathway of T cell
maturation and blocked early T cell maturation at the DN1 stage. As a confirmation that E2 is
involved in those maturation steps, aromatase-deficiency decreased the proportion of mature
CD4, CD8 SP, immature DN1 CD44+ CD25- and CD4 CDS8 DP. And as proof these effects

were mainly reversed using an E2-treatment (Li et al., 2002).

Initially, Zoller et al. (2006) observed similar results, but using CD117 immunolabelling
(c-kit) which is more restrictive for early T cell progenitor, they observed that oestrogen-
treatment preferentially decreased ETP (also named DN1 CD25- CD117+) and DN2 CD25+
CD117+ (Yui and Rothenberg, 2014; Zoller and Kersh, 2006). In addition, they observed that
E2 inhibited the proliferation of TN3-TN4 (3 selected T cells) responding to the TCRB/pre-a
signal. It is, therefore, quite possible that E2 inhibits beta selection. The importance of E2-

signalling for [ selection or maturation-step associated was confirmed with aromatase-
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deficient mouse which has a higher proportion of DN4 CD44- CD25- and a lower proportion
of DP (Li et al., 2002).

To explain the E2-mediated (1) decrease of immature DP, (2) increase proportion of mature T
cells, (3) the potential decrease of B-selected T cells, (4) the drastic and rapid drop of T cell
content and (5) the concomitant change in splenic T cells, it was hypothesised that E2 inhibits
the main pathway of thymic T cell maturation (CD4 and CD8 SP) and stimulates a thymic
alternative pathway of T cell development which are CD3+ SP TCR a3+ or TCR yo+ and
either NK1.1+ or NK1.1- (Fig. 16; Abo, 2001; Chapman et al., 2015; Narita et al., 1998;
Okuyama et al., 1992; Zoller and Kersh, 2006).

This hypothesis might notably be confirmed by the fact that yd-selected cells apparently
proliferate less and differentiate faster than the 3-selected cells (Taghon et al., 2006). The E2-
mediated inhibition of T cell proliferation may therefore illustrate the modulation of lineage
commitment. This idea is substantiated by the extrathymic differentiation of a3 and vy T cells
with intermediate levels of CD3 and either NK1.1+ or NK1.1- that were observed in the liver
and in the uterus at the same time as thymic atrophy occurring during pregnancy and E2-

treatment (Abo, 2001; Kimura et al., 1995; Narita et al., 1998; Okuyama et al., 1992).

As a matter of fact, the CD3 SP TCRap+ T cells are likely to correspond to the precursor of
CD8aa+ intraepithelial aff T lymphocyte (pIELs) which are an abundant population of
thymus-derived T cells localized within the intestinal epithelia and protect the gut barrier
surface by regulating gut inflammations and host defense against pathogens (Cheroutre et al.,
2011). Moreover, CD3 SP TCRa+ T cells can represent the precursors of invariant natural
killer T cell (iNKT). pIELs can differentiate from early immature T cell at the DN state or
from DP T cells (Cheroutre et al., 2011; Mondoon et al., 2017; Ruscher et al., 2017). iNKT
differentiates from DP T cells (Hogquist and Jameson, 2014). After their thymic
development, the pIELs migrate into the epithelium of the intestine to complete their
differentiation by expressing CD8oaa and intermediate level of TCR (Cheroutre et al., 2011;
Mondoon et al., 2017; Ruscher et al., 2017). Abo (2001) hypothesized that T cells with
intermediate TCR/CD3 mainly arise from extrathymic differentiation. Nevertheless, this
maturation pathway was a long-standing debate. Indeed, the generation of IELs and their
absolute number are highly dependent of the thymus (Abo, 2001; Cheroutre et al., 2011;
Mondoon et al., 2017; Ruscher et al., 2017). Therefore, the E2-induced extrathymic T cell
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differentiation is likely to correspond to the intrathymic stimulation of alternative T cell
maturation followed by the rapid exportation in the periphery. However, the hypothesis of the
E2-mediated stimulation of extracellular T cell differentiation cannot be completely rejected
because fully committed T cell precursor DN2-DN3 have been described to migrate in the
intestine and rearrange in situ their TCRs (Cheroutre et al., 2011; Lambolez et al., 2006). And
in the liver, E2-treatment increased the number of lymphopoietic precursors which express
RAG1 and RAG?2 transcripts (Narita et al., 1998). This result may explain the E2-mediated
thymic decrease of DN2 proportion as well as the rapid thymic atrophy systematically
observed (Fig. 16). Such hypothesis could be confirmed by Okuyama and co-workers (1992)
who observed that E2-treatment rapidly inhibits and stimulates spontaneous leucocyte
proliferation in the thymus and the liver, respectively, because committed T cell precursors
that initiate TCRs rearrangement proliferate extensively to persist in the periphery (Lambolez

et al., 2006).

As a confirmation that E2 stimulates pIEL and iNKT differentiation, Screpanti et al. (1991)
observed that E2 increases the proportion of TCRaf+ CD5+ cells which discriminate the
precursor of IEL as well as iNKT cells (Hogquist and Jameson, 2014; Mondoon et al., 2017;
Ruscher et al., 2017). Furthermore, Narita et al. (1998) observed that the proportion of SP
CD3iner TCRaB™e both NK1.1+ and NK1.1- increases in the thymus after E2-treatment. And
since pIEL and iNKT differentiate from TCRaf+ DP T cells, the E2-mediated increase of
TCRap+ SP CD5+ T cell differentiation coupled to the E2-mediated promotion of
v0 selection instead of B selection provokes the high decrease of DP proportion observed after

E2-treatment (Fig. 16).
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Figure 16: Role of E2-level in thymic T cell development and commitment into the different T cell lineages in
mammals. At low level, E2 is crucial for development of conventional T cell (SP CD4 and CDS), more
specifically E2-signalling is likely important for  selection because E2-deficiency inhibit DP differentiation and
DN proliferation. At high physiological level (pregnancy level) E2 apparently inhibits the homing of early T cell
progenitor and likely stimulates the early exportation of T cell precursor. Furthermore, high level of E2 inhibits
B selection, promotes yd T cell differentiation and stimulates the differentiation of unconventional T cell, i.e.,
intraepithelial lymphocyte progenitors (pIEL) and invariant natural killer T cell (iNKT). E2 at low and high
levels are also believed to respectively promote anti- and pro-apoptotic activity.
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(f) MISS and NISS

Altogether these data indicate that the E2-mediated regulation of thymus volume can be very
complex and may occur on different levels, perhaps even through different signalling
pathways. In order to elucidate the latter, the implication of the different oestrogen receptor
subtypes was investigated with ESR1- (ERKO), ESR2- (BERKO) and GPER-knockout (KO)
mice (Staples et al., 1999; Wang et al., 2008; Yellayi et al., 2000) but also with specific
oestrogen receptor agonists and antagonist: the propyl pyrazole triol (PPT, ESR1-agonist), the
diarylpropionitrile (DPN, ESR2-agonist), G-1 (GPER-agonist) and ICI 182,780 (ESR-
antagonist; McMurray et al., 2001; Wang et al., 2008; Yellayi et al., 2002).

(1) Atrophy

E2-mediated atrophy is almost completely suspended in ERKO and GPER KO mice, but is
not attenuated in BERKO mice (Staples et al., 1999; Wang et al., 2008). In BERKO mice, the
oestrogen mediated cortical atrophy notably changed the ratio between cortex and medulla
(Erlandsson et al., 2001). The ESR1 and GPER implications in the E2-mediated thymus
atrophy could be demonstrated by preventing atrophy with ICI 182,780 (Yellayi et al., 2002)
and inducing of thymic atrophy with G-1 and PPT but not DPN (McMurray et al., 2001;
Wang et al., 2008).

(i) Apoptosis

The above mentioned studies ESRs/GPER KO mice suggested that GPER is implicated in the
E2-induced apoptosis, as G-1-treatment indeed induced DP-apoptosis (Wang et al., 2008).
Furthermore, it was observed that GPER KO mice increase the number of apoptotic DP T
cells. Hence, Wang et al. (2008) hypothesised that E2 would have an anti-apoptotic effect at
low concentrations and a pro-apoptotic at high concentration and that this effect would be
conveyed via the GPER signalling pathway (Fig. 16). Accordingly to the anti-apoptotic effect
of GPER, in mice, the GPER-inactivation reduced the release of all T cell subtypes, but
especially SP CD4 and CDS (Isensee et al., 2009). Overall, GPER expression in the thymus of
mice and humans and its direct implication in the modulation of thymic function remains

controversial (Isensee et al., 2009; Olde and Leeb-Lundberg, 2009; Wang et al., 2008).
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(111) T cell maturation

Considering the E2-mediated alteration of T cell phenotypes, currently available data are
inconsistent: using ERKO and BERKO mice, Erlandsson et al. (2001) observed that E2-
mediated phenotype alteration is likely to be mediated by ESR2 but not ESR1. However,
Staples et al. (1999) observed that ESR1 KO did not manifest this CD8/CD4 shift after E2-
treatment, pointing to an implication of ESR1. The results of Staples et al. (1999) were further
confirmed by McMurray et al. (2001) using the specific agonists (DPP and DPN). These
results indicate that, at high level of E2, ESR1 is involved in the E2-mediated promotion of

the alternative pathway of T cell differentiation.

On the other hand, several studies have shown that both young and aged ERKO but not
BERKO mice have higher proportion of DP and less SP CD4 and CD8 in the thymus mice,
indicating that rather ESR1 would be involved in the transition from DP to SP (Erlandsson et
al., 2001; Islander et al., 2003; Yellayi et al., 2000). Staples et al. (1999), however, did not

observe any difference compared to the wild type.

(3) Oestrogenic effects on peripheral T cells

In mammals, in addition to modulate thymopoiesis, E2 modulates Thl-, Th2- and Treg-
polarization, i.e., peripheral T cell differentiation: low physiological E2-levels is considered
to promote the differentiation of CD4 T cells in Th1l (immunity of type 1, i.e., cell-mediated
immunity) with the production of pro-inflammatory cytokines (TNF-o. and IFN-y). And
higher E2-concentrations are assigned anti-inflammatory properties by the promotion of Th2
differentiation (type 2 immunity, i.e., humoral immunity) associated with an inhibition of pro-
inflammatory cytokine expression (TNF-a, IL-13) and the stimulation of anti-inflammatory
cytokines (IL-4, IL-10, TGF-B; Khan and Ansar Ahmed, 2016; Straub, 2007). Moreover, E2
promotes Treg differentiation and activity (Khan et al., 2012; Khan and Ansar Ahmed, 2016;
Straub, 2007). BPA has been reported to entail a similar effect with, notably, the modulation
of Th1/Th2 polarization (Jochmanova et al., 2015). Associated to the modulation of T cell
polarization, oestrogens have been described to modulate numerous T cell properties, such as

cytotoxicity, trafficking, proliferation and humoral response to T cell dependent antigen

(Adori et al., 2010; Forsberg, 1984; Mo et al., 2005; Takao, 2005).
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Furthermore, B cell activity appears to be also affected by E2 in a dose dependent manner
resulting in a stimulation of (2) antibody producing cell numbers, (2) proliferation and (3)
antibody production. It is considered that E2 inhibits B lymphopoiesis and stimulates B cell
differentiation and function (Bernardi et al., 2014; Roved et al., 2017; Straub, 2007). Straub
(2007) specified that E2 stimulates B cell antibody production, probably by inhibiting T cell-

mediated suppression of B cells.

In non-mammalian species, such as birds and teleosts, the state of knowledge is much less
developed, but similar effects as those characterised for mammals have been observed. In
birds, several oestrogen compounds have been tested in vivo. In pigeon and chick oestradiol-
exposure has shown to modulate B and T cell response after immunization (Kondo et al.,
2004; Selvaraj and Pitchappan, 1985). Moreover, EEDC-exposure (E2, phtalates and BPA in
mixture) impact T cell-mediated hypersensitivity and increases the number of B and T cells in
nestling starlings (Sturnus vulgaris) and chicken respectively (Finger and Gogal, 2013).
Oestrogens are likely to directly regulate T cell activity in birds, because in vitro E2-exposure
of blood leucocytes modulates PHA-induced proliferation and IL-2 production with an
stimulating and inhibitory action at low and high concentration respectively (Kondo et al.,
1994). Similar E2-effect has been observed in mouse (Priyanka et al., 2013). This result
suggests that the biphasic effect of E2 with a pro- and anti-inflammatory activity at low and
high concentration respectively may be conserved from bird to mammals (Khan et al., 2012;

Straub, 2007).

Similarly in teleost, EE2-injection of unvaccinated gilthead sea bream increased the
proliferation and abundance of T cell in the head-kidney (Rodenas et al., 2017a). The same
research team also observed that the exposure to EE2, tamoxifen (a non-specific ESR-
antagonist) or G-1 of sea bream also modulate B cell abundance, proliferation and the
production of both unspecific (natural) and Keyhole limpet hemocyanin (KLH)-specific
antibodies (Rodenas et al., 2017a, 2016, 2015). KLH is commonly referred as a T cell
dependent antigen (Manning and Nakanishi, 1996). In other teleost species, E2 was also
found to modulate mitogen-stimulated B and T cell proliferation in vivo and in vitro

(Iwanowicz et al., 2014; Shelley et al., 2013, 2012).

Altogether these data suggest that E2 directly and similarly modulates T cell activity in birds
and teleost as in mammals. However, because the E2-mediated effect on humoral response

against T cell dependent antigen does not imply that E2 modulates T cell function, it is not
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known if E2 modulates the immune response by acting on Th1/Th2/Treg differentiation in

non-mammalian species.

D) The European sea bass as experimental model

The European sea bass (Dicentrachus labrax, Linnaeus 1758; Fig. 17) is named “bar
commun” in French (or “bar européen” in the Atlantic and “loup” in the Mediterranean),
“lubina” in Spanish and “Spigola” in Italian.
D. labrax belongs to the class Actinopterygii, i.e.,

the ray-finned fish, the order Perciformes, and the

family Moronidae (Families). The European sea
Figure 17 : European sea bass, bass is euryhaline because it tolerates a wide range
Dicentrarchus.labrax (Www.msc.org) o .

of salinity from 3% to full strength sea water. This

species is as well as eurythermic because it can cope with temperatures ranging from 8 to
24°C (fishbase.org; Pérez-Ruzafa and Concepcion, 2015). Its physiological adaptability
allows this species to have a wide geographical repartition from the North of Norway to

Senegal, the Mediterranean and the Black sea (Fig. 18).

&= o = Besides its ecological interest, D. labrax is a
species of high economic importance, notably for
commercial, but also for recreational fisheries in

numerous countries, such as UK, France and

Netherland. Furthermore, D. labrax is produced in
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Figure 18 : Native distribution map for the techniques for juveniles have been developed
European sea bass

(http://www. fishbase. se/summary/63) during the late 1960’s. Accordingly, sea bass

production has grown massively in the two last
decades (Fig. 19). To date, it is the most important commercial fish cultured in the
Mediterranean countries (FAO, 2017). Consequently, D. labrax has been intensively studied
in order to face the numerous diseases, to decrease juvenile mortality and to limit stress that

may affect the quality of commercialised fish (FAO, 2017).
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Figure 19 : Evolution of farmed sea bass production (in tones). The main producers are localized in Greece,
Turkey, Spain, Croatia and Italy (FAO).

1) Life cycle

The European sea bass is a migratory marine fish. From 1970 to 1984, Pawson et al. (1987)
investigated the movement of D. labrax by capture-recapture of tagged sea bass in England
and Wales. They observed that juveniles (<32 cm, up to four years old) essentially remain
within 80 km of the release area, i.e., their nurseries within the estuaries and along the coastal
zones. Adolescent D. labrax (=32 cm and <42 cm, four to six years old), which enter their
sexual maturation, have a similar pattern of dispersal. However, they increase movement,
which is likely to anticipate the adult migration. Adults (>42 cm, older than six years old),
were found to migrate to the winter pre-spawning area about 100 km and even up to 800 km,
depending on the area between October and December. In spring, they return to the coastal
areas for summer feeding. Winter migration appeared to take place when adult sea bass
sought warmer temperature (Pawson et al., 1987). This migration pattern was confirmed by
several other studies (Fig. 20). And from February to May, mature sea bass spawn offshore
and in coastal waters in the western English Channel and eastern Celtic sea (Kelley, 1988;
Pawson et al., 2007; Pérez-Ruzafa and Concepcion, 2015): One to two months after offshore
spawning, postlarval fingerlings of 10-15 mm arrive in estuaries from May to June (Kelley,
1988). During their first summer, juveniles preferentially stay in freshwater and shallow
creeks, channels, marsh pools and tributary streams (Kelley, 1988). Larger juveniles move to
the deeper parts of the estuary in October (Kelley, 1988). At around four to five years of age,
juveniles migrate from their nurseries into the open waters of the English Channel (Pawson et
al., 2007). More recently, using acoustic tracking, Doyle et al., (2017) detected adult sea bass
(>54 cm) within the Cork harbour, a large estuary notably surrounded by large area of
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intertidal mudflat. This study again confirmed the pattern of migration, with adult sea bass
residing in their coastal foraging areas (=3 km) from mid-April to mid-October, showing a

fine spatial scale of inter-annual site fidelity. Because of this strong site fidelity and the long
coastal residency, Doyle et al. (2017) suggest that the European sea bass is particularly at risk
to become locally depleted.
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Figure 20 : The European sea bass life cycle (Abi, 2014)

Spawning

i1) Reproductive strategy

Basically, two extreme life history strategies have been described: the r- and the K-strategy
(Pérez-Ruzafa and Concepcion, 2015). The r-strategy, on the one hand, implies little care for
the offspring, but high expenditure in the reproduction with early sexual maturity, high
fecundity, small and abundant offspring, short lifespan and small adult body size. The K-
strategy, on the other hand, implies longer life spans with slow maturation, low number of

offspring but extensive parental care.

D. labrax is situated in-between the r- and the K-strategy, i.e., shows mixed traits of either
reproductive strategy: it is a long-leaving species with a common length of 50 cm and a
maximum reported age 30 years (fishbase.org). In the English Channel, females and males
start to reproduce when they reach six to seven years of age (>42 cm) for female and four to

five years-old (>32 cm) for male (Pawson and Pickett, 1996). Females spawn small pelagic
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eggs (1.02-1.39 mm; FAO, 2017), with a high fecundity of about 200,000 eggs/kg body mass
(Pérez-Ruzafa and Concepcion, 2015). Sea bass are not considered territorial, i.e., they do not
take care of the eggs. Hence, much of the energy is allocated by the females into gamete

production (Pérez-Ruzafa and Concepcion, 2015).

111) Feeding

The sea bass is a highly adaptable and opportunistic top predator. Its feeding behaviour
depends on its age and the seasonal availability of the prey (Doyle et al., 2017; Morin et al.,
1999; Pérez-Ruzafa and Concepcion, 2015). Juveniles preferentially feed on Mysidacea
(small shrimp-like crustacean, 5-25 mm), copepods and isopods and, to a lesser extent, on
bivalves and decapods (Pérez-Ruzafa and Concepcion, 2015). The food of fish larger than
20 cm is mainly comprised of crabs, shrimps and other fish (Pérez-Ruzafa and Concepcion,

2015).

1v) Wild stock

In 2012, the International Council for the Exploitation of the Sea (ICES) warned that sea bass
stock should be protected in the Northeast Atlantic by (1) a larger minimum landing size (36
cm), (2) an increase of the net-mesh size, (3) a higher landing limitation for commercial and
recreational fisheries and (4) a seasonal/area closure to protect the spawning area where sea
bass aggregates (ICES, 2012). Two years late, in 2015, a new ICES report warned that the
European sea bass is endangered because of stock decline in the central and South North Sea
as well as in the Irish Sea, English Channel, Bristol Channel and Celtic Sea. The ICES report
advises that the fish landing, including recreational and commercial fisheries, should be
rapidly limited to a sustainable exploitation, thus avoiding population collapse. In fact, the
ICES observed very poor recruitment since 2008 and a declining spawning stock biomass

since 2010, which is now below “safe biological limits” (MSY Btrigger; Fig. 21 ; ICES, 2015).

Consequently, the European commission has announced several measures for Sea bass
conservation: in 2015, the minimum size was fixed to 42 cm (850/98/EU); in 2015 and again
in 2017, the European commission maintained the prohibition of fishing sea bass in the area

reported by the ICES, exempting, however, fisheries using hooks and lines (2017/127/EU).
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And in addition, recreational fisherman and the incidental by-catches are respectively

restricted to one daily fish and 3 % of the weight of the total catch (<400 kg per month).
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Figure 21 : Stock assessment (weight in thousand tones) in Central and South North Sea, Irish Sea, English
Channel, Bristol Channel, Celtic Sea. Landings are from the commercial fishery only. Fishing mortality
combines commercial and recreational fisheries. Predicted recruitment values are non-shaded. FMSY: Fishing
mortality consistent with achieving maximum sustainable Yield (MSY); Blim: Limit reference point for
spawning stock biomass Bpa: Precautionary reference point for spawning stock biomass; MSYBtrigger: A
biomass reference point that triggers a cautious response within the ICES MSY framework. From rapport of
ICES (2015).

v) Estuary importance

Postlarvae rapidly spread within the estuary according to their physiological optimums
(Kelley, 1988). Juvenile and larvae show a preference for low salinity (5-10 %o), which has
been shown to improve survival rate and juvenile swim bladder inflation (Pérez-Ruzafa and
Concepcion, 2015). Therefore, estuaries which offer refuge and abundant food constitute a
key habitat for larvae recruitment and juvenile nursery (Kelley, 1988; Morin et al., 2015,
1999).

This is illustrated by the observations of Kelley (1988), who found postlarvae (0-group) in
almost all of the 28 estuaries sampled in UK waters from 1933 to 1987. The importance of a

77



given estuary as a sea bass nursery most likely depends on its size, which determinates the
capacity to support fish (Kelley, 1988). Besides the type of estuary, the weather conditions in
winter determinate the duration for which the juveniles remain within the estuary.

Accordingly, Kelley (1988) has defined 3 types of estuary:

- Large estuaries (>4 km? of water area at low tide), deep with muddy floor. In such large
estuaries, the juveniles remain up to 4-5 years, even throughout winter. However, in the case

of important precipitation or prolonged cold, older juveniles may temporarily quit the estuary.

- Medium estuaries (>1 km? and <4 km?), mostly shallow water with both muddy and sandy
floor. In these estuaries, the juveniles remain the first and probably the second year, including
the winter period. The 4 to 5 years old juveniles will, however, be present only in the warmer

months.

- Small estuaries (<1 km?), shallow with sandy floor. In these estuaries, juvenile presence will
be limited mostly to the first year. In the second year, the animals are likely to migrate to

larger estuaries.

At the same time, all of these estuary types may be visited by adolescent fish from other areas

as well as adults (Kelley, 1988).

Detailed knowledge on the presence of juveniles in the Seine estuary is rather scarce. Two
studies conducted by Morin et al. (2015, 1999) reported juveniles of one year (G0) and less
than two years (G1) in the shallow waters near the Normandy Bridge, on muddy floor (see
Fig. 22) and, to a lesser extent, along the Calvados coast. The abundance GO and G1 had no
apparent seasonal variation as far as their localisation is concerned. Also, no significant inter-
annual variation in the GO abundance was observed in 1995 and 2010 (Morin et al., 2015,

1999).
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Figure 22 : Juvenile GO and G1 sea bass relative distribution in the Seine estuary (Autumn 1996 and 1997).
From Morin et al., 1999.

vi) Ecotoxicology with a special focus on the English Channel and the

Seine estuary

The English Channel is subject to various anthropogenic pressures, comprising intense
maritime transport, tourism, nuclear reprocessing, thermal discharge and dredging (Tappin
and Millward, 2015). Because of population density and industries, estuarine and coastal
waters are particularly subject to contamination from diffuse and point sources (Tappin and
Millward, 2015). The fluvial discharges from the adjacent catchment of the English Channel
is dominated by the Seine river and its tributaries which represent 41 % of the total long-term
mean river flow (Tappin and Millward, 2015). The Seine river is highly contaminated by
agriculture, domestic and industrial discharges, receiving wastewater effluents from a
catchment comprising one third of the French population, making the Seine estuary one of the
most polluted estuary in Europe (Minier et al., 2006; Tappin and Millward, 2015). The
chemical contamination consists of, notably, halogenated (PCBs, polychlorinated-p-dibenzo-
dioxines, PCDD) and polybrominated compounds (Hexabromocyclododecanes, HBCDDs),
pesticides (Lindane), Polycyclic Aromatic Hydrocarbons (PAHs), and numerous compounds
with a well-known oestrogen activity have been reported (Gaspéri et al., 2010; Minier et al.,

2006; Tappin and Millward, 2015), such as:

- Alkyphenols (commonly represented by nonylphenol, NP, and NP-ethoxylate, NPE), the
concentrations of which were in the range of 399-2214 ng/L in the water and 405-9636 ng/g
in the suspended particular matter, respectively, for both NP and NPE combined (Tappin and
Millward, 2015).
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- Phthalates, with the major concern being raised by ethylhexylphthalate (DEHP),
dibutylphthalate (DBP) and butylbenzylphthalate (BBP) the concentrations of which in the
Seine estuary were 160-314 ng/L for DEHP, 71-181 ng/L for DEP, and 67-319 ng/L for
DnBP; BBP and DnOP had very low concentrations or were not detected (Tappin and
Millward, 2015).

Numerous other xenoestrogens were also retrieved in the Seine river between 2007 and 2010
(Gaspéri et al., 2010). PBA was abundant, with concentrations around 327 ng/L between Paris
and Rouen (Gaspéri et al., 2010). Gaspéri et al., 2010 also quantified synthetic and natural
oestrogens (E1, E2, E3 and EE2). E1 and E2 were the most abundant oestrogens amongst the
systematically detected ones, with E1 representing 80 % of total measured oestrogens. Total
hormone concentrations were in the rang 0.5-21 ng/L. depending on the season and flow

conditions (Gaspéri et al., 2010).

Furthermore, from May to November 2011 the oestrogenic activity was measured at five sites
along the lower Seine between Poses (Upstream of Rouen) and Le Havre using a reporter cell
line (MCF-7) that endogenously expresses the oestrogen receptor (ERE) and transfected with
the luciferase reporter gene expressed in tandem with ERE (Budzinski et al., 2012).
Oestrogenic activity was detected in all samples mostly at 1.6 to 7 ng/L; a maximum of 78

ng/L was measured at the Tancarville bridge in summer (Budzinski et al., 2012).

The impact of anthropogenic activity and pollution on sea bass nursery and its role in the
decline of fish stock has, however, been only poorly investigated (Pérez-Ruzafa and
Concepciodn, 2015). One of the exception is the report of Kelley (1988), who found postlarvae
(0-group) in almost all the estuaries sampled in UK waters from 1933 to 1987 with the
exception of the Mersey likely because of high anthropogenic pollution. In regards to its high
trophic position, sea bass will be particularly subject to bioaccumulation of contaminants,
with biomagnification via feeding being considered the principal route of contamination for
this species (Pérez-Ruzafa and Concepcion, 2015). As a matter of fact, D. labrax has been
reported to bioaccumulate, notably, PCB, organochloride and perfluoroalkyl substances

(Barbarossa et al., 2016; Loizeau et al., 2001; Schnitzler et al., 2011).
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E) Objectives of the thesis

As outlined in the introduction, a body of evidence from the gene-, to the cellular- and organ-
level substantiates the idea that teleost immunity shares numerous features with mammalian
models. These range from basic immune cells, such as macrophages to avoid infection by
killing pathogens to the complex processes for adaptive immune cell development. In fact,
most of the newer findings in teleosts arouse from investigations on homologous/analogous
genes, cells, mechanisms or proprieties that were first identified in mammals. This approach
allowed extending our knowledge on fish immunology in particular and vertebrate
immunology in general. The discovery of the first vertebrate phagocyting B cells in teleost
fish is a striking example of this progress. In this context, the thymus and its associated T cell

differentiation appear to be a fascinating subject for any comparative immunologist.

An endocrine system with sexual steroid hormones, such as oestrogen, represents an
evolutionary invention of the vertebrate lineage. The fundamental physiological function of
oestrogen, as well as the cellular mechanisms of action have been widely conserved in
vertebrates, but the reproductive strategies are highly diverse. The complex interaction
between the immune and endocrine system have long since been investigated in mammals. As
a matter of fact, this relationship between sex steroid hormone levels and the immune system
is well known in humans, where general sexual dimorphisms in immunity exist. Furthermore,
the mammalian immune status changes during pregnancy and women also have a higher
prevalence for autoimmune diseases. It has however been given far less attention in most
other vertebrates, including fish. As the effects of varying oestrogen-levels on the thymus
volume and thymopoiesis are relatively well-studied for mammals, it suggests itself to
question whether similar phenomena of thymic plasticity and function could be observed in
more basic vertebrates with quite different life cycles and, accordingly, different reproductive
traits, such as fish. To this end, it is important to know to which extent this important primary
lymphoid organ, the thymus, is similar between mammals and fish. On the basis of the
functional anatomy of the thymus, one then may be able to identify the cells and regions that
can be regulated by oestrogens given the presence and nature of the respective receptors for

this steroid hormone, i.e., EsrR1, Esr2a, Esr2b, Gpera and Gperb.
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To this effect, the histological structure of the sea bass thymus was examined in fine and the
distribution of the various oestrogen receptor subtypes within the thymic microenvironment
was localized in order to identify the privileged cellular targets. The resulting information
should improve the understanding of the cellular action of oestrogen on thymic T cell
development in D. labrax (and likely other fish). If significant similarities in oestrogen
receptor distribution with the mammalian model could be confirmed, the evolution of the
oestrogenic modification of the thymus in vertebrates would become more evident. As Segner
and co-workers stated (2017): in spite of a growing number of studies demonstrating
oestrogenic modulation of the immune system across all vertebrate classes, the knowledge
base is still too scarce to fully circumstantiate its evolutionary conservation. The results from
this study, which represents the main body of the thesis, are presented in the first article
(Paiola et al. 2017). They provide a basis from which to extrapolate on the general connection

between oestrogen and the immune system across vertebrates.

Emanating from the examination of the functional thymus anatomy and the face of the wide
distribution of oestrogen receptors in the different thymic microenvironments detected in the
first study, we questioned how and at which steps of lymphopoiesis pleiotropic oestrogen
regulation becomes manifest. Adolescent sea bass exposed in vivo to E2, were examined for
changes of the expression of several gene markers-related to thymic function and T cell
development. In order to better understand the circulation of the T cell within the organism,
the expression of T cell gene markers was also investigated in two major secondary lymphoid
organs: the head-kidney and the spleen. The gene expression analysis was related to the
measurement of several innate and adaptive immune parameters (oxidative burst, oxidative
stress, number/proportions of leucocyte populations, viability of leucocytes) on leucocytes
isolated from the head-kidney and spleen by flow cytometry. In fact, innate and adaptive
immune system work synergistically and are intimately connected, for instance, effector T
cells are known to stimulate and amplify the immune response involving innate immune cells.
Differentially, T cells can have anti-inflammatory activity and being involved into the
resolution phase after inflammation. The second article (Paiola et al., under revision),
describes the effects of physiologically elevated E2-levels on thymic T cell development and
peripheral T cell differentiation. Notably, the results point to changes in peripheral T cells,

which may be associated with a modulation of innate immune cell activity.
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To better understand how the innate immune system may be affected by oestrogens and to
elucidate, whether regulation of innate immunity is indirect, via T cell regulation, or by direct
action of oestrogen on innate immune cells, microbicide activity-related to oxidative burst
was assessed by in vitro exposure of primary leucocytes from thymus, head-kidney and
spleen exposed to E2. Because elevated oestrogen-levels following 17B-oestradiol injection
specifically altered oxidative burst in leucocytes from the spleen, but had no effect on those
from the head-kidney of adolescent sea bass (Article 2; Paiola et al., under revision), the
oestrogen receptor expression and the phagocyte activity of isolated leucocytes was
investigated to identify the underlying mechanisms of this apparent difference in the innate
immune response of the two lymphoid organs. Specifically, the question was, whether the
induction of immune tolerance in the spleen is due to the anti-inflammatory action of Tregs,
or a result of differences in oestrogen receptor disposition and sensitivity of the leucocytes of
either organ. To further link the oestrogenic action on adaptive and innate immunity in a
comprehensive view, leucocytes isolated from the thymus were compared to the immune cells
of spleen and head-kidney. The results of this research are presented in the third article

(Paiola et al., in preparation).

The degree of resemblance is not only interesting from an evolutionary point of view, but also
provides information on how xenoestrogens can interfere with the oestrogen-mediated
regulation of thymic and immune-function. This may help to acknowledge the principal risk
that derives from the environmental exposure of fish to the widespread xenoestrogens. In fact,
the background of the research presented in this thesis is the worrisome continuous exposure
of humans and wild life to oestrogenic disrupting chemicals (EEDCs). This heterogeneous
group of compounds is continuously released into the environment and widely retrieved in the
different water bodies. Not only do chemical species with oestrogenic activity affect sexual
and reproductive physiology but, related to these, many other physiological functions,
amongst them immune system performance. In fish, negative consequences of xenoestrogen-
exposure for sex determination and fish reproduction have been proven in numerous teleost
species. The implication of such exposure for the immune competence is, however, not well
studied and far from being understood. Indeed, our present knowledge with regards to the
possible adverse effects that EEDCs may exert on the immune system of non-mammalian
vertebrates remains very scant, especially when it comes to aquatic wild life. A slow-growing

and late maturing fish, such as the European sea bass which performs seasonal migration, is
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exposed to contrasting environments during its life-cycle. Its habitats change in terms of
micro-organismal communities and physicochemical conditions. Notably, the coastal areas
and estuaries, in which it resides temporarily, are under high anthropogenic pressure. In these
conditions, an effective immune response/pathogen resistance must be considered a key
element for population survey and fitness, but may itself be affected by anthropogenic
pollution. An improved knowledge on the immunomodulatory function of E2 provides
information for a better risk assessment-related to EEDC-exposure and could outline

possibilities for applied immunotoxicological investigation.
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2) REsuLTs

Article 1: Oestrogen receptor distribution related to functional thymus anatomy of the

European sea bass, Dicentrarchus labrax (2017)

Article 2: Oestrogen, an evolutionary conserved regulator of T cell differentiation and

immune tolerance in jawed vertebrates? (2018)

Article 3: Oestrogen differentially modulates oxidative burst capacity and ROS-signaling in

adaptive and innate immune cells of three major lymphoid organs in European sea bass,

Dicentrarchus labrax (L.) (In preparation)
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In jawed vertebrates, the crosstalk between immune and endocrine system as well as many fundamental
mechanisms of T cell development are evolutionary conserved. Oestrogens affect mammalian thymic
function and plasticity, but the mechanisms of action and the oestrogen receptors involved remain
unclear. To corroborate the oestrogenic regulation of thymic function in teleosts and to identify the
implicated oestrogen receptor subtypes, we examined the distribution of nuclear and membrane oes-
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bass. All oestrogen receptors were expressed at the transcript and protein level, both in T cells and in
stromal cells belonging to specific functional areas. These observations suggest complex regulatory ac-
tions of oestrogen on thymic function, notably through the stromal microenvironment, comprising both,
genomic and non-genomic pathways that are likely to affect T cell maturation and trafficking processes.
Comparison with birds, rodents and humans supports the thymic localization of oestrogen receptors and
suggests that oestrogens modulate T cell maturation in all gnathostomes.
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1. Introduction vertebrate lineage (Cooper and Alder, 2006). Innate and adaptive

immunity operate synergistically via innate immune cells (e.g.

The immune system (IS) forms an integrated network destined
to detect and eliminate invading pathogens or transformed cells.
The immune response may be mounted by two major entities, the
innate and adaptive immunity, the latter being an innovation of the
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cluster of differentiation; Ct, connective tissue; Ck, cytokeratin; E2, 17-f-oestradiol;
Esr, nuclear oestrogen receptor; Gper, G protein-coupled oestrogen receptor; HCs,
Hassall's Corpuscles; HES, Hematoxylin-Eosin-Saffron; IHC, immunohistochem-
istry; IS, immune system; MCs, mast cells; MyCs, myoid cells; OZ, outer zone; PAS,
Periodic Acid-Schiff; PBS, Phosphate-Buffered Saline; Pcna, Proliferating Cell Nu-
clear Antigen; PVS, perivascular space (iPVS, inner PVS, oPVS, outer PVS); SDF-1,
stromal cell-derived factor; TECs, thymic epithelial cells (cTECs, cortical TECs,
mTECs, medullar TECs, LTECs, limiting TECs).
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phagocytes), which initiate a protective response and activate
adaptive immune cells (i.e. B or T lymphocytes) for an efficient and
specific immune reaction (Boehm and Swann, 2014; Esteban et al.,
2015). Pathogen recognition by innate immune cells is based on
germline gene-coded receptors that confer limited and non-specific
capacity. Contrariwise, lymphocytes clonally express a monoallelic
somatically diversified antigen receptor conferring high antigen
specificity (Boehm and Swann, 2014). Basal jawed vertebrates, such
as teleosts, also display other elements of higher vertebrate im-
munity, including (1) lymphoid organs, such as thymus, spleen and
mucosa-associated lymphoid tissues (Boehm et al., 2012), and (2)
fundamental steps of thymus development and thymopoiesis
(Boehm et al., 2012; Bajoghli et al., 2015). As for the latter, the
thymus provides the appropriate microenvironment for T cell
development, comprising proliferation, maturation and the gen-
eration of their antigen receptor repertoire (Boehm et al., 2012;
Nakanishi et al., 2015). In fish like in mammals, mature and self-
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tolerant T cells leave the thymus towards the secondary lymphoid
organs in order to coordinate the adaptive immune reaction
(Langenau and Zon, 2005; Nakanishi et al., 2015).

In mammals, the IS is modulated by the reproductive system via
sexual hormones, notably oestrogens, as reflected by sexual di-
morphisms in the IS performance and female autoimmune disease
prevalence, but also by the high oestrogen levels during pregnancy
(Hince et al., 2008; Klein and Flanagan, 2016). The thymus and T cell
development are particularly targeted by oestrogenic regulation, as
evidenced by numerous studies over three decades of research
(Bernardi et al., 2015; Glucksmann and Cherry, 1968; Screpanti
et al, 1991). Indeed, thymus structure and volume vary
throughout lifetime in relation to endogenous oestrogen levels,
reproductive status and age (Hince et al., 2008), not only in mam-
mals but also in reptiles and birds (Lutton and Callard, 2006). In
fish, the thymus shows a considerable seasonal plasticity of its
volume (Tatner, 1996). To what extent these variations of the
thymus are linked to the reproductive cycle and, consequently, to
changes in hormone titres is, however, less clear (Tatner, 1996).
However, oestradiol exposure has recently been shown to modify
thymic volume and regionalization in juvenile European sea bass,
Dicentrarchus labrax (Seemann et al., 2015).

In mammals, the structural changes provoked by naturally
elevated oestrogen levels or by experimental oestrogen exposure
have been ascribed to numerous processes in thymus, including:
(1) the induction of thymocyte apoptosis (Do et al.,, 2002; Okasha
et al., 2001; Wang et al,, 2008); (2) an inhibition of thymocyte
proliferation (Gould et al., 2000; Zoller and Kersh, 2006; Zoller
et al,, 2007); (3) decreased infiltration of T cell progenitors into
the thymus (Zoller and Kersh, 2006) and (4) extensive T cell leakage
through the blood vessels into the periphery (Chapman et al., 2015;
Martin et al., 1995). Notwithstanding uncertainties and conflicting
results obtained in mammals, it is generally accepted that oes-
trogens (1) modulate T cell maturation by increasing the proportion
of single positive CD4+/CD8+ T cells (Bernardi et al, 2015;
Erlandsson et al., 2001; Screpanti et al., 1991) and (2) block T cell
maturation, as suggested by the increased proportion of immature
double negative CD4-/CD8-phenotypes (Bernardi et al, 2015;
Rijhsinghani et al., 1996; Wang et al., 2008). The cellular players
and the respective oestrogen receptors were, however, only
partially identified (Erlandsson et al., 2001; Staples et al., 1999;
Wang et al., 2008). Although a growing body of knowledge on
oestrogenic regulation of the teleost IS supports the idea that the
immunomodulatory role of E2 probably exists across all vertebrates
(reviewed in Burgos-Aceves et al., 2016; Segner et al., 2017;
Szwejser et al., 2017b), the interplay between stromal and T cells
as well as the extent of conservation along vertebrate evolution
remains to be detailed (Segner et al., 2017).

Oestrogens mediate their effects on target cells and tissues
through oestrogen receptors. These include both genomic path-
ways (classically associated to nuclear oestrogen receptors, Esrs)
and non-genomic pathways (associated to membrane localised Esrs
or to recently characterized G-protein-coupled oestrogen receptors,
i.e. Gpers). In numerous teleost species, the Esrs are represented by
three isoforms: Esr1 (also known as Era), Esr2a (Erp1) and Esr2b
(Erf1) (Burgos-Aceves et al., 2016). More recently, two GPER iso-
forms, Gpera and Gperb, have been described in some teleost
species (Lafont et al., 2016; Pinto et al.,, 2016), indicating that both
pathways can interact in teleosts (Nelson and Habibi, 2013; Pinto
et al., 2014). The presence of oestrogen receptors in the thymus
has been demonstrated in mammals (Nancy and Berrih-Aknin,
2005; Seiki and Sakabe, 1997; Wang et al, 2008), chicks
(Katayama et al., 2014; Yonezawa et al., 2008) and common carp
(Szwejser et al., 2017a). It may, therefore, be hypothesized that the
different receptors may have a similar distribution in the fish
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thymus. The morpho-functional organisation of the thymus is well
documented for the European sea bass, describing the thymic
microenvironment and the expression of genes related to the T cell
development (Picchietti et al., 2008, 2009, 2015), with the different
steps of T cell maturation taking place in specific regions of the
thymus, comparable to the processes described for mammals
(Bajoghli et al., 2015).

With respect to the complex and not fully understood oestro-
genic regulation of thymopoiesis, in this study we aimed at inves-
tigating how and at which point oestrogens influence T cell
maturation and selection in the European sea bass (Bajoghli et al.,
2015; Langenau and Zon, 2005). The expression of the three nu-
clear Esr isoforms and the Gper genes in thymic cells was confirmed
by RT-PCR. Their localization within the thymic substructures of
D. labrax was established in conjunction with a detailed histological
analysis, using oestrogen receptor specific antisera previously
validated for other teleost species (Cabas et al., 2013; Pinto et al,,
2009; Szwejser et al.,, 2017a). The presence of both membrane
and nuclear ER-isoforms in most cell types of the thymic micro-
environment and their strong occurrence in certain thymic zones,
such as the medulla and connective tissue, point to a functionally
conserved regulation of thymopoiesis by oestrogens across all
vertebrate taxa.

2. Material and methods
2.1. Animals and sampling

Fingerlings of D. labrax were obtained from the hatchery
“L'écloserie marine de Gravelines” (Gravelines, France) and raised
in the facilities of “Aquacaux” (Octeville, France) in 1800 | tanks
with continuous flow of marine seawater at environmental tem-
peratures. The animals were fed daily ad libidum with “Turbot label
rouge” fish feed (Le Gouessant, Lamballe, France). All fish were
handled in accordance with the European Union regulations con-
cerning the protection of experimental animals (Dir 2010/63/EU).

Two different fish batches were employed for this study: three-
year-old female fish with a total length of 30.6 cm + 1.42 standard
deviation (s.d.) and a weight of 391 g + 58.02 s.d. for histology and
IHC and one-and-a-half-year-old male and female fish with a total
length of 21.8 cm + 2.9 s.d. and a weight of 97.8 g + 10 s.d. for
molecular biology and cytometric analysis. Specimens were sacri-
ficed at the end of November/beginning of December 2014 for the
IHC and histological analysis and in June 2015 for molecular biology
and immunofluorescence.

2.2. Leukocyte preparation

All solutions for leukocyte preparation were adjusted to 360
mOsm/kg. Dissected thymuses were cut into pieces, immersed in
cold Leibovitz 15 (L-15) containing 1 mM NayEDTA, and forced
through a 100 um cell strainer. The cell suspension was centrifuged
at 1200 g for 5 min at 4 °C prior to erythrocyte lysis in ammonium
chloride-Tris solution for 30 min at room temperature under stir-
ring followed by another round of centrifugation at 1200 g for 8 min
after which the supernatant was discarded. Pellets were resus-
pended in L-15 and filtered through a 40 um mesh before loading
on a Ficoll gradient (Pancoll, PAN BIOTECH) at a density of 1.077 g/
ml and centrifugation at 400g for 5 min at 4 °C. The leukocyte layer,
occurring at the interface of medium and Ficoll, was collected,
washed and centrifuged twice with L-15 medium at 1200 g for
5 min and 4 °C. The cell concentration was adjusted to 108 cells/ml.
Before flow cytometric measurements, cell viability was estimated
with trypan blue exclusion and 50 pg/ml propidium iodide (Sigma)
over 10 min at room temperature.
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2.3. Gene expression

Gene expression studies were performed using five replicates
(n = 5) per measurement. For each animal one of the thymuses was
subjected to direct RNA extraction, whereas the second thymus was
used for RNA extraction from isolated thymocytes obtained by
Ficoll gradient separation as described above. For whole organ RNA
extraction, the thymus and liver were snap frozen in liquid nitrogen
and stored at —80 °C. The frozen organs were transferred to Tri
Reagent® (Sigma), ground twice in Precellys® tubes (CK14; Bertin
technologies) for 10 s at 5000 rpm and centrifuged at 12,000 g for
15 min at 4 °C to eliminate debris. Supernatants were mixed with
190 ul of chloroform (Sigma) and incubated for 15 min at room
temperature with slow stirring. Following centrifugation at
12,000 g for 15 min at 4 °C the aqueous phase was gently mixed
with 500 pl of isopropanol for 10 min at room temperature and
centrifuged at 12,000 g for 10 min at 4 °C. Pellets were washed
twice with 1 ml of ethanol. Each wash was followed by centrifu-
gation at 10,000 g for 5 min at 4 °C. Subsequently, the pellets were
air-dried and dissolved in DNase/RNase free water. RNA extraction
from isolated thymocytes was carried out with the RNeasy mini kit
(Qiagen) according to the supplier instructions. DNA removal was
performed with Turbo DNA-free (Ambion). RNA quality was
assessed on 1% agarose gels and the yield was quantified with a
Nanodrop spectrometer (ND1000). Samples were stored at —80 °C
until further processing.

Reverse transcription was performed on 1 pg of total RNA using
M-MLV Reverse Transcriptase H™ (Promega) and oligo(dT) 15
primer for 10 min of incubation at 40 °C, 60 min at 45 °C and
15 min at 70 °C. cDNA was stored at —20 °C until performing PCR
using oestrogen receptor subtype specific primers (Table S1) and
1 ul of cDNA (or 2 pl for gpera) as template. In the case of esr1, esr2a
and gpera, Purple Taq (Ozyme) was used and PCR conditions were
95 °C for 2 min followed by 35 cycles at 95 °C for 30 s, 30 s at the
primer specific annealing temperature (Table S1) and 72 °C for 45 s,
followed by a final extension of 72 °C for 5 min. For esr2b and gperb,
Platinum® Taq DNA Polymerase (Thermo Fisher Scientific) was
used and PCR condition were 95° for 5 min followed by 35 cycles at
94 °C for 30 s, 30 s at the specific annealing temperature (Table S1)
and 68 °C for 1 min, followed by a final extension of 68 °C for 5 min.
Negative controls were performed with DNA free water. The size of
the various amplicons was verified on 2% agarose gels. For gperb the
PCR identify was confirmed by sequencing.

2.4. Antibodies

Antisera specific to fish Esr-subtypes were raised in rabbit
against synthetic peptides as described in detail by Pinto et al.
(2009) - see Table 1 for antibodies characteristics. To minimise
the likelihood of interspecies cross-reactivity, sequence alignments
of the respective predicted amino acid sequences were carried out
(Fig. S1-3). In addition, in silico predictions based on these align-
ments and on protein structure prediction, carried out by the Pro-
teogenix (Schiltigheim, France) antibody design team, gave a high
likelihood that the previously antibodies validated for sea bream
and Mozambique tilapia Esrs would well detect the corresponding
sea bass Esrs (data not shown).

For sea bass Esr2b, a new specific polyclonal antibody (pAb) was
produced by Proteogenix against a synthetic peptide targeting the
C-terminal region of D. labrax Esr2b (dIEsr2b). This peptide
(PQPPSHLQPGSHQC) was designed to target the C-terminus of the
dIEsr2b protein in a region with high predicted antigenic index and
hydrophilic profile; this position was also selected based on the
alignment between the Esrs of sea bass and sea bream (Fig. S4), to
increase the cross-reactivity with sea bream Esr2b (and permit

cross-species use) and to avoid cross-reactivity with Esr1/Esr2a
from both species (Fig. S4). The peptide was synthesized, conju-
gated to keyhole limpet hemocyanin and used for immunization of
two New Zealand White rabbits, after sampling of pre-immune
serum. The final antiserum was tested by direct ELISA titration
using the synthetic peptide. Lyophilized antisera were recon-
stituted in 0.2 M Phosphate-Buffered Saline (PBS), pH 7.2, with 40%
of glycerol. Specificity of the antibody was validated by Western
Blot as previously described (Pinto et al., 2009). Briefly, E. coli BL21
lysates containing the recombinant sea bream Esr2b protein were
incubated with the new pAb anti-dIEsr2b (1:60000 and 1:100000)
or with the respective pre-immune serum at the same dilutions, for
1 h, followed by 1 h incubation with an anti-rabbit secondary
antibody (1:35000) and detection by the ECL Plus Western Blotting
Chemiluminescent Detection System (GE Healthcare, UK) until the
best signal was achieved. The expected band size of approx. 85 kDa
was detected with the new anti-dIEsr2b while the pre-immune
control gave none or negligible detection (Fig. S5).

For sea bass Gper immunostaining, two distinct pAb rabbit anti-
human GPER were used (see Table 1). To assess potential specificity
for sea bass Gper isoforms, sequence alignments of the predicted
amino acid sequences were carried out (Fig. S6).

The epithelial cells were immunostained using a mouse
monoclonal antibody (mAb) against human Cytokeratin (Table 1).
For proliferating cells a mouse mAb anti-rat Pcna was used
(Table 1). For the S100-immunostaining a rabbit pAb against cow
S$100 was used (Table 1), S100 protein family is expressed in den-
dritic cells, neurons, fibroblasts, lymphocytes, smooth and skeletal
muscle cells (Picchietti et al., 2015; Zimmer et al., 1995). These
antibodies were previously validated for the thymus of sea bass
(Picchietti et al., 2015).

Mouse mAb and rabbit pAb were diluted in PBS supplemented
with 5% of horse or goat serum according to the species of origin of
the secondary antibody in order to decrease unspecific binding of
the secondary antibody.

Unspecific binding was assessed for each antibody by various
negative controls: (1) omitting the primary antibody, (2) isotype-
matched controls (1/100 rabbit IgG anti-BSA; Sordalab) and (3) a
commercial blocking peptide (sc-48525 P; Santa Cruz Biotech-
nology) preincubated with the corresponding GPER N15 (sc-48525-
R; Santa Cruz Biotechnology) overnight at 4 °C for competitive
binding studies.

2.5. Immunohistochemistry

Thymuses from four different female fish were fixed in Histo-
choice® Tissue Fixative (Sigma) for 3 h at 4 °C and dehydrated in
successive baths of cold graded ethanol. After clearing with His-
tochoice® Clearing Agent (Sigma) and embedding in paraffin, blocs
were serially sectioned at 7 um. Some sections were stained with
Hematoxylin-Eosin-Saffron (HES) or Pappenheim or Periodic Acid-
Schiff (PAS) solutions whilst others were used for immunohisto-
chemistry (IHC).

IHC was performed by ABC-peroxidase with nickel enhance-
ment as previously described (Scapigliati et al., 1995). Briefly, serial
sections were deparaffinised with Histochoice® Clearing Agent,
hydrated in PBS and endogenous peroxidase activity was inacti-
vated with 0.5% H202 in PBS for 20 min. The slides were incubated
overnight at room temperature with the different primary anti-
bodies (Table 1). Subsequently, the slides were washed twice with
PBS and incubated during 1 h at room temperature with a bio-
tinylated horse or goat secondary antibody (Vector laboratories)
with a dilution of 1/1000 in PBS/1% BSA. Slides were rinsed twice in
0.05 M TRIS (pH 7.6) and incubated for 1 h with an avidin-
biotinylated peroxydase complex (ABC KIT, Vector laboratories)

91



M. Paiola et al. / Developmental and Comparative Immunology 77 (2017) 106—120 109

Table 1

Characteristics of the primary antibodies used in immunohistochemistry (IHC) and immunofluorescence (IF); abbreviations as defined in the text.

Antibodies Antigen recognized Clone Antibodies types Working dilution Source Bibliographic references
HC IF
pan-Ck Human Cytokeratin AE1/AE3 Mouse mADb 1/500 - SCB Sea bass (Picchietti et al., 2015)
Pcna Rat Proliferating cell nuclear PC10 Mouse mAb 1/500 - SCB
antigen
S100 Cow S100 Rabbit 1/400 - Dako
pAb
Esrl saEsr1 N-term and C-term Rabbit 1/750 1/250 Sea bream and Mozambique tilapia
pAb (Pinto et al,, 2009)
Esr2a saEsr2a N-term and C-term Rabbit 1/500 1/500
pAb
Esr2b saEsr2b N-term Rabbit 1/100 1/100
pAb
sbEsr2b C-term Rabbit - 1/600 -
pAb
Gper Human GPER conserved N-term N-15 Rabbit 1/100 SCB Sea bream and Common carp
pAb (Cabas et al., 2013; Szwejser et al.,
2017b)
Human GPER conserved 2s Rabbit 6 pg/ml 7.5 pug/ml Thermo -
extracellular pAb Fisher

-mAb: monoclonal antibody
-SCB: Santa Cruz Biotechonology, Inc.

-saEsr1 N-term and C-term: peptide corresponding to N- and C- terminal region of sea bream sparus auratus Esr1

-2s extracellular domain: 15 amino acid peptide from the second extracellular domain

diluted 1/1000 in TRIS. Peroxydase activity was revealed for 5 min
with a solution of 0.05 M TRIS (pH 7.6) with 0.41% (NH4),Ni(SO4),,
0.034% Diaminobenzidine (Sigma) and H;0,. The slides were
washed in TRIS (pH 7.6) solution and then dehydrated, cleaned in
toluene before mounting. The slides were observed with Eclipse
TE2000-U (Nikon) and EVOS FLAuto (life technology) microscopes.

2.6. Flow cytometry

Leucocytes from four fish were adjusted to 1 x 10 cells/ml with
L-15. For immunofluorescence staining, cells were fixed in 1.6%
paraformaldehyde at 16 °C for 20 min adding ice cold 4% PFA
immediately after defrosting, followed by centrifugation at 1200 g
for 3 min at 4 °C, washing and resuspension in PBS. Cells were
incubated with the different primary antibodies (Table 1) diluted in
PBS/5% goat serum/0.1% Tween20 and incubated for 1 h at room
temperature. The cells were centrifuged at 1200 g 3 min at 4 °C,
washed twice with PBS and stained with a secondary anti-rabbit
IgG, coupled to Fluorescein (FITC), diluted in PBS with 1% of
bovine serum albumin for 30 min at room temperature. Before flow
cytometry using a NovoCyteTM (ACEA, Ozyme), washing with PBS
was repeated two more times. For the fluorescence analysis,
doubled and aggregated cells were gated out in the forward-scatter
area (FSC-A) and height (FSC-H) signal. In the FSC-H/SSC-H (side-
scatter) a gate “thymocytes” was created with the software
NovoExpress. Immunofluorescent measurements were carried out
for two independent experiments.

3. Results
3.1. Oestrogen receptor expression in sea bass thymus

The expression of the five oestrogen receptor genes (nuclear
receptors esrl, esr2a, esr2b and membrane receptors gpera and
gperb) in adult sea bass thymus is shown in Fig. 1a. The liver, a
classical oestrogenic target, was utilized as a control tissue and
confirmed the correct amplification of the oestrogen receptors
using the same primers and reaction conditions (Fig. 1a). The
expression of the er-subtypes in the thymus was generally well
detected.

3.2. Presence of oestrogen receptors in isolated thymocytes

The isolated thymocytes also produced well-defined esr1 and
gperb amplicons (Fig. 1a). Amplification of esr2b and esr2a resulted
in slightly weaker bands, but was still clearly detectable, whereas
no gpera expression was detected in isolated thymocytes. Exami-
nation of oestrogen receptors by immunofluorescence and flow
cytometry (Fig. 1b—f), revealed that thymocytes displayed oes-
trogen receptor isoforms at both transcript and protein level. The
signals obtained for the two different antibodies against Esr2b and
Gper, respectively, also provided positive results. All negative
controls, including the isotype-matched control and the blocking
peptide, showed a weaker immunostaining, confirming the binding
specificity (Fig. 1 and Fig. S7).

3.3. Histochemistry of the thymus

3.3.1. Thymus organisation

Our study confirmed the structure previously described for
adult sea bass (Avilés-Trigueros, 1993; O'Neill, 1989). Thymuses
were mainly composed of tightly packed lymphoid cells with
deeply stained nuclei and scant cytoplasm (Fig. 2). The thymic
parenchyma was clearly subdivided into several lobules by in-
vaginations of connective tissue (Ct) named trabeculae deriving
from the capsule. The trabeculae commonly contain migrating
lymphocytes but also nerves and blood vessels that extend into the
perivascular space (PVS) composed of Ct, limiting thymic epithelial
cells (LTECs) and a basal membrane of endothelial cells forming the
blood-thymus barrier (Avilés-Trigueros, 1993; Chilmonczyk, 1983).
The trabeculae dwindle gradually and the vessels terminate as thin
capillaries of very flattened endothelial cells in the medulla of the
thymus, constituting a continuous blood vascular system with the
gill (Avilés-Trigueros, 1993; Sailendri and Muthukkaruppan, 1975).
The lobules were further differentiated into cortex and medulla
with the cortex containing much more lymphoid cells (Fig. 2a and
b). Moreover, the cortex was characterized by higher density of
proliferating Pcna- positive cells, which were localised mainly
within the subcapsular zone (Fig. 2c and d), as observed in one-
year-old sea bass and rat (Forsberg, 1996; Picchietti et al., 2015).
Medially, a continuous capsule of Ct separated the thymus from the
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Fig. 1. a, PCR gel for the detection of Esr (esr1, esr2q, esr2b) and Gper (gpera and gperb) transcripts in the whole thymus, isolated thymocytes and liver of one-year-old European sea
bass, Dicentrarchus labrax, for four different fish (F1—F4); b, Flow cytometric analysis of isolated thymocytes in side-scatter (SSC-H)/forward-scatter (FSC-H) with the gate “thy-
mocytes” used for the green fluorescence (FITC-H) analysis (c—f). Histogram overlays from thymocytes incubated (c—f) without primary antibody (i.e. negative control, auto-
fluorescence) in red, with anti-Esr1 (c), Esr2a (d), Esr2b (e) and Gper (f). The histograms in blue, green and yellow correspond to three different fish. Experimental details in the text.
(For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

muscles of the head (Fig. 2b). As typical for teleost species (Castillo
etal., 1991; Gorgollon, 1983), the thymus was limited laterally from
the gill cavity by an outer zone (OZ) formed by pharyngeal epithelia
and a more or less developed subepithelial zone (Fig. 3), having no
homolog structure in higher vertebrates.

3.3.2. Cellular localization of oestrogen receptors within the thymic
parenchyma

The three nuclear Esr-subtypes and the Gper could be localised
in the thymus of adult female sea bass with varying signal positions
and intensities according to the oestrogen receptor subtypes. In
agreement with the results of immunofluorescence obtained for
one-and-a-half-year-old male and female fish, in the thymic pa-
renchyma and the connective tissue, lymphoid cells were immu-
nopositive for all the nuclear and membrane oestrogen receptors
(Fig. 4d—g). Moreover, especially in the subcapsular zone, the an-
tibodies anti-Esr1 (Fig. 5b) and both anti-Gper (Fig. 5a) strongly
labelled cells with a morphology and a localization similar to LTECs
adjacent to the connective capsule (Fig. 5¢). IHC without the pri-
mary antibodies and with the isotype-matched did not result in any
staining (Fig. 4c). IHC against GPER (N15) with the blocking peptide
showed a significant decrease of the immunostaining confirming
the binding specificity as observed with flow cytometry (Fig. S8).

In the medulla, and to a lesser extent in the cortex, large pyknic
cells (Fig. 6a and b) of a size of ca. 17.5 x 15.5 um (+3.2 x 3.4 s.d.),
similar to myoid cells (MyCs), stained positive for the various re-
ceptor isoforms. The visual impression of staining intensities sug-
gested an order as follows: anti-Gper Abs (Fig. 6g and h) > Esr2a
(Fig. 6k) > Esr1 (Fig. 6i and j) > Esr2b (Fig. 61, m). These cells also
stained immunopositive for S100 (Fig. 6d—f), but negative for Ck
(Fig. 6¢).

In the medulla, but rarely in the cortex, onion-like structures
with a size of ca. 26.3 x 19.7 pm (+9.1 x 4.2 s.d.) reminding of

Hassall's Corpuscles (HCs) were observed with variable frequency
between individuals (Fig. 7). Basically, three structural types could
be distinguished: firstly, structures of a generally smaller size with
a solid centre and eosinophilic staining (Fig. 7a and b), which were
immunopositive for Ck (Fig. 7k, 1) and S100 (Fig. 7n). Secondly,
larger HC-like structures with either eosinophilic or saffron stain-
ing, PAS staining and a degenerative centre (Fig. 7c—g) that were
frequently surrounded by a ring of Ck immunopositive cells (Fig. 7j)
and occasionally associated with S100 immunoreactive cells
(Fig. 70). Thirdly, large degenerative structures, slightly frayed on
the edges, which were strongly PAS positive (Fig. 7h) and colourless
in HES (Fig. 2a). The HC-like structures, generally those of the
smaller type, were immunopositive, to a certain extent, for Esr2a
(Fig. 7u and v), Gper (Fig. 7w—x), Esrl (Fig. 7q—s) and Esr2b
(Fig. 7t).

3.3.3. Cellular localization of oestrogen receptors within thymic
capsule and vascular system

Mast cells (MCs), previously described in the thymic Ct of per-
ciform fish (Mulero et al., 2007), were identified by eosinophilic
staining and a size of 9.4 x 6.7 um (+1.3 x 0.85 s.d.) (Fig. 4a and b).
These cells were strongly immunopositive for Esr1 (Fig. 4d), Esr2a
(Fig. 4e) and, to lesser extent, Esr2b (Fig. 4f) and Gper (Fig. 4g). The
Ct is also composed of S100 immunopositive cells with fusiform
shapes that may be characterized as fibroblasts (Fig. 8a) and S100
immunopositive vessels in the trabeculae (Fig. 8a, c). The vessels in
the trabeculae were also strongly Gper immunopositive (Fig. 8b). In
the Ct of the capsule the vessels were strongly Esr2a (Fig. 8f) and
Gper immunopositive (Fig. 8b), but stained to a lesser extent for
Esr1 (Fig. 8d) and Esr2b (Fig. 8e).

The outer zone (0Z) was composed of epithelial, mucous,
chloride cells, lymphocytes and macrophages (Fig. 3a) (Castillo
et al,, 1991; Gorgollon, 1983). As in the entire thymic parenchyma,
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Fig. 2. Representative histological section of a thymus from adult Dicentrarchus labrax showing thymic lobules and their regionalization in the cortex (C) and medulla (M) with HES
(a) and Pappenheim staining (b). The thymic parenchyma is partially encapsulated in a connective tissue (Ct) forming the lobules with the trabeculae (Tr). b, ¢ show histology and
IHC of successive sections with anti-Pcna staining (for details see text). Pcna immunopositive cells occur mainly within the subcapsular and cortical zone (c, d). OZ: Outer zone, GC:

gill cavity, Ms: muscle, H: degenerated HC-like. Scale bar: 50 pm in a, b, ¢ and 10 pm in d.

numerous Ck immunopositive cells were present within the OZ
(Fig. 3b). The OZ strongly expressed all of the oestrogen receptors
(Fig. 3d—g). Outer perivascular spaces (oPVS) were observed be-
tween the OZ and the cortex (Fig. 3a), within which vessels of
different sizes were strongly S100 immunopositive (Fig. 3c). The
fibroblasts forming the oPVS around the vessels also showed some
S$100-positive immunostaining (Fig. 3c). The oPVS vessels were also
immunopositive for Esr2a, Esr2b, Gper and, to a lesser extent Esrl
(Fig. 3d—g).

Within the thymic parenchyma we could observe inner peri-
vascular spaces (iPVS), also containing vessels and Ck immopositive
LTECs (Fig. 3i), which encompassed Gper immunopositive cells

(Fig. 3m). Vessels of the iPVS expressed the entire set of the oes-
trogen receptors (Fig. 3j—m).

Table 2 summarizes the observations on the Esr and Gper
localization in the thymus of adult sea bass with the oestrogen
receptors distribution retrieved in other vertebrates.

4. Discussion
4.1. Whole organ level

To the best of our knowledge this study presents for the first
time a concurrent expression of membrane and nuclear oestrogen
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Fig. 3. Histological sections of the thymus of Dicentrarchus labrax representing the thymic perivascular system with HES staining (a, h) and IHC using anti-Ck (b, i), anti-S100 (c) and
the five different antibodies against oestrogen receptors (d-g, j-m); for details see text. a, histological organisation of the thymus adjacent to the gill cavity (GC) with the cortex (C)
being separated from the cavity by the pharyngial epithelium (PE) and the outer zone (OZ). Various outer perivascular spaces (0PVS) can be recognized between the outer zone and
the cortex (*). Numerous Ck-positive cells are present in the outer zone (b) as well as S100-positive vessels in the outer perivascular spaces (c). Vessels of the outer perivascular
spaces and numerous cells of the outer zone are immunopositive for Esr1 (d), Esr2a (e), Esr2b (g) and Gper (f). h, inner perivascular spaces (iPVS) of the thymic parenchyma with Ck
immunopositive staining of limiting epithelial cells surrounding inner perivascular space (i). Vessels of the inner perivascular space are immunopositive for Esr1 (j), Esr2a (k), Esr2b
(1) and Gper (m). Limiting epithelial cells of the inner perivascular space also stain positive for Gper (m). Scale bar: 10 pm.

receptor isoforms in the thymus at both the transcriptional and the
protein level.

The expression of esr1, esr2a, esr2b, gpera and gperb in the whole
thymus corroborates earlier findings for the common carp
(Szwejser et al., 2017a) and is in line with studies that report the
expression of multiple oestrogen receptor isoforms in higher ver-
tebrates, such as birds or rodents. The expression of esrl was re-
ported for the thymus of human, rat, mouse, chicken and common
carp (Seiki and Sakabe, 1997; Yonezawa et al., 2008; Szwejser et al.,
2017a) and the expression of esr2 could also be retrieved in the
thymus of human, rat, mouse and common carp (Mor et al., 2001;
Mosselman et al, 1996; Szwejser et al., 2017a). Similarly, the

membrane receptor gper is expressed in the thymus of human,
mouse and common carp (Wang et al, 2008; Olde and Leeb-
Lundberg, 2009; Szwejser et al., 2017a). However, for teleost gper-
isoforms no expression data for a primary lymphoid organ were
available, but expression in the spleen of the European eel has been
reported (Lafontet al., 2016). In teleosts and mammals the presence
and expression of multiple oestrogen receptor isoforms (including
GPER) in lymphoid organs have been associated with an immu-
noregulation by oestrogen (Cabas et al., 2013; Massart et al., 2014;
Seemann et al., 2016; Szwejser et al., 2017a). Together these data
suggest a role of oestrogens in regulating thymus and T cell
development.
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Fig. 4. Histological sections of the thymus of Dicentrarchus labrax stained with either HES (a) or Pappenheim (b), respectively showing mast cells with an eosinophilic staining
(arrow) in the connective tissue and lymphoid cells (head-arrows) in the connective tissue (left) and in the thymic parenchyma (right). Cells with morphology similar to mast cells
and lymphocytes are immunopositive for Esr1 (d), Esr2a (e), Esr2b (f) and Gper (g). ¢, negative control without primary antibodies. Scale bar: 10 pm.

Fig. 5. IHC of histological sections of the thymus of Dicentrarchus labrax stained with anti-Gper (a), anti-Esr1 (b) and anti-Ck (c). Cells situated in the subcapsular zone between the
connective tissue and the thymic parenchyma with the same morphology as the Ck-positive limiting epithelial cells in (c) are also immunopositive for Gper and Esr1. Ct: connective
tissue, C: cortex, Ct: connective tissue, M: medulla. Scale bar: 10 pm.
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Fig. 6. Histological sections showing myoid cell-like structures in the thymus of Dicentrarchus labrax, as rounded cells with an eosinophilic staining with HES both in the medulla (a)
and the cortex (b). IHC against Ck (c), S100 (d—f) and the five different oestrogen receptors (g—m) shows that Ck-negative myoid cell-like structures are associated with Ck
immunopositive cells in their periphery (c). [HC against S100 show negative (d), intermediate (e) and positive (f) myoid like cells. IHC against Gper (g, h), Esr1 (1, j), Esr2a (k), Esr2b

(1, m) results in variable immunostaining of myoid cell-like structure. Scale bar: 10 um.

4.2. Cellular level

4.2.1. Isolated leucocytes

Isolated leucocytes from the thymus expressed membrane and
nuclear oestrogen receptors, both at the transcript and protein
level. This is in agreement with previous reports for fish, in which
oestrogen receptor transcripts and proteins were detected in pe-
ripheral blood and head-kidney leucocytes of several teleost spe-
cies (Iwanowicz et al., 2014; Liarte et al., 2011b; Szwejser et al.,
2017a). Thymic leucocytes constitute a heterogeneous cellular
fraction, which in sea bass is composed of at least 80% of DLT15
cross-reactive cells, i.e. thymocytes that are immunopositive for the
sea bass pan-T cell antibody (Romano et al., 1997; Scapigliati et al.,
1995). We, therefore, conclude that T cells of sea bass express all the
nuclear Esr and Gper isoforms. In mammals, mice and rats, thy-
mocytes were reported to express esrl and esr2 (Kawashima et al.,
1995; Mor et al.,, 2001) and human thymic T cells display ESR1 and
ESR2 (Nancy and Berrih-Aknin, 2005). Binding assays allowed for
the detection of oestrogen receptors in rat, fetal guinean pig and
human thymocytes (Danel et al., 1983; Gulino et al., 1985). More
recently, Katayama and co-worker have shown ESR1 to be present
in thymocytes of chicken (Katayama et al., 2014).

Regarding Gper-isoform expression, the absence of the gpera-
transcript in isolated thymocytes suggests that teleost Gpera and
Gperb have a specific repartition and thus non-redundant biolog-
ical functions. GPERs have been reported to be present and

functional on various immune cells, such as human and teleost
granulocytes (Cabas et al., 2013; Rodenas et al., 2017; Szwejser
et al., 2017a). Murine T lymphocytes and human eosinophils also
display GPER (Schneider et al., 2014; Tamaki et al., 2014).

4.2.2. Thymic epithelial cells

Thymic epithelial cells (TECs), located in the cortex (cTECs) and
medulla (mTECs), respectively, form a three-dimensional network
necessary to develop the thymic T cell repertoire by positive and
negative selection, though other antigen-presenting cells in the
thymus are also involved. A third type of TECs can be distinguished
in the subcapsular, perivascular and peritrabecular zones, between
the thymic parenchyma and the connective tissue as single layer of
LTECs (Romano et al.,, 1999). Fish LTECs have similar features as
those of mammals with apparent secretory capacity related to the
formation of a basal membrane (Avilés-Trigueros, 1993; Castillo
et al,, 1991; van de Wijngaert et al., 1984). LTECs of the subcapsu-
lar zone of the sea bass thymus strongly displayed Gper and Esr1,
the latter also being reported for LTECs of the human and rat
thymus (Seiki and Sakabe, 1997). In rats, humans and chicken,
mTECs highly express ESR1, but this specific expression could not
be confirmed in our study for female adult sea bass. Nevertheless,
the strong immunolabelling of Gper and Esr1 in subcapsular LTECs
suggests that their function in sea bass can potentially be modu-
lated by oestrogens, as reported for mammals (Glucksmann and
Cherry, 1968; Martin et al., 1995; Moreno and Zapata, 1991).
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Fig. 7. Histological sections showing Hassall's corpuscle-like structures (HC-like) in the thymus of Dicentrarchus labrax, with HES (a—f) and PAS (g, h) staining, IHC using anti-Ck
(g-j), anti-S100 (k—n) and five different anti-oestrogen receptors (o-y). a, b, immature HC-like with a solid centre; d-g, mature HC-like with fibrillary structure and/or a
degenerative centre; h, degraded HC-like; i, j, mature HC-like with Ck positive cells in the periphery; k, I, immature HC-like composed of concentrically associated Ck positive cells;
m-p, polymorphic HC-like with varying S100-i eactivity; o-x, poly phic HC-like immunopositive for Esr1 (q—s), Esr2a (u, v), Esr2b (t) and Gper (w, x). Scale bar: 10 um.
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Fig. 8. Histological sections showing the vascular system of the thymus of Dicentrarchus labrax; IHC against S100 (a, ¢) and the five oestrogen receptors (d—f). S100 immunostaining
shows S100-positive vessels inside the trabeculae (a, c) formed by S100 positive fibroblasts (arrowheads). IHC against Esr1 (d), Esr2a (f), Esr2b (e) and Gper (b) show immuno-
positive vessels within the capsula of connective tissue (b, e, f) and trabeculae (b). Scale bar: 10 pm.

Table 2

Thymic cells and structures of female adult Dicentrarchus labrax with their respective nuclear (Esr) and membrane (Gper) oestrogen receptors as well as cellular protein
markers (immunohistochemistry as described in the text). Oestrogen receptor-immunolocalization retrieved in other vertebrates is cited for comparison.

Cell subset Esr1 Esr2a Esr2b Gper Ck S100 ESR and GPER expression in other vertebrates References

Limiting epithelial cells ++ + + ++ i+ + Human and Rat (ESR1) Seiki and Sakabe, 1997

Mast cells +++ F++ + + - - Human and Rat (ESR1) Zaitsu et al., 2007

Thymocytes + + + + - + Human thymic T cell (ESR1, ESR2) Nancy and Berrih-Aknin, 2005

Myoid cells ++ ++ + +++ - ++ na

Hassall's corpuscles +/- +/- +/- +/- ++/- +/— Human and Rat Chicken (ESR1) Seiki and Sakabe, 1997, Yonezawa et al., 2008
Vessels (smooth muscle cells + ++ o+ +++ +[— ++ Human (ESR1, ESR2 and GPER) Prossnitz and Barton, 2014; Usselman et al., 2016.

and endotheliale cells)

n.a.: not available +/—: relative immunostaining intensity as determined by visual inspection.

In vitro and in vivo studies have shown that oestrogen inhibits
thymosin -1 and the SDF-1¢,/CXCL12 production in cortical TECs,
but stimulates thymulin secretion resulting in increased thymulin
serum levels (He et al., 1996; Jin et al.,, 2003; Laan et al., 2016;
Savino et al., 1988). CXCL12 is implicated in the homing of imma-
ture T cells in the outer zone, where their proliferation is

accompanied by somatic gene rearrangement and selection
(Bajoghli et al., 2009; Plotkin et al., 2003).

4.2.3. Myoid cells
MyCs are cells with an ultrastructure and antigen characteristics
similar to muscle cells. The cells observed in the thymus of sea bass
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displayed several similarities with MyCs described as oval/round
eosinophilic cells with a cytoplasm containing myofilaments
organised in sarcomere-like structures around the nucleus. In fish,
MyCs seem to be rare medullary cells (Avilés-Trigueros, 1993;
Gorgollon, 1983; O'Neill, 1989), the increased frequency of which
appears to be associated with thymic involution (Franchini and
Ottaviani, 1999; O'Neill, 1989). The latter can be a seasonal phe-
nomenon in fish and occur towards wintertime (Attia et al., 2010;
Tatner, 1996). The high number of myoid-like cells in the speci-
mens analysed may, therefore, be explained by the sampling dates
at end of November and beginning of December. Notwithstanding
possible thymus involution, the number of proliferating cells indi-
cated a high organ activity in T cell formation. Although, the func-
tional significance of MyCs is still uncertain (reviewed by Zapata
et al, 1996), some authors suggest a role in T cell maturation,
proliferation and apoptosis (Kamo et al., 1985; Le Panse and Berrih-
Aknin, 2005). In view of the predominant localization in the me-
dulla, one may assume that oestrogenic regulation of MyCs would
mostly impact differentiation, negative selection and apoptosis. In
the sea bass thymus we observed that myoid-like cells displayed all
oestrogen receptors, but at quite variable signal intensities, which
could be due to varying maturation states of these cells (Avilés-
Trigueros, 1993; Bornemann and Kirchner, 1998).

4.2.4. Hassall's corpuscles

Although HCs were considered to be generally lacking in sea
bass (Avilés-Trigueros, 1993; O'Neill, 1989; Zapata et al., 1996), we
observed the presence of HC-like structures of variable size and
number in the medulla of adult sea bass. The sea bass HC-like
observed here correspond to the morphology and immunostain-
ing of HCs described in human foetuses and new-born as well as in
amphibian, avian and reptile thymuses (Bodey and Kaiser, 1996;
Raica et al,, 2006; Sakabe et al., 1993; Yurchinskij, 2016), which
are generally formed by TEC arranged concentrically around a
degenerative centre in the medulla of chicken and humans (Bodey
and Kaiser, 1996; Kannan et al., 2015). Similar structures have,
however, been reported occasionally in teleost fish (Bowden et al.,
2005; Cao et al.,, 2017; Romano et al., 1999). The cellular origin of
HCs in humans is not fully elucidated and remains controversial. In
sea bass, as in other vertebrates, HC-like immunoreactivity (CK and
$100) indicates that TECs and MyCs are likely to be responsible for
HC-like formation (Bodey and Kaiser, 1996). Our study demon-
strated immunostaining of all oestrogen receptor isoforms in sea
bass HC-like, however with variable staining intensity. This finding
is consistent with findings from mammals and birds, where HCs
were also immunopositive for ESR1 (Seiki and Sakabe, 1997;
Yonezawa et al., 2008) and modulated by oestrogen treatment,
increasing both in size and number (Ebbesen and Christensen,
1972; Selvaraj and Pitchappan, 1985). HC-function remains un-
clear, but they are believed to be implicated in regulatory T cell
differentiation (Watanabe et al., 2005) induced during pregnancy in
mice (Laan et al., 2016; Zoller et al., 2007).

4.2.5. Vascular system

The vessels dispersed throughout the thymus show particularly
intense staining for Gper and to a lesser extent for the other oes-
trogen receptors, thus suggesting rapid oestrogenic action on the
vascular system of the thymus of sea bass to represent an important
mechanism. In mammals, oestrogen treatment induces, in the
thymus, the degeneration of endothelial cells and vasodilatation
(Martin et al, 1995; Oner and Ozan, 2002). As a matter of fact,
oestrogens are known to affect the cardiovascular system and
inflammation through genomic and non-genomic action via ESR1,
ESR2 and GPER expressed in human endothelial cells and vascular
smooth muscle cells (Prossnitz and Barton, 2014; Usselman et al.,
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2016). In gilthead seabream, Liarte et al. (2011a), suggested that
oestrogen also modulates the inflammatory response and vasodi-
latation through esr1 and er2a expressed in endothelial cells.

4.2.6. Mast cells

In the thymic connective tissue of sea bass, MCs displayed the
different oestrogen receptor isoforms, but it appears that they were
especially immunopositive for Esrl and Esr2a. In mammals and
birds, MCs are present in the medulla and the connective tissue of
the foetal and adult thymus (Ribatti and Crivellato, 2016). The exact
role of MCs in the thymus is not clear, but MCs appear to have a role
in thymus blood vessel homeostasis and organogenesis (Crivellato
et al.,, 2005; Raica et al., 2010). MCs are highly conserved cells that
are key to the crosstalk between the innate and acquired immune
system, for instance in the induction of inflammation (Galindo-
Villegas et al., 2016; Sfacteria et al., 2015). This study is the first
to report the localization of oestrogen receptors in thymic MCs and,
therefore, suggests that oestrogens could modulate sea bass MC-
activity in the thymus. Human MCs have been shown to express
ESR1 and its rapid activation by oestrogen induced a progressive
influx of extracellular Ca®* into MCs and subsequent release of
histamine (Narita et al., 2006; Zaitsu et al., 2007). Oestradiol has
been described to increase the number of MCs in the testis of liz-
ards, the proliferation and the differentiation of MCs in the gonad of
toads and frogs (Lutton and Callard, 2006) and the number of MCs
in the thymus of rat (Oner and Ozan, 2002; Ross and Korenchevsky,
1941). More recently, Chapman et al. (2015) hypothesized that the
oestrogen-mediated activation of MCs plays a fundamental role in
thymic involution during post-puberty and pregnancy. They hy-
pothesized that oestrogen mediated secretion of histamine and
serotonin by MCs could mediate thymic vasodilation leading toa T
cell release and thymic atrophy. Considering the immunolabelling
of the different oestrogen receptors in MCs and in the vascular
system of sea bass thymus, oestrogens could regulate T cell pro-
genitor recruitment and T cell output as proposed for mammals.

5. Conclusion

Oestrogens typically induce volume changes of the thymus in
practically all classes of vertebrates from fish to mammals, which
can be manifested as either atrophy (Lutton and Callard, 2006; Sufi
et al., 1980; Zoller and Kersh, 2006), or hypertrophy (Forsberg,
1996; Kondo et al., 2004; Seemann et al., 2015) depending on the
period, i.e. the “critical window” of exposure (DeWitt et al., 2012).
Histological examination of the distribution of multiple oestrogen
receptors isoforms, including Gper, in D. labrax suggests that thy-
mocytes as well as the thymic microenvironment would be
responsive to oestrogens. Thus, oestrogenic regulation is likely to
be evolutionary conserved amongst gnathostomes. The latter is
inferred from (i) similarities obtained for oestrogen receptor dis-
tribution (e.g. ESR1 and ESR2) in thymic cells of the sea bass and
other vertebrates, notably mammals. Furthermore, (ii) identified
mammalian target cells for oestrogenic action (e.g. LTEC, T cells and
MCs) having key roles in thymic function (e.g. T cell migration,
maturation and apoptosis) express the different oestrogen receptor
subtypes also in sea bass. To the best of our knowledge, this study
represents the first description of the Esr2 and Gper localization
within the thymus and hence suggests a number of different po-
tential target cells with their oestrogen receptor subtypes, repre-
senting new target cells likely to be common with higher
vertebrates (for instance MCs or MyCs) in teleosts that call for
further investigation of their role in thymus function.
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Supplementary materials:

Table S1: Oligonucleotide sequences, annealing temperatures, length of the targeted fragments and references
used for the detection of different oestrogen receptor isoforms

Hybridati
Gene Primers 5’-3’ Amplicon (pb) ybridation
Temperature

F: TGCACTACTCCGGTTCGTTT

esrl 139 60 °C Seemann et al. 2015
R: TGCCACAATATGACCTAACACC
F: TGCAGACAGACCAAACTTGC

esr2a 118 60 °C Seemann et al. 2015
R: TGCAGACAGACCAAACTTGC
F: GATGATGTCCCTCACCAACC

esr2b 116 69°CTD Seemann et al. 2015
R: ACTTCAGCAGGTGGATCTGG
F: GCCACCCTTCTCCCTTTCACC .

gpera 157 69 °C TD Pinto et al., 2016
R: TTCGCCCAATCAGAGAGTAGCAT
F: GCAGGACTACCCCTTGACAG

gperb 176 70°CTD
R: AGACGGATCTTCCTGAGCCT
F: TCTGGAGGACTGTCAGGGGCATGC

113a 145 60 °C

R: AGACGCACAATCTTGAGAGCAG

NB: with TD (touch down), i.e., decrease of 1°C at each cycle over 10 consecutive cycles followed by constant annealing temperature.

saEsr2b
dlEsr2b

Consensus

1 50
MAASPELDSR SLLQLQEVDS SKPSERPSSP RQLPAAYSPP LGMDSHTVCI
MASSPGLDAH PLLQLQEVDS SKASERPNSP GPLPAVYSPP LGMDGHTVCI
MAaSPeLDar pLLQLQEVDS SKaSERPnSP rgLPAaYSPP LGMDgHTVCI

Fig. S1: Partial alignments of the predicted Esr2b amino acid sequences of sea bream (Sparus auratus) and sea
bass (Dicentrarchus labrax) transcripts retrieved respectively from Genbank and the sea bass genome at
http://seabass.mpipz.de/. Accession numbers are as follows: sea bream (Sparus auratus) saEsr2b: Q6HIM4, sea

bass (Dicentrarchus labrax) dlEsr2b: DLAgn 00027190. Amino acid sequence fragments to which the rabbit
pAD raised against the peptide of the N-terminal sea bream Esr2b are directed are shaded.

saEsr2a
dlEsr2a

Consensus

1 50
MAVACSPEKD QSLLQLOKVD SSRV...ILS PVLSSPMETN QPICIPSPYT
MAVASSPEKD QPLLQLOKVD SSRVGGRVLS PILSSSMESS QPICIPSPYT
MAVACSPEKD QpLLQLQKVD SSRV...!LS P!LSSpMEsn QPICIPSPYT

Fig. S2: Partial alignments of the predicted Esr2a amino acid sequences from sea bream (Sparus auratus) and
sea bass (Dicentrarchus labrax) transcripts retrieved respectively from Genbank and the sea bass genome at
http://seabass.mpipz.de/. Accession numbers are as follows: sea bream (Sparus auratus) saEsr2a: QOW6M?2, sea

bass (Dicentrarchus labrax) dlEsr2a: DLAgn 00070020. Amino acid sequence fragments to which the rabbit

pAb raised against the peptide of the N and C-terminal sea bream Esr2a are directed are shaded.

saEsrl
dlEsrl

Consensus

101 150
PSDGSLQSLG SGPNSPLVEV PSSPHLSPFM HPPTHHYLET TSTPIYRSSV
PSDGSLQSLG SGPTSPLVEV PSSPRLSPFM HPPTHHYLET TSTPVYRSSV
PSDGSLQSLG SGPnSPLVFV PSSPrLSPFM HPPTHHYLET TSTP!YRSSV
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151 200
saEsrl PSSQHSVSRE DQCGTSDDSY SVGESGAGAG AAGFEMAKEM RFCAVCSDYA
dlEsrl PSSQQPVSRE DPCGTSDDSY SVGESGAGAR AGGFEMAKDM RFCAVCSDYA

Consensus PSSQgpVSRE DgCGTSDDSY SVGESGAGAr AaGFEMAK#M RFCAVCSDYA

Fig. S3: Partial alignments of the predicted Esrl amino acid sequence of sea bream (sparus auratus) and sea bass
(Dicentrarchus labrax) transcripts retrieved from Genbank. Accession numbers are as follows: sea bream
(sparus auratus) saEsrl: Q9PVZ9, sea bass (Dicentrarchus labrax) dlEsrl: CAD43599.1. Amino acid sequence
fragments to which the rabbit pAb raised against the peptide of the N and C-terminal sea bream Esr1 are directed
are shaded.

551 600
dlEsr2b NVVLVYDLLL EMLDANTSSS GSQPSSSPSS DTYSDQQQQP QPPSHLQPGS
saEsr2b NVVLVYDLLL EMLDANTTTS GSQASSSPTS ETFPDQHQYP QAPSHLQPGS
dlEsr2a NMVPLYDLLL EMLDAHIMHG SRLPHRPPQQ ESRDQREAPA QPQS.SDNGP
saEsr2a NMVPLYDLLL EMLDAHIMHS SRLPRRSPQQ ETVEQCDAPA RPHSPGTSGP

dlEsrl NKVPLYDLLL EMLDAHRIQR PDRPAQSWSQ ADGEPPFTIT TNNNNNNISG
saEsrl NKVPLYDLLL EMLDAHRVHR PDRPAETWSQ ADREPLFT.S RNSSSSSGGG
Consensus N.VplYDLLL EMLDAh..h. ...p..sSp.g €..€...... .p.S....Qg.

601 650
dlEsr2b HQCNTDHGTV PPHGPGVDQI LDGHLQALPL QSSPPFQSLE VPHMDSNDYI
saEsr2b DQAAADHTAV PPRGPAEAPI LDGHLQALTL QSSPHFQSLE MTHMDSNQYI
dlEsr2a SNTWAPSSST GGGGEPQ. .. .ttt titirnnnen venenenens
saEsr2a TNTWTPSC.T GGRGEPQ. .. ..ttt tiiiinnnnn tenennnnnn

dlEsrl GGSTSSAGSS SGPRVSHESP SRGPTCPGVL QYGGSRSDCT HIL.......
saEsrl GGGSSSAGST SGPQVNLESP ....TGPGVL QLRVHPHPMK PTE.......
Consensus  ........ st .g.g.eit i 1

Fig. S4: Partial alignments of the predicted ESR amino acid sequences of sea bass (Dicentrarchus labrax) and
sea bream (Sparus auratus) transcripts retrieved from Genbank and the sea bass genome at
http://seabass.mpipz.de/. Accession numbers are as follows: sea bass (Dicentrarchus labrax) dlEsrl:
CAD43599.1, dlEsr2a: DLAgn 00070020, dlEsr2b: DLAgn 00027190, sea bream (sparus auratus) saEsrl:
QI9PVZ9, saEsr2a: QIW6M?2, saEsr2b: Q6HIM4. Amino acid sequence fragments to which the rabbit pAb
raised against the peptide of the new C-terminal sea bass Esr2b are directed are shaded.
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Protein extract
MW

(kDa) Esr2b Esr2b Esr2b Esr2b

130 iI II

100
AntiEsr2b  AntiEsr2b
I(*) PI() I(+) PI(-)

1:60000 1:100000

70
55

25

15

Antisera

Fig. S5. Western blot of the recombinant sea bream Esr2b protein incubated with the produced anti-dlEsr2b (I,
immune, (+) reaction) or with the respective pre-immune serum (PI or (-) control) at two different dilutions,
detected by the ECL Plus Western Blotting Chemiluminescent Detection System. Molecular weight marker
bands are indicated in kDa.

101 150

hsGPER LAVADLILVA DSLIEVEFNLH ERYYDIAVLC TFMSLFLQVN MYSSVFFLTW
dlGpera LAVADLILVA DSLIEVFNLN EKYYDYAVLC TFMSLFLQVN MYSSIFFLTW
dlGperb LAVADLALVA DSLIEVFNLK QGYYDMASLC TFMNLFQQLN MYSSVEFFLTW
Consensus LAVADLiLVA DSLIEVFNL. #.YYD.AvLC TFMsLF1QvN MYSS!FFLTW

Fig. S6: Partial alignments of the GPER amino acid sequence of human (homo sapiens) and sea bass
(Dicentrarchus labrax) retrieved from Genbank and the sea bass genome at http://seabass.mpipz.de/ (transcript
prediction). Accession numbers are as follows: human (homo sapiens) hsGPER: Q99527, sea bass
(Dicentrarchus labrax) dlGpera: DLAgn 00191960, dlGperb: E6ZGW6. Amino acid sequence fragments to
which the rabbit pAb raised against human GPER 2s extracellular domain (ThermoFisher) are directed are
shaded.
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Fig. S7: Flow cytometric analysis of isolated thymocytes in green fluorescence (FITC-H) from two independent
experiments (a-b). Histogram overlays from thymocytes incubated without primary antibody in blue, with the
isotype-matched control in black, with the blocking peptide in green and with the respective anti-GPER (N-15)
staining in red. Experimental details in the text.

Fig. S8: IHC of histological sections of the thymus of Dicentrarchus labrax incubated, for negative control, with
the antibody against GPER (N-15) pre-incubated with the specific blocking peptide. Scale bar: 10 pm
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In teleosts, as in mammals, the immune system is tightly regulated by sexual steroid hormones, such as
oestrogens. We investigated the effects of 17p-oestradiol on the expression of several genes related to T
cell development and resulting T cell subpopulations in sea bass, Dicentrarchus labrax, for a primary
lymphoid organ, the thymus, and two secondary lymphoid organs, the head-kidney and the spleen. In
parallel, the oxidative burst capacity was assessed in leucocytes of the secondary lymphoid organs.
Apoptosis- and proliferation-related genes, indicative of B and T cell clonal selection and lymphoid
progenitor activity, were not affected by elevated oestrogen-levels. Sex-related oestrogen-responsiveness
in T cell and antigen-presenting cell markers was observed, the expression of which was differentially
induced by oestrogen-exposure in the three lymphoid organs. Remarkably, in the spleen, oestrogen
increased regulatory T cell-related gene expression was associated with a decrease in oxidative burst
capacity. To the best of our knowledge, this study indicates for the first time that physiological levels of
oestrogen are likely to promote immune tolerance by modulating thymic function (i.e., T cell develop-
ment and output) and peripheral T cells in teleosts, similar to previously reported oestrogenic effects in

mammals.

© 2018 Elsevier Ltd. All rights reserved.

1. Introduction

In all jawed vertebrates, T cells constitute the central component
of the adaptive immunity, which develops in the thymus. The
thymus represents an evolutionary innovation of the vertebrate
lineage related to the appearance of somatic gene recombination

Abbreviations: AIRE, autoimmune regulator; APC, antigen-presenting cell; E2,
17B-oestradiol; EE2, 17a-ethinylestradiol; ETP, early thymic progenitor; FOXN1,
forkhead-box nl; FOXP3, forkhead-box p3; HDCFDA, 2',7'-dichlorodihydro-
fluorescein diacetate; GSI, gonado-somatic index; HSI, hepato-somatic index; K,
Fulton's condition factor; MFI, Mean Fluorescent Intensity; MHC, major histocom-
patibility complex; P;, inorganic phosphorus; PCNA, proliferating cells nuclear an-
tigen; PMA, phorbol 12-myristate 13-acetate; RAG1, recombination activating gene
1; ROS, reactive oxygen species; SSI, spleno-somatic index; TCR, T cell receptor; TEC,
thymic epithelial cell; Treg, regulatory T cell; TSA, tissue specific antigen.

* Corresponding author. UMR-I 02 INERIS-URCA-ULH, Unité Stress Environ-
nementaux et Biosurveillance des milieux aquatiques, UFR Sciences et Techniques,
University of Le Havre Normandy, 25 rue Philippe Lebon, 76063 Le Havre, France.

E-mail address: tiphaine.monsinjon@univ-lehavre.fr (T. Monsinjon).

https://doi.org/10.1016/j.dci.2018.01.013
0145-305X/@ 2018 Elsevier Ltd. All rights reserved.

and the production of a high diversity of receptors that recognize
and fend off abnormal cells (Boehm and Swann, 2014; Rauta et al.,
2012). Despite its early evolutionary appearance, the number of
thymic glands per animal, their anatomical location, developmental
origin and functional processes may differ in some detail (Bajoghli
et al,, 2015; Boehm and Swann, 2014; Rodewald, 2008).

The vertebrate immune system has been recognised to interact
with the endocrine system (e.g., Lutton and Callard, 2006; Segner
et al,, 2017). This crosstalk is, notably, characterized by a sexual
dimorphism in immune system performance extensively described
for mammals, but also occasionally reported for birds, reptiles,
amphibians and teleosts (Segner et al., 2017). In mammals, oes-
trogens are key immunomodulatory hormones known to modulate
T cell development and function (Hince et al., 2008; Straub, 2007).
Although oestrogens appear to be evolutionary ancient immuno-
modulators (Burgos-Aceves et al., 2016; Segner et al., 2017; Straub,
2007; Szwejser et al., 2016), knowledge about their effects on T cells
in fish is scarce.
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T cell-function is based on the specificity of a T cell receptor
(TCR), formed by a membrane heterodimer composed either of
TCRy and d chains or of TCRa and B chains, defining two funda-
mentally different T cell lineages: yd T cells have innate-like prop-
erties and bind antigens directly, while o T cells, or conventional T
cells, recognise antigen peptides presented by the major histo-
compatibility complex (MHC) of type I or II (Boehm and Swann,
2014; Buonocore et al., 2012; Chien et al., 2014; Wan et al., 2017).
In the thymus, af T cells differentiate into single positive CD8 and
CD4 T cells, also referred to as cytotoxic and helper T cells,
respectively, by recognition of the peptide-MHC-I or II complex
(Klein et al., 2014; Nakanishi et al., 2015). MHC-I is expressed by all
cell types and MHC-II by specialised antigen-presenting cells
(APCs), such as dendritic cells, macrophages and B cells (Esteban
et al.,, 2015; Lewis et al., 2014; Wilson, 2017).

APCs are important for immune tolerance, because they must
perform several steps of af T cell selection, including central
(positive and negative selection) as well as peripheral selection in
order to screen clones able to discriminate self from nonself
(Audiger et al., 2017; Boehm and Swann, 2014; Li and Rudensky,
2016). APCs also promote specific activation and differentiation of
helper T cells, or regulatory T cells (Tregs), another type of CD4
single positive T cells that are of great importance for immune
tolerance. In fact, Tregs regulate innate and adaptive immune cell
activity and maintain self- and nonself-tolerance (Audiger et al.,
2017; Li and Rudensky, 2016; Steinman and Banchereau, 2007).

The thymus provides, maintains and restores the peripheral T
cell-repertoire (Boehm and Swann, 2014; Manning and Nakanishi,
1996). The teleost thymic and peripheral T cell-differentiation is
depicted in Fig. 1, providing a conceptual framework for the choice
of gene markers used in this study. The transcriptional factor Ikaros
is expressed in early T cell progenitors (ETP) deriving from the
head-kidney (Fig. 1.2A; Bajoghli et al.,, 2009; Lam et al., 2004). ETP
homing, T cell-commitment and -maturation are accomplished by
thymic epithelial cells (TEC) under the regulation of the tran-
scription factor forkhead-box n1 (FOXN1, Bajoghli et al., 2009;
Zuklys et al., 2016). Recombination-activating genes (RAG) 1 and
2 allow for the rearrangement of TCRSJ, v, B and o gene segments
assuring commitment to af or yd T cell subtypes (Fig. 1.2B; Bajoghli
et al,, 2015; Munoz-Ruiz et al., 2017; Yui and Rothenberg, 2014). T
cell fate involves MHC-II+ cells (APCs), such as medullary thymic
epithelial cells (mTEC), which are regulated by the transcription
factor AIRE (autoimmune regulator) (Fig. 1.2C and 1.3; Anderson
and Su, 2016; Bajoghli et al., 2015; Saltis et al., 2008). Treg-differ-
entiation and -function is regulated by the forkhead-box p3
(FOXP3) transcription factor (Fig. 1.2C and 1.3; Li and Rudensky,
2016; Quintana et al., 2010; Sugimoto et al., 2017). Immune cell
homeostasis and tolerance may involve steps of apoptosis mediated
by (1) the extrinsic pathway via Caspase-8 and (2) the intrinsic
pathway via Caspase-9 (Audiger et al., 2017; Bouillet and O'Reilly,
2009; Daley et al., 2017; Luzio et al.,, 2013).

In teleosts, the head-kidney and spleen constitute the major
secondary lymphoid organs (Parra et al., 2013; Rauta et al., 2012;
Zwollo, 2016). The spleen is present in all jawed vertebrates,
whereas the head-kidney is only found in teleost fish (Boehm and
Swann, 2014; Parra et al., 2013). Because lymphopoiesis as well as T
cell-activation are highly dependent on proliferation (Boehm and
Swann, 2014; Chien et al., 2014; Nakanishi et al., 2015), the prolif-
erating cells nuclear antigen (PCNA) gene was also analysed in all
three lymphoid organs.

To elucidate the effects of 17B-oestradiol (E2) on central and
peripheral T cells, European sea bass (Dicentrarchus labrax) were
injected with E2. The resulting changes in E2-levels, were
confirmed by several known plasmatic parameters, such as cal-
cium, phosphorus, or vitellogenin (Vtg). The relative expression of
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ikaros, ragl, foxn1 and aire were analysed in the thymus (Fig. 1)
because they represent thymus-specific function and steps of T cell
development. In addition, caspase8, caspase9, mhc2« chain (mhc2a),
tcra, foxp3 and tcrg were analysed in the thymus, in the head-
kidney and in the spleen. To corroborate the changes in activity
and differentiation of T cells with innate immune cell competence,
the capacity of oxidative burst was measured in leucocytes isolated
from the spleen and the head-kidney.

2. Materials and methods
2.1. Animals

A cohort of fingerlings of D. labrax was obtained from the
hatchery “L'écloserie marine de Gravelines” (Gravelines, France)
and raised in the facilities of “Aquacaux” (Octeville, France) in
1800 L tanks with a continuous flow of filtered and aerated marine
seawater at environmental temperatures until about three years of
age. At this time, the population comprised adolescent males and
females. A few males showed signs of beginning sexual maturity,
but the majority of animals were still sexually immature (see GSI in
Table 1). The animals were fed daily ad libidum with “Turbot label
rouge” fish feed (Le Gouessant, Lamballe, France). All fish were
handled in accordance with the European Union regulations con-
cerning the protection of experimental animals (Dir 2010/63/EU).

2.2. Treatment and sampling

Two successive exposure experiments were carried out, within
one week of interval (Fig. S1). The fish were allotted randomly to
either of the experiments and did not differ significantly with
respect to the different physiological and developmental biometric
indices (see supplementary data, Fig. S2), so that the data of both
experiments were combined. For details on the experimental setup
and validation of the experimental combination see supplementary
materials and methods. Experimental conditions were the same as
for hatchery (Table 1) and monitored at each injection time using a
Multiparameter Meter (HI 9828, HANNA instruments, Woonsocket,
USA). Fish received three consecutive intra-peritoneal injections of
0.5 mg E2/kg, prepared according to Pankhurst et al. (1986), or
vehicle alone (i.e., organic colza oil) at day 1, day 3 and day 6 (for
details on E2-solution preparation see supplementary materials
and methods). At day 7, all fish were anesthetized with tricaine
methanesulfonate (MS 222; Sigma, St. Louis, USA) before weight
and total length were recorded. A blood sample was taken from the
caudal vein with a heparinised syringe, centrifuged at 1000 g and
4°C for 10 min, followed by a subsequent centrifugation of the
supernatant at 3000 g and 4 °C for another 10 min. The plasma was
snap frozen and stored at —80°C until analyses of Vtg-, E2-,
cortisol-, calcium- (Ca%") and inorganic phosphorus- (P;) levels
were carried out; sample sizes for each treatment group and
measurement are specified in Table 2. The fish were sacrificed by an
overdose of MS 222 and subsequent decapitation. Thymus, head-
kidney, spleen, liver and gonads were dissected. Individual tissue
samples of thymus, head-kidney and spleen were immediately
frozen in liquid nitrogen and stored at —80°C for later RNA-
extraction. A part of head-kidney and spleen was gently passed
through a 100 um cell strainer adding Leibovitz medium (L15,
Sigma) and kept two hours at 4 °C for leucocyte isolation and flow
cytometry. Gender was determined by macroscopic observation
and confirmed post hoc by gonad histology. The total length and
weight of the fish body, liver, gonads and spleen were used to
establish the Fulton's condition factor (K), the hepato-somatic
(HSI), the gonado-somatic (GSI) and the spleno-somatic (SSI)
indices according to Hadidi et al. (2008), Robinson et al. (2008) and
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Fig. 1. Successive steps of teleost thymic and peripheral T cell differentiation in steady-state with their genetic markers used in the present study. 1, The head-kidney (i.e., bone
marrow equivalent) contains hematopoietic stem cells providing both myeloid and lymphoid progenitors (Boehm and Swann, 2014; Parra et al., 2013). The common lymphoid
progenitor (CLP) differentiates into the B cell lineage or migrates to the thymus. 2 A, Following homing, early thymic progenitors (ETP) commit to the T cell lineage after interacting
with thymic epithelial cells (TEC) (Bajoghli et al., 2009; Yui and Rothenberg, 2014). 2 B, TCR gene recombination determines the immature T cell fate: apoptosis (death by neglect) or
«f and yd T cell-differentiation following B or yd selection. Committed af T cells undergo positive selection, resulting in CD4 or CD8 SP differentiation (Klein et al., 2014; Munoz-Ruiz
et al., 2017; Turchinovich and Pennington, 2011). 2 C, selected «f T cells can undergo negative selection or Treg-differentiation, two processes important for central tolerance.
Negative selection allows the elimination of potentially harmful autoreactive T cells with a high TCR affinity for the self-peptide-MHC complex by apoptosis (Klein et al., 2014; Li and
Rudensky, 2016). 3, Naive and mature T cells migrate into the secondary lymphoid organs, where they undergo a new selection process important for peripheral tolerance, including
clonal selection and Treg-differentiation (Audiger et al., 2017; Li and Rudensky, 2016). The selected self-tolerant T cells constitute a pool of immunocompetent T cells able to
elaborate and coordinate a specific immune response (Boehm and Swann, 2014; Nakanishi et al., 2015).

Zha et al. (2007), respectively: K (g/cm?) = body weight (g)/total
length (cm)® x 100; HSI (%) = liver weight (g)/body weight (g) x
100; GSI (%) =gonad weight (g)/body weight (g) x 100. Sample
sizes per measurement and treatment group are specified in
Table 2.

2.3. Hormone and mineral plasma levels

E2-, cortisol-, Ca®*- and P;-levels were quantified in duplicate
for each fish as previously described (Pinto et al., 2016). The E2-and
cortisol-levels were analysed by radioimmunoassay using specific
antisera against E2 (Guerreiro et al., 2002) and cortisol (Rotllant
et al., 2005). Free hormones of the heat-denaturated plasma sam-
ples were separated using dextran-coated charcoal. Total plasma
Ca®*- and Pj-levels were quantified using o-cresolphthalein and
phosphomolybdate colorimetric assays, respectively (Spinreact
1001060 and 1001150, Barcelona, Spain).

2.4. Vitellogenin plasma levels

Plasmatic Vtg-levels were determined as described by Pinto
et al. (2016). Briefly, 10 uL of plasma were diluted 1/10 in Tris
buffer, pH 7.8, and mixed with an equal volume of SDS-PAGE
sample buffer, boiled for 5 min, centrifuged at 1700 g for 1 min and
run on an 8% SDS-PAGE with a prestained, dual-color SDS-PAGE
molecular weight marker (ref. 161-0374, Bio-Rad Laboratories,

Hercules, USA). Gels were stained with Coomassie blue, scanned
and digital images captured using Alpha Imager System (Alpha
Innotech, San Leandro, USA). Vtg at 180 kDa was quantified using
Image ] (v.1.48). Total plasma protein was determined after dilution
(1:75) using the Bradford method (Bradford, 1976) with bovine
serum albumin (Sigma) as a standard. The relative plasma level of
Vtg was expressed as band density (pixels/mm?/pg total protein) of
the respective sample.

2.5. Gene expression

Relative gene expression of ikaros, ragl, foxnl and aire was
assessed in the thymus only. Gene expression of tcra, foxp3, tcrg,
pcna, mhc2a, caspase8, caspase9, the elongation factor a1 (ef1a), the
ribosomal protein L13a gene (/13a) and the 40S ribosomal protein
S30 (fau; for sequence determination procedure see supplementary
materials and methods) was assessed in the thymus, the head-
kidney and the spleen. For sample sizes per treatment group and
analysis the reader is referred to Table 2. Details on the respective
primers are given in Table S3. Total RNA was extracted using Tri
Reagent® (Sigma) according to the supplier's instructions. Tissue
samples were homogenised twice in Precellys® tubes (CK14; Bertin
instruments, Montigny-le-Bretonneux, France) for 10 s at 5000 rpm
and subsequently centrifuged at 12,000g for 15minat 4°C to
eliminate debris. After RNA-extraction, possible DNA contamina-
tion was removed by digestion with the TURBO DNA-free Kit
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Table 1

Experimental and physicochemical conditions with somatic indices for each
experimental group (for details and experimental setup see text and supplementary
materials and methods). Values are means and standard deviation (s.d.). GSI,
gonado-somatic index; HSI, hepato-somatic index; K, Fulton's condition factor; SSI,
spleno-somatic index.

Tank volume 1800L

Water flow continuous

Exposure route intraperitoneal injection
E2 doses 0.5 mg/kg injected 3 times

Exposure duration 1 week

Physicochemical conditions November 2014 (Experiment 1)

CTR s.d. E2 s.d.
Temperature (°C) 13.70 + 0.26 13.67 + 0.18
pH 8.13 + 0.52 8.16 + 0.11
Conductivity (mS/cm) 46.54 + 5.96 47.36 + 4.03
Salinity (g/kg) 30.65 + 3.19 32.09 + 0.78
Fish density per tank g/L 7.35 752
Somatic indices
K 1.32 + 0.11 136 + 0.11
GSI 0.50 + 0.31 0.601 + 0.62
SSI 0.10 + 0.04 0.09 + 0.03
HSI 1.21 + 0.27 1.29** + 0.35
Physicochemical conditions December 2014 (Experiment 2)

CTR s.d. E2 s.d.
Temperature (°C) 11.58 + 0.58 11.92 + 0.46
pH 8.68 + 0.58 8.84 + 0.67
Conductivity (mS/cm) 37.55 + 0.53 38.07 + 0.48
Salinity (g/kg) 32.98 + 0.07 33.16 + 0.19
Fish density per tank g/L 9.12 8.80
Somatic indices
K 1.41 + 0.21 136 + 0.11
GSI 0.74 + 0.65 1.02 + 114
SSI 0.11 + 0.03 0.09 + 0.03
HSI 1.52 + 0.34 1.68+ + 0.32

**and +, significantly different between CTR- and E2-groups of the respective
experiment at p < 0.001 (t-test or U- test, respectively).

Table 2
Sample sizes analysed in each treatment group. GSI, gonado-somatic index; HSI,
hepato-somatic index; K, Fulton's condition factor; SSI, spleno-somatic index.

CTR-F E2-F CTR-M E2-M
Biometric index
K 59 55 18 22
GSI 59 54 18 21
SsI 30 27 10 13
HSI 59 55 18 22
Gene expression
Thymus 15 13 5 7
Head-kidney 14 11 9 11
Spleen 12 11 10 8
Plasmatic parameters
E2 26 25 9 10
VIG 8 12 7 6
Ca 26 24 9 10
Pi 26 23 9 10
Cortisol 26 25 9 11
Flow cytometry
Head-kidney 10 9 5 6
Spleen 7 4 4 5

(Invitrogen-Ambion, Carlsbad, USA) according to the supplier's in-
structions. RNA quality was assessed on 1% agarose gels and the
yield was quantified with a Nanodrop One (ThermoFisher, Wal-
tham, USA) at 260 nm and 280 nm. Absorbance ratios 260/280
between 1.93 and 2.01 indicated pure RNA samples. Samples were
stored at —80 °C until further processing.

Reverse transcription was performed using 1 pug of RNA, 0.5 pg of
Oligo(dT), dNTP and M-MLV RT (Promega, Fitchburg, USA) with an
incubation of 5 min at 70 °C and 60 min at 42 °C at a final volume of
25uL and cDNA was stored at —20°C. Real-time qPCR was per-
formed using three technical replicates per individual sample (i.e.,
biological replicate corresponding to the n given in Table 2) by
separately adding cDNA diluted 1:20 in DNase/RNase free water.
Different reaction volumes were employed according to the
respective gene and thermocycler combinations used for qPCR
(Table S3). Two genes (tcrg and ikaros) were analysed in 10 pL using
the Rotor-Gene Q instrument (Qiagen, Hilden, Germany) with
QuantiTect SYBR® Green PCR Kit 5 (Qiagen). The twelve remaining
genes were analysed in either 5 pL, or 1.5 pL with the LightCycler®
480 Instrument II (Roche Molecular Diagnostics, Pleasanton, USA)
with LightCycler® 480 SYBR Green I Master (Roche). Different re-
action volumes were used in order to adjust the cycle threshold
between different genes. A plate linker sample was run on all plates
for each given gene. For the final volume of 1.5 uL reaction mix,
0.5 uL of cDNA and 1 pL of PCR mix (enzyme, dNTP and primers)
were loaded on a 384-microwell plate using a Labcyte Acoustic
Automated Liquid Handler (Echo® 525, Labcyte™, San Jose, USA;
GenomiX platform, Montpellier University). The use of the Labcyte
Echo enables miniaturization of qRT-PCR assay (Agrawal et al.,
2016; Green et al., 2016). Oligonucleotides were used at a final
concentration of either 0.5 uM or 0.75 uM as optimized for each
gene (Table S3). Negative controls were performed with DNA free
water. For LightCycler® 480 SYBR Green I Master gPCR conditions
were as follows: initial incubation at 95 °C for 10 min followed by
45 cycles at 95°C for 10s, 60°C for 10s (for primer specific hy-
bridization temperature see Table S3) and 72°C for 10s. The
QuantiTect qPCR conditions were: 95 °C for 15 min, 94 °C for 15s,
60°C for 30s and 72°C for 30s, with the three last steps being
repeated for 40 times. PCR-products were evaluated on 2% agarose
gels and assessed with the qPCR melting curves. Cycle thresholds
were determined either with LightCycler 1.5480 or with Rotor-
Gene Q software version 2.0.2 (Build 4). For each organ and
primer pair, the PCR amplification efficiency was calculated by se-
rial dilutions of ¢cDNA pooled with samples of all conditions
(experiment, treated, control and gender; see Table S3).

For the quantification of relative gene expression, the reference
genes: efla, [13a and fau (Table S3) emerged to be stably expressed
between control and treatments in males and females for each
organ and experiment (Supplementary data, Fig. S3). The primers
for fau and efla were previously utilized as reference genes in sea
bass by Mitter et al. (2009). Furthermore, [13a and efla were vali-
dated as suitable references genes with xenoestrogen exposure in
teleost fish (Lorin-Nebel et al., 2014; McCurley and Callard, 2008).
The relative expression ratio of a target gene was calculated based
on the formula of Pfaffl (2001) using the efficiency of each primer
pair calculated in each organ (Table S3) and the geometric mean of
the three reference genes as recommended by Vandesompele et al.
(2002). Henceforth, the normalized expression of each analysed
gene is referred to as ‘gene expression’. Furthermore, as a control,
normalization with each reference gene (efla, [13a, fau) was
checked independently.

2.6. Leucocyte isolation and, assessment of the viability and
population distribution

The cell solutions from head-kidney and spleen (see 2.2, “sam-
pling”) were loaded on Histopaque®-1077 (Sigma) and leucocytes
were separated by centrifugation for 30 min at 400 g and 4 °C. The
leucocytes were collected at the interface and washed twice at
1200 g and 4°C for 5 min. The cell concentration was determined
with a hemocytometer and adjusted to 1 x 10° cells per mL. Cell
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mortality was assessed as described by Seemann et al. (2016).
Briefly, the cells were incubated with 50 pg/mL of iodide propidium
at room temperature for 10 min in obscurity. The different cell
types were defined by their granularity/internal complexity (SSC,
side scatter) and their electronic volume. In agreement with pre-
vious work (Granja et al,, 2015; Seemann et al., 2016), two pop-
ulations were identified: the lymphoid and myeloid cells, the
former being of larger size and granularity. The mortality was
assessed as the percentage of lymphoid and myeloid cells with high
red fluorescence. The population distribution corresponded to the
percentage of events in either of the gates for each cell type. Each
flow cytometric measurement was conducted with 25,000 events
in the gate “cells” comprising both cell types. The analyses of flow
cytometry were conducted using the Cell Lab Quanta SC MPL flow
cytometer (Beckman Coulter) and the software Flow]Jo® (version
8.7, Ashland, Oregon, USA).

2.7. Respiratory burst

Respiratory burst was assessed in leucocytes isolated from the
head-kidney and spleen as described by Bado-Nilles et al. (2014).
The analysed sample sizes in each treatment group are specified in
Table 2. Briefly, for each sample two aliquots of cells were incubated
with 5 uM of 2',7'-dichlorodihydrofluorescein diacetate (H2DCFDA,
ThermoFisher) for 30 min. Subsequently, one aliquot was stimu-
lated for 30 min using 2 pg/mL of phorbol 12-myristate 13-acetate
(PMA, Sigma). The membrane permeant H,DCFDA is converted by
intracellular oxidases and esterases to a non-fluorescent product,
which reacts with reactive oxygen species (ROS) and converts it to
the highly fluorescent 2’,7’-dichlorofluorescein (DCF). The green
fluorescence of the unstimulated and stimulated cells was
measured for each gate (lymphoid and myeloid cells). Three
different values were determined: the stimulation index of respi-
ratory burst as the ratio of the mean fluorescent intensity (MFI) of
stimulated cells to unstimulated cells and the MFI (expressing the
level of ROS) of the stimulated and unstimulated cells.

2.8. Statistical analysis

All statistical analyses were conducted using SigmaPlot (version
12.0, Systat Software Inc., San Jose, USA), unless otherwise stated.
Gene expression data are reported as normalised expression and
visualized as box-and-whisker plots, indicating the median, the 25
and 75 percentiles as well as the minimum and maximum values.
The results of flow cytometry are depicted as histograms with
means and standard errors (s.e.). Prior to analyses, outliers were
eliminated using the Grubb's outlier test (for combined data from
all groups, GraphPad Software Inc., La Jolla, USA). The datasets were
checked for normality and equal variances using the Shapiro-Wilk
test and the Levene Median test, respectively. Subsequently, pair-
wise analysis was conducted to compare E2- and CTR-groups for
both genders separately. Were significant differences between
treatments absent, E2- and CTR-groups were combined to check for
possible gender differences. If normal distribution and homosce-
dasticity could be confirmed, an independent Student t-test was
used for pairwise parametric hypothesis testing; otherwise non-
parametric Mann-Whitney U test was conducted. Pairwise linear
correlations were assessed for each grouped data (CTR-F, E2-F, CTR-
M and E2-M with experiments combined) for plasmatic E2, cortisol
and gene-expression levels using the non-parametric Spearman
rank order correlation. The p-values were adjusted for multiple
hypotheses testing by the False Discovery Rate procedure
(Benjamini and Hochberg, 1995), which was set to 15%. The corre-
lations were considered significant at an a-level of 0.4% (p < 0.004)
as determined by the False Discovery Rate.

ive | logy 84 (2018) 48—61
3. Results
3.1. Exposure validation

The efficacy of the E2-treatment was validated by the changes in
the plasmatic levels of E2, Ca®* and P; as well as by the changes in
the HSI for CTR-M, CTR-F, E2-M and E2-F from both experiments
combined (the exact sample sizes of which are displayed in
Table 2). When comparing males and females from the CTR- and
E2-groups (Fig. 2, Table 1), a significant difference in the plasmatic
E2-level (Kruskal-Wallis, H350=49.54, p < 0.001) was revealed. Also,
the HSI values (Kruskal-Wallis, H3 5;=36.75, p <0.001), Ca®* (Krus-
kal-Wallis, Hs=37.58, p<0.001) and P; (Kruskal-Wallis,
H368=15.38, p=0.001) were significantly different. The Tukey-
Kramer post-hoc analyses demonstrated that the E2-exposure
significantly increased plasmatic concentrations of E2 from
0.040 ng/mL + 0.023 s.d. to 2.640 ng/mL + 1.943 s.d. in females and
from 0.044 ng/mL + 0.029 s.d. to 3.560 ng/mL + 0.432 s.d. in males
(both p<0.001; all p-values are listed in Table S10). The Tukey-
Kramer post-hoc analyses indicated a significant increase for the
HSI following E2-treatment in females and males (both p < 0.001;
all p-values are listed in Table S11). The Ca%*- and the P;-levels of
the E2-exposed animals were significantly increased in females
only (both p < 0.001, Tables S12 and S13).

Comparing the CTR and the E2-treatments for males and fe-
males combined (Fig. 2, Table 1), the E2-exposure significantly
increased the plasmatic concentrations of E2 (U test, p <0.001).
Significant increases of Ca** (U test, p < 0.001) P; (U test, p < 0.001)
as well as Vtg (U test, p =0.018) could also be observed.

3.2. Gene expression

Relative gene expression was compared for CTR-M, CTR-F, E2-M
and E2-F from both experiments combined with sample sizes
ranging from n =5 to 15 (exact sample sizes per group and organ
are provided in Table 2).

3.2.1. Thymic homing, T cell maturation and TEC function

E2-treatment did not modulate ikaros-expression in females (t-
test, p = 0.848; Fig. 3), which, however, tended to increase in males
(t-test, p =0.393). The E2-treatment decreased the ragl-expression
level in E2-F, but this was not statistically significant (U test,
p=0.238; Fig. 3). No significant change of rag1-expression could be
detected in E2-M (t-test, p = 0.770).

The E2-treatment did neither significantly decrease foxni-
expression (Fig. 3) in females (U test, p = 0.696), nor in males (t-test,
p =0.963). However, the E2-treatment affected the significantly
positive correlation of foxn1 with ikaros and foxp3 (Table 3 and
Table S14), which was observed in CTR, but not in E2-treated
females.

3.2.2. Thymic and peripheral T cell selection

The E2-treatment significantly increased aire-expression levels
(Fig. 3) in females (U test, p=0.007), but not in males (t-test,
p=0.822).

E2-treatment significantly increased mhc2a-expression in the
thymus of males, but not in females (t-test, p = 0.038 and p = 0.386,
respectively; Fig. 4). This was, however, not the case in the head-
kidney of E2-exposed males (Fig. 4), where a trend to increased
mhc2a-expression level in females was observed (t-test, p = 0.253
and t-test, p = 0.096, respectively). In the spleen, E2-treatment did
neither affect mhc2a-expression in males, nor in females (t-test,
p=0.476 and t-test, p = 0.890; Fig. 4).

E2-treatment did not significantly modulate the expression-
levels of caspase8 and caspase9 (Fig. 4), neither in the thymus of
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females (U test, p=0.800 and p = 0.781, respectively), nor that of
males (t-test, p=0.923 and p = 0.141, respectively). The same was
observed in the head-kidney of females (t-test, p=0.947 and
p=0.856, respectively) and males (t-test, p=0.136 and U test,
p=0.704) as well as in the spleen of females (t-test, p = 0.999 and
p = 0.341, respectively) and males (U test, p=0.661 and p = 0.950,
respectively).

The correlations of caspase9 and caspase8 with ikaros, foxn1, as
well as pcna in the thymus of females are presented in Table 3 and
Table S14. In CTR-F, the expression-level of caspase9 was signifi-
cantly correlated with ikaros and foxnl. Also in CTR-F, capsase8-
expression was significantly correlated with pcna. Similar correla-
tions were not observed in E2-F.

Correlations of the expression-levels of caspase9 and caspase8
with foxp3, tcra and tcrg as well as mhc2a in the head-kidney and
spleen are presented in Tables 3 and 4 as well as Tables S15—18. In
the head-kidney, caspase9-expression showed a significantly posi-
tive correlation with foxp3 in CTR-F, but not in E2-F (Table 3 and
Table S15), whereas this positive correlation was not altered in E2-
M, as compared to CTR-M (Table 4 and Table S16).

3.2.3. Cell proliferation

Following E2-treatment, pcna-expression (Fig. 4) appeared to
decrease in females, but this decrease was not statistically signifi-
cant for any of the three lymphoid organs (U-tests for thymus,
head-kidney, spleen: p = 0.200, p = 0.366, p = 0.079; respectively),
whereas no effect occurred in E2-M (t-tests for thymus and head-
kidney, p=0.981, p=0.351, respectively; U test for spleen,
p=0.885).

The pcna-expression in the head-kidney was positively and
significantly correlated (Table 3 and Table S15) with mhc2a in CTR-
F. This positive correlation was lost in E2-F.

3.2.4. T cell subtypes

In the thymus, E2-treatment tended to decrease the expression-
level of tcra (Fig. 5) in E2-F (t-test, p=0.154), whereas it did not
affect E2-M (t-test, p = 0.286).

In the head-kidney, E2-treatment increased the expression-
level of tcra (Fig. 5) in females, but did not modulate the tcra-
expression in males (t-test, p=0.023 and p = 0.430, respectively).
In the head-kidney of CTR-F and E2-F, tcra- and pcna-expression
showed no significant correlation (Table 3 and Table S15). In the
head-kidney, E2-M showed a significantly positive correlation be-
tween tcra and mhc2a (Table 4 and Table S16); a similar correlation
was not observed in CTR-M.

In the spleen, E2-treatment did not increase the expression-
level of tcra in females (t-test, p=0.605), but it tended to in-
crease in males, albeit not significantly (U test, p = 0.083).

In the E2-treated fish (Fig. 5), the expression-level of foxp3
increased significantly in the thymus of E2-M (t-test, p = 0.036), but
did not in E2-F (p = 0.258, t-test).

In the head-kidney, foxp3-expression was neither modulated in
males, nor in females (t-test, p = 0.642 and p = 0.268, respectively;
Fig. 5). In the spleen, the expression-level of foxp3 was increased in
females, but not in males (t-test, p =0.021 and p = 0.860, respec-
tively). In the male spleen, the E2-treatment resulted in a signifi-
cantly positive correlation of foxp3 with mhc2a and pcna (Table 4
and Table S18). Similar correlations were not observed in the
spleen and head-kidney of CTR-F, CTR-M and E2-F (Tables 3 and 4
and Tables S15—18).

The E2-treatment did neither modify the expression-level of
terg in the thymus of E2-F (U test, p = 0.452; Fig. 5), nor in E2-M (t-
test, p =0.998). However, female thymuses generally had a lower
terg-expression than those of males (U test CTR-F + E2-F vs. CTR-
M + E2-M combined, p = 0.020). In head-kidney and spleen, the E2-
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Table 3

Matrices of Spearman Rank Order correlations between the plasmatic E2-, cortisol- and gene-expression levels in control (CTR-F) and E2-injected females (E2-F) in the thymus
(T), the head-kidney (HK) and the spleen (S). Significantly positive correlations (p < 0.004) are marked as green, chequered squares. Yellow, dotted squares signify insufficient
replicate number (n < 5) and, therefore, absence of correlation. Redundant data are depicted as shaded squares. Casp, Caspase; other abbreviations as in text.

Thymus Head-kidne: Spleen

x

foxp3-HK

cortisol
ikaros
ragl
foxnl
aire
rera-T
foxp3-T
terg-T
mhe2-T
pena-T
casp8-T
casp9-T
rera-HK
rerg-HK
mhe2-HK
pena-Hi
casp8-HK
casp9-HK
rera-S
foxp3-S
rerg-S
mhe2-S
pena-S
casp8-S
casp9-S

E2-F

foxp3-T
terg-T
mhc2-T
pena-T
casp8-T
casp9-T
tcra-HK
foxp3-HK
rerg-HK
mhe2-HK
|pena-HK
casp8-HK
casp9-HK
cra-S
foxp3-S
terg-S
mhc2-S
pcna-S
casp8-S
casp9-S

cortisol
ikaros
ragl
foxnl
ire
tera-T

E2
cortisol
ikaros
ragl
foxn ]

aire

tera-T
foxp3-T
terg-T
mhc2-T
|pena-T
caspS-T
casp9-T
tera-HK

| foxp3-HK
rerg-HK
mhc2-HK B
| pena-HK
casp8-HK
casp9-HK
tcra-S
foxp3-S
terg-S
mhe2-S
\pcna-S
casp8-S
casp9-S
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Fig. 4. Relative expression of antigen-presenting cell and cellular homeostasis-related
genes, mhc2a, caspase8, caspase9 and pcna, in thymus, head-kidney and spleen of sea
bass, Dicentrarchus labrax, in females (F) and males (M) of E2-exposed (E2) and control
(CTR) fish. Relative expression-levels are represented by box-and-whisker plots with
the median, 25% and 75% quartiles as well as extreme values depicted by the bars. *,
significantly different at p = 0.038 (t-test).

treatment increased the expression-level of tcrg in E2-M (t-test,
p=0.037 and p = 0.030, respectively), but had no effect in E2-F (U
test, p=0.869, t-test, p=0.170). In spleen, the E2-M showed a
positive and strong correlation (Table 4B and Table S18) between
tcrg, mhc2a and pena. Similar correlations were not observed in the
spleen of CTR-M, CTR-F and E2-F, nor in the head-kidney of E2-M,
CTR-M and E2-F (Tables 3—4A and Tables S15-18).

In CTR-M, but not E2-M, the expression of tcrg in the head-
kidney and spleen was positively and significantly correlated
(r=0.850 p <0.001; r=0.393, p = 0.341).

3.3. Flow cytometry

Respiratory burst was assessed by flow cytometry for CTR-M,
CTR-F, E2-M and E2-F from both experiments combined with
sample sizes ranging from n = 4 to 10 (exact sample sizes per group
and organ are displayed in Table 2).

3.3.1. Leucocyte mortality and distribution

E2-treatment did neither significantly alter the mortality of the
lymphocytes and myeloid cells isolated from the head-kidney (t-
test, p=0.126 and p = 0.961, respectively), nor from the spleen (t-
test, p=0.601 and p = 0.485, respectively) (Fig. 6b). In addition, no
effect of E2-treatment was observed for the population distribution
of isolated leucocytes from the head-kidney and spleen.

3.3.2. Oxidative burst
E2-treatment did not affect the basal ROS-level (unstimulated,
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i.e., without PMA) of isolated leucocytes from the head-kidney or
the spleen (Fig. 6¢). Similarly, no statistically significant effect of E2-
treatment on the ROS-levels of stimulated (i.e., with PMA) lym-
phocytes and myeloid cells isolated from the head-kidney could be
observed (t-test, p =0.914; U test, p = 0.361, respectively). On the
contrary, E2-treatment significantly decreased the ROS-levels of
stimulated cells (with PMA) from the spleen: the MFI in lympho-
cytes of E2-treated animals was less than half as compared to
controls (44.03 + 1141 s.e. vs. 94.38 + 14.98 s.e.; U test, p=0.016)
and about the same was observed in myeloid cells (223.6 +54.77
s.e. vs. 446.9 + 17.85 s.e.; U test, p = 0.016). The oxidative burst in-
dex for lymphocytes of the head-kidney remained unaffected by
E2-treatment (CTR 3.89+0.46 s.e. vs. E2 3.90+0.40; U test,
p=0.836), as was the case for myeloid cells (CTR 6.315 + 0.736 s.e.
vs. E2 7.824 + 1.039; U test, p = 0.333). In the spleen, E2-treatment
significantly decreased the oxidative burst index in lymphocytes
with 3.205 + 0.424 s.e. in CTR vs. 1.854 + 0.420 in E2-treated fish (U
test, p = 0.022). A similar effect seemed to occur in the myeloid cells
from the spleen with 4.770 + 0.467 in CIR vs. 3.488 +0.756 in E2-
treated animals, but without this difference being statistically sig-
nificant (t-test, p = 0.168).

4. Discussion

The three intra-peritoneal injections with E2 over one week lead
to clearly elevated E2-plasma levels, which were similar to con-
centrations observed in female sea bass during the spawning sea-
son (Mananos et al., 1997; Navas et al, 1998). Hence, the E2-
treatment was both efficient and situated within the physiolog-
ical range of E2-titers. The effectiveness of the E2-treatment, was
further underscored by a significant increase of Ca*-, P;- and Vtg-
levels in the serum, all of which are known to be induced by E2
(Nelson and Habibi, 2013; Pinto et al., 2016). As the liver produces
Vtg, the increased HSI is coherent with an E2-stimulated Vtg-
synthesis. Similarly, an increase of the HSI has been observed af-
ter 17a-ethynylestradiol (EE2) treatment in other teleost species
(Rodenas et al., 2016; Zha et al., 2007).

According to the oestrogenic modulation of the adaptive im-
mune system and the thymus plasticity described for teleosts and
other vertebrates (Lutton and Callard, 2006; Seemann et al., 2015;
Segner et al., 2017; Szwejser et al., 2016), this study suggests that
E2 modulates thymic and peripheral T cell-maturation in a complex
manner, as outlined in the following.

4.1. Thymic T cell development and release

4.1.1. Thymic homing

The ETPs are represented by ikaros-expression, which, in
zebrafish, is up-regulated before ETPs begin to express ragl. This
probably occurs after progenitor cells are committed to the T cell
lineage, just like in mammals (Fig. 1.2A; Lam et al., 2004; Yui and
Rothenberg, 2014). E2-treatment of sea bass did not significantly
affect the expression-level of ikaros in our experiments. This sug-
gests that the colonization of the thymus by ETPs was not modu-
lated by physiological E2-levels, as opposed to the rapid decline of
ETPs observed in mice after E2-injection or during pregnancy
(Zoller et al., 2007; Zoller and Kersh, 2006).

4.1.2. T cell-maturation and TEC function

The T cell-maturation, -selection and -differentiation involves
the transcription factors FOXN1 and AIRE expressed in TEC (Fig. 1.2;
Abramson and Anderson, 2017; Anderson and Su, 2016; Bajoghli
et al.,, 2015, 2009; Saltis et al., 2008; Zuklys et al., 2016). In the
thymus of sea bass, E2-treatment did not significantly affect the
expression-level of foxn1. However, the E2-treatment (1) increased
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Table 4

Matrices of Spearman Rank Order correlations between the plasmatic E2-, cortisol- and gene-expression levels in control (CTR-M) and E2-injected males (E2-M) in the thymus
(T), the head-kidney (HK) and the spleen (S). Significantly positive correlations (p < 0.004) are marked as green, chequered squares. Yellow, dotted squares signify insufficient
replicate number (n < 5) and, therefore, absence of correlation. Redundant data are depicted as shaded squares. Casp, Caspase; other abbreviations as in text.
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foxp3-HK
terg-HK
mhe2-HK
casp8-HK
casp9-HK
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aire
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the aire-expression level, and (2) eliminated the significant corre-
lation of foxn1-expression with ikaros and foxp3 in females, which
suggests that E2 modulated TEC function and, hence, thymic T cell
maturation (Bajoghli et al., 2015; Klein et al., 2014). These obser-
vations are in good agreement with the mammalian oestrogenic
modulation of TEC function demonstrated both in vivo and in vitro
(Dragin et al., 2016; Jin et al., 2003; Martin et al., 1995a).

4.1.3. Tcell lineage subtype commitment

Early RAG1/2+ T cell lineage committed progenitors possibly
differentiate into yd or &f T cells (Fig. 1.2B). In sea bass, E2 tended to
decrease the expression of ragl in the thymus of females. This
suggests that E2 does not halt early T cell-maturation in teleosts, as
proposed for mammals (Bernardi et al., 2015; Rijhsinghani et al.,
1996). The fyd-selection is characterized by the expression of
TCRyd and, to some extent, by a lower proliferation in comparison
to the B-selected cells (Mufioz-Ruiz et al., 2017; Turchinovich and
Pennington, 2011; Yui and Rothenberg, 2014). In the present
study, expression of tcrg in the thymus was not affected by E2-
treatment, neither in males, nor in females. Female sea bass,
however, expressed significantly lower levels of tcrg. In addition, E2
tended to decrease the relative expression of pcna in female sea
bass. Overall, these results suggest that sex steroids, such as E2,
have the potential to modulate T cell subtype commitment. Because
E2-treatment did not change the expression-level of tcra in the
thymus of males and females, there was no indication of E2
affecting the «B T cell lineage. This suggests that the main thymic T
cell lineage, i.e., the af T cells, would remain weakly affected after
one week of elevated physiological E2-levels.

In the mammalian thymus, E2-exposure increased the
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proportion of T cells with mature phenotypes CD3, CD4 or CD8 SP.
Therefore, E2 was presumed to stimulate an alternative intrathymic
pathway of CD4 and CD8 double negative T cell maturation
including af and yd T cells (Abo, 2001; Chapman et al., 2015;
Rijhsinghani et al., 1996; Screpanti et al., 1991). Except for the yd
Tcells, this intrathymic pathway could not be directly evidenced for
the sea bass thymus, because, although sex-depended differences
existed, no treatment effect became visible. Any confirmation of
whether such an alternative intrathymic pathways exists is
hampered by the lack of specific markers, which can distinguish
unconventional T cells (Cheroutre et al., 2011).

4.14. Central tolerance

The increase of aire- and mhc2a-expression in male and female
sea bass following E2-treatment could indicate an increased central
tolerance (Fig. 1.2 C). Interestingly, aire-expression in mammals is
also regulated by oestrogen, where it was, however, reported to
decrease the number of AIRE+ TECs and AIRE-expression in TECs,
resulting in a decrease of AIRE-dependent tissue specific antigen-
production and an increase in the prevalence of autoimmune dis-
eases (Anderson and Su, 2016; Dragin et al., 2016; Klein et al., 2014).
Given the potential functional conservation of AIRE and MHC-11in T
cell selection of jawed vertebrates (Bajoghli et al., 2015; Lewis et al.,
2014; Saltis et al., 2008), our results suggest that E2 enhanced
central tolerance in female and in male sea bass.

The putative increase of central tolerance may result in
increased immature T cell-apoptosis in the thymus, as it has been
reported for mice or lizard (Do et al., 2002; Hareramadas and Rai,
2006; Wang et al., 2008). In sea bass, however, the E2-treatment
did not affect the caspase-expressions. On the one hand, this sug-
gests that in teleosts, E2 does not strongly affect T cell-apoptosis. On
the other hand, the lack of an obvious E2-induced apoptosis is in
agreement with the observations of Chapman et al. (2015), who
proposed that E2 does not enhance thymic T cell-apoptosis at
physiological concentrations.

The increase of central tolerance may also result in an increase
of Treg-differentiation. For instance, the proportion of thymus-
derived Treg increased with elevated E2-levels during early preg-
nancy in mice (Teles et al., 2013). Interestingly, in male sea bass, the
expression of foxp3 increased concomitantly to the increase in
mhc2a-expression, suggesting that E2 induced Treg-differentiation.
This observation provides additional support for the E2-induced
central tolerance in sea bass.

4.15. T cell migration

Considering the peripheral . T cells (Fig. 1.3), we observed that
E2-treatment significantly increased the expression-level of tcra in
the head-kidney of females. It also tended to increase tcra in the
spleen of males. These changes could derive from T cell-activation,
characterized by a stimulation of proliferation. As no significant
increase of pcna-expression was observed and no correlation be-
tween the expression-levels of pcna and tcra could be determined,
one may hypothesise that the increase of tcra-expression is due to
an increased «f T cell input in the head-kidney. These af T cells are
probably coming from the thymus, which is the main source of T
cells (Boehm and Swann, 2014; Manning and Nakanishi, 1996). This
interpretation is in line with the rapid increase of the number of T
cells in the head-kidney of gilthead sea bream following EE2-
exposure observed by Rodenas et al. (2017). Likewise, these au-
thors could not detect any effect of EE2 on T cell proliferation.

As for the peripheral 3 T cells, E2-treatment resulted in an (1)
increase of tcrg-expression in the head-kidney and the spleen of
male sea bass, and a (2) strongly positive correlation of tcrg with
pcna and mhc2a in spleen, but not in head-kidney. Because
mammalian yd T cells can show clonal expansion (Chien et al.,
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2014), and because yd T cells express MHC-II (Chien et al., 2014;
Wan et al., 2017), our observations suggest that E2 induced prolif-
eration and entry of ¥d T cells in the spleen and the head-kidney,
respectively. Furthermore, it may be assumed that yd T cells of
the head-kidney and the spleen represent two distinct populations.

These interpretations, together with the lower expression of tcrg
in the thymus of females as well as the potentially E2-induced in-
crease of af T cells in the head-kidney of females, suggest that E2
induced thymic T cell output in sea bass, similar to observations
made in mammals (Chapman et al., 2015; Martin et al., 1995a). This
T cell-release is believed to be promoted by an E2-mediated vaso-
dilatation, which is induced by thymic mast cell-activation
(Chapman et al.,, 2015). A similar mechanism may be assumed in
sea bass, as Paiola et al. (2017) detected nuclear and membrane
oestrogen receptor expression in the thymic vessels and mast cells
of D. labrax. In mammals, these E2-mediated changes of T cell-
output have been associated with a stimulation of an alternative
intrathymic pathway of T cell-maturation (Abo, 2001; Chapman
et al., 2015). Similar effects are, therefore, likely to occur in the
thymus of sea bass.

4.1.6. Thymic APC migration and differentiation

Because E2 increased mhc2a-expression in the thymus of males,
one may assume that E2 stimulated antigen presentation in the
thymus of male sea bass, as it was described for mammals (Wira
et al,, 2003). Correspondingly, in the mammalian thymus, E2 in-
creases thymic migration and/or differentiation of several potential
APCs, such as B cells, plasma cells, macrophages and granulocytes
(Martin et al., 1994, 1995b; Ross and Korenchevsky, 1941). The in-
crease of foxp3 in male sea bass, which occurred concomitantly to
the increase of mhc2a-expression, corroborates this interpretation.
As a matter of fact, an increased number of APCs (both mTEC and

DC) has been shown to stimulate thymus-derived Treg-generation
(Abramson and Anderson, 2017; Lin et al, 2016). This would
confirm that E2 modulates T cell fate in the thymus of sea bass.

4.2. Peripheral tolerance and T cell differentiation

In the periphery, naive and mature T cells undergo supple-
mentary selection and differentiation (Fig. 1.3). At first sight, E2 did
not alter B and T cell clonal selection, because caspase-expression
was not significantly modulated by E2-treatment. This interpreta-
tion is further underscored by an unaltered leucocyte viability in
the spleen and head-kidney following E2-treatment. At closer ex-
amination, however, E2-treatment strongly increased the foxp3-
expression in the spleen of females, suggesting an E2-related in-
duction of peripheral T cell-differentiation or a migration of
thymus-derived Tregs. Interestingly, a highly significant and posi-
tive correlation of foxp3 with mhc2a as well as pcna was observed in
the spleen of males following E2-treatment. By presenting the
peptide-MHC-II complex, APCs induce Treg-differentiation fol-
lowed by a high level of proliferation (Li and Rudensky, 2016).
Accordingly, one may assume that in the spleen of sea bass, E2
induced Treg-differentiation in females and, to a lesser extent, in
males. Interestingly, pregnancy as well as in vitro and in vivo E2-
treatment both increased the proportion of Treg and foxp3-
expression and FOXP3-levels in the spleen of female mice
(Polanczyk et al., 2004, 2005; Tai et al., 2008). This is likely to
enhance the suppressive activity of Tregs (Polanczyk et al., 2005). In
teleosts, FOXP3 is believed to have a similar function in Tregs
(Quintana et al., 2010; Sugimoto et al., 2017; Wen et al., 2011).
Therefore, the E2-mediated increase of foxp3-levels in the spleen
suggests that E2 promotes tolerance and anti-inflammatory activity
through an expansion of FOXP3+ af Treg cells in the spleen of sea
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bass, similar to the situation described for mammals. This inter-
pretation is further corroborated by the fact that the inhibition of
oxidative burst capacity occurred solely in the spleen, but not in the
head-kidney.

Furthermore, in the male spleen, the apparent E2-mediated
anti-inflammatory response could also result from the increase of
vd T cells with a regulatory phenotype. Indeed, high E2-levels
promote immune tolerance during pregnancy in mammals, by
increasing peripheral yd Tregs (Chapman et al.,, 2015). One may
speculate that this also the case in fish, although the corresponding
vd T cell subtypes have not yet been identified in teleosts.

5. Conclusion

The results of this study covering T cell-related gene expression
in the sea bass provide evidence for E2-induced immune tolerance
by qualitatively and quantitatively modulating the peripheral T cell
subsets in D. labrax. Two mechanisms are likely to be involved: (1) a
modulation of the thymic function, such as the T cell lineage
commitment and release, i.e., the stimulation of an intrathymic
alternative pathway of T cell maturation, and (2) a modulation of
the differentiation and/or the activity of mature/peripheral T cells.
Similar mechanisms of E2-action on the thymus and peripheral
lymphoid organs have been identified in mammals (Abo, 2001;
Chapman et al., 2015; Polanczyk et al., 2005). The gender-specific
behaviour of the different T cell subsets in the various lymphoid
organs underscores the implication of oestrogens in these
processes.

During mammalian pregnancy, the expansion of Treg, double
negative of and yd T cells in peripheral organs, including the
spleen, is believed to be important to avoid a detrimental immune
response against the semiallogenic foetus (Chapman et al., 2015;
Clark, 2016). Our study suggests that the E2-induced increase of T
cell-mediated peripheral tolerance is evolutionarily conserved in
jawed vertebrates. In sea bass, higher plasmatic levels of E2 are
associated with seasonal events of reproduction, migration and a
switch to nocturnal feeding and locomotor behaviour (del Pozo
et al,, 2014; Mafianos et al., 1997). Consequently, the promotion of
immune tolerance by E2 could be related to changes in diet, energy
budget and reserves as well as environmental pathogens.
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Supplementary data

A-Materials and Methods:

E2 solution preparation: E2-solutions of 0.5 mg/mL, 1 mg/mL and 2mg/mL were freshly
prepared before each experiment, allowing for minimal volumes to be injected. Briefly, 173-
oestradiol (E8875; Sigma, St. Louis, USA) was dissolved at 50 mg/mL in absolute ethanol,
dispersed in organic colza oil (La Vie Claire, Montagny, France) and incubated overnight in
obscurity at 30 °C to evaporate the solvent. The vehicle control was prepared in exactly the
same way, but without E2. During each experiment, the solutions were conserved in obscurity
at 4 °C.

Statistical analysis: To evaluate if the eight experimental groups including control (CTR),
exposed (E2), females (F) and males (M) from the experiment of November (1) and
December (2) (i.e., CTR-F-1, CTR-F-2, E2-F-1, E2-F-2, CTR-M-1, CTR-M-2, E2-M-1 and
E2-M-2) could be combined (See figure S1), a Kruskal-Wallis rank sum-test was applied to
compare the different biometric indices (K, GSI, SSI and HSI) and the plasmatic levels of
cortisol, E2, Ca**, Pi and Vtg followed by a Tukey-Kramer (Nemenyi) post-hoc test (see
Table S1 for the overall sample size analysis). Afterwards, the biometric indices and the
plasmatic parameters were compared between the male and female treatment groups (E2 and
CTR) from both experiments combined. Subsequently, pairwise analysis was conducted to
compare E2 and CTR groups for both genders. Furthermore, for different parameters E2- and
CTR-groups were combined to detect possible gender differences. For pairwise analysis, if
normal distribution and homoscedasticity could be confirmed, an independent Student #-test
was used for parametric hypothesis testing; otherwise non-parametric Mann-Whitney U-test
was conducted.
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3 years of age
female and male sea bass

CTR E2 CTR E2
Q CTR-F-1 n=32 E2-F-1 n=32 CTR-F-2 n=27 E2-F-2 n=23
d i{|CTR-M-1 n=7 E2-M-1 n=7 CTR-M-2 n=11|| E2-M-2 n=15
tank 1 tank 2 tank 1 tank 2
Experiment 1 Experiment 2
18™ November 2014 2nd December 2014
—> § experimental groups

o~ .

»  Can the experimental groups be combined in
4 treatment groups (CTR-F, E2-F and CTR-M, E2-M)?

, . 4

L Statistical analysis between the 8 groups, and between the 4 treatment groups:

=

v K
v SSI
v GSI

v Plasmatic cortisol level
=>» No significant differences between respective groups

v' Experiment 1 and 2 can be combined and CTR vs E2 can be compared for both genders

v

\\3/ E2-exposure validation,
statistical analysis (CTR-F vs E2-F
and CTR-M vs. E2-M):

v" Plasmatic CaZ*, Pi, cortisol
and E2 levels
v HSI

=> Significant differences

\ Z Validation of the experiments combination,
statistical analysis to evaluate difference within
CTR- and E2-groups (e.g., CTR-F-1 vs CTR-F-2):

v’ HSI
v' Plasmatic Ca?*, Pi and E2 levels

=> No significant differences

Figure S1: Experimental setup and procedure to validate the pooling of the two experiments. Two successive E2
exposures were conducted leading to 8 experimental groups corresponding to the control and treated fish from
both genders and both experiments, i.e., CTR-F-1, CTR-F-2, E2-F-1, E2-F-2, CTR-M-1, CTR-M-2, E2-M-1 and
E2-M-2. To validate that both experiments can be combined in four treatment groups including the control and
treated groups of both genders (CTR-F, E2-F, CTR-M and E2-M), Fulton’s condition factor (K), spleno-somatic
index (SSI), gonado-somatic index (GSI) and plasmatic cortisol-level were compared. Because no statistically
significant difference could be detected when comparing between the treatment groups for both sexes, the
experiments were combined. As a confirmation, no statistically significant differences were observed when
comparing: the hepato-somatic index (HSI) and the plasmatic level of Ca?*, P; and E2 between the respective
treatment groups. Subsequently, the E2-exposure was validated with both experiments combined using the
plasmatic Ca?'-, Pi- and cortisol-levels as well as the HSI. The different groups were compared using a Kruskal-
Wallis rank sum-test followed by a Tukey-Kramer (Nemenyi) post-hoc test.
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Table S1: Sample sizes analysed in each experimental group.

Experiment 1 (November 2014) Experiment 2 (December 2014)
Biometric index CTR-F-1  CTR-M-1 E2-F-1 E2-M-1 Biometric index CTR-F-2  CTR-M-2 E2-F-2 E2-M-2
K 32 7 32 7 K 27 11 23 15
GSI 32 7 32 7 GSI 27 11 22 14
SSI 16 4 16 4 SSI 14 6 11 9
HSI 32 7 32 7 HSI 27 11 23 15
Gene expression Gene expression
Thymus 6 2 7 2 Thymus 9 3 6 5
Head-kidney 8 4 6 4 Head-kidney 6 5 5 7
Spleen 8 4 6 3 Spleen 4 6 5 5
Plasmatic parameters Plasmatic parameters
E2 13 3 13 3 E2 13 6 12 7
VTG 4 2 7 2 VTG 4 5 5 4
Ca 13 3 13 3 Ca 13 6 11 7
Pi 13 3 12 3 Pi 13 6 11 7
Cortisol 13 3 13 3 Cortisol 13 6 12 8
Flow cytometry Flow cytometry
Head-kidney 4 2 4 2 Head-kidney 6 3 5 4
Spleen 4 2 3 2 Spleen 4 1 1 3

Partial gene sequences determination: For foxnl and ikaros transcript quantification, we first
designed primers for conserved sequences by multi-sequence alignments of the following
sequences: Danio rerio, Accession no. AF092175.1; Homo sapiens, BC018349.1; Xenopus
tropicalis, 001015698.1; Gallus gallus, 205088.1; Larimichtys crocea, 010734525.1 ; Salmo
salar, 001173899.1 for ikaros and Larimichthys crocea, 010735826.1; Danio rerio, 212573.1,
Oryzias latipes, AB274724.1, Stegastes partitus, 008295040.1, Poecilia Formosa,
007563077.1 for foxnl. Partial gene sequences of D. labrax ikaros and foxnl were amplified
using the primers specific for the conserved parts of the sequence (Table S2). PCR was
performed with cDNA from the thymus of sea bass, specific primers and the Purple Taq
(Ozyme, Montigny-le-Bretonneux, France). Negative controls were performed with DNA free
water. PCR conditions were as follows: initial incubation at 95°C for 2min followed by 72°C
for 5Smin. For all genes, 40 cycles at 95° for 30s, 60° for 30s (the hybridization temperature is
primer specific, see Table S2) and 72°C for 45s were carried out for the Purple Taq. The size
of the various amplicons was determined on 2% agarose gels. The PCR product were purified
using the Wizard® SV Gel and PCR Clean-Up System (Promega, Fitchburg, USA) and
following the manufacturer instructions. Purified PCR products were then sequenced to
validate the amplification specificity and to design specific primers for gPCR (Table S3).

* decrease of 1°C at each cycle over 10 consecutive cycles followed by constant hybridation temperature.

Table S2: Oligonucleotide sequences used to amplify and sequence partial D.
labrax sequences

Amplicon  Hybridation

Genes Primers 5°-3’
pb Temperature

F: GCATCTTGATCTTCTTGGCTCTG
foxnl 260 60°C

R: CCACTTGTGCAGCTCCTCC
F: AGTGTGGTGCCTCTTTCACC

ikaros 396 70°C*
R: TCTGTGGCATAGTGCTCTTAC
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Table S3: Oligonucleotide sequences and qPCR conditions for the selected thymic function-related genes
(ikaros, ragl, foxnl and aire), homeostasis-related genes (caspase8, caspase9 and pcna) as well as antigen-
presenting-cell- and T cell-related genes (mhc2a, tcra, foxp3 and tcrg). Normalised relative gene expression was
calculated by geometric means (for details see text) using three reference genes (efla, 113a, fau).

Reacti Efficiency
. s Amplicon Hybridation ~Amount eaction Genie
Genes Primers 5°-3 b Temperature of Primer volume - HK Spl accession
P P qPCR ymus L
F: TTTCACCCAGAAGGGCAACC
ikaros 131 57.5°C [ 05uM | 1opl 1.97 DLAgn_000
R: CCGAATGGGTGCGTAAATGG 10890
F: CACTGGCTCTACACCTCCAA
ragl 108 60°C 0.75uM | 5pl 1.98 AF137181.1
R: CTCATCTTCCAGGCTCTCCAC
F: CCCTATCTACAGCACCACCT DLA
foxnl 84 60°C 05uM | sul 2.00 &n_000
R: GAATAGTGTGGACGGCGAAT 31910
F: ACGTCGGTGGGGAGTTTTAC
aire 158 60°C 05uM | sul 218 DLAgn_361
R: TCCGTCCTTACACACTGCAC 0
F: GGCCACTGGTTTCAGCAGAT
tera 213 60°C 0.5uM | 1.5ul 1.99 199 190 |AYS3I38T.
R: AGAGCCATGAGGTTCACCAT 1
) F: GGAGCAGTATTGTGGGCACT
foxp3 80 60°C 0.5uM | 1.5pl 1.99 183 210 | KJ818328
R: TCGTCTGGAAGCTGTTTGGG
R: CCAACTGCACACATGCTGAC
terg 164 60°C 0.5uM | 10pl 1.96 194 197 |EU853841.1
R: TTGAGGCACTTTATCAAACCTGT
F: GCTGGGTACAGGAAACGTCA
pena 137 60°C 0.5uM | 15ul 1919 198  1.77 |IQ755266.1
R: GCGTGGCTTTGGTGAAGAAG
F: GGTCTGACTGTCGGTCTGCT AMI13466.
mhe2a 67 60°C 0.5uM | 1.5pl 2.04 198  1.90 3466
R: TGCACTCGTTTCCTTTGATG 1
F: TGTCAGGGAAGCCTCTACCA
caspase8 150 60°C 05uM | 5pl 2.28 198 200 |FJ225665.1
R: CATCCCCAGCAGGAAGTCAG
F: CGAATGCAACCGAGCACAAA
caspase9 193 60°C 0.5 uM Sul 2.09 2.13 1.80 DQ345775.
R: ACTAACGACCGCCAATGAGG 1
F: TCTGGAGGACTGTCAGGGGCATGC DLA
113a 145 60°C 05uM | 1.5u 208 210 2.04 &n_000
R: AGACGCACAATCTTGAGAGCAG 23060
F: GACACCCAAGGTTGACAAGCAG
fau 149 60°C 05uM | 1.5u 196 204 197 |PlAen000
R: GGCATTGAAGCACTTAGGAGTTG 67980
F: GGCTGGTATCTCTAAGAACG
efla 239 60°C 0.5uM | 1.5ul 1.60 200 2.03 |AI866727.1
R: CCTCCAGCATGTTGTCTCC

B-Results:

Female and male fish had total lengths of 30.07 cm + 2.16 s.d. and 29.72 cm + 2.25 s.d,,
respectively, and weighed 377.4 g + 87.63 s.d. and 380.9 g + 97.82 s.d.. When comparing the
biometric indices between all eight experimental groups (see figure S2), the Fulton’s
condition factor K indicated significant differences between the experimental groups
(Kruskal-Wallis, H7146=20.35, p=0.005). The post-hoc analysis revealed a significant
difference between CTR-F-1 and E2-M-2 (p=0.021) and between CTR-M-1 and E2-M-2
(p=0.010) (overall p-values are reported in Table S4). The GSI (Kruskal-Wallis, H7,146=7.87,
p=0.344) did not differ significantly across all experimental groups, neither did the SSI
(Kruskal-Wallis, H772=9.06, p=0.248), nor the plasmatic level of cortisol (Kruskal-Wallis,
H763=13.27, p=0.066).
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Figure S2: Biometric indices (Fulton’s K condition factor, gonado-somatic index (GSI), spleno-somatic index
(SSI) and hepato-somatic index (HSI)) of the different experimental groups including control (CTR), exposed
(E2), females (F) and males (M) from the experiment of November (1) and December (2). Indices are means and
standard deviation. *, significantly different at 0.05>p>0.01 for males and females from both experiments and
treatments combined; **, significantly different at 0.01>p>0.001 for males from both experiments combined and
*** significantly different at p<0.001 for females from both experiments combined.

Table S4: p values obtained with the Tukey-Kramer (Nemenyi) post-hoc test
corresponding to the Fulton’s condition factor K pairwise analysis of the
experimental groups. Values indicate significant differences at p<0.05

CTR-F-1 |CTR-F-2 |CTR-M-1 |CTR-M-2 | E2-F-1 | E2-F-2 | E2-M-1
CTR-F-2_ | 0.974
CTR-M-1 | 0.861 | 0.492
CTR-M-2 [ 0299 | 0.804 | 0.082
E2-F-1_ [ 0994 | 1000 | 0584 [ 0.662
E2-F2 | 0818 | 1000 | 0304 | 0961 [ 0.994
E2-M-1 | 0878 | 0997 | 0387 | 1.000 | 0987 | 0.999
E2-M-2 | 0021 | 0237 | 0010 [ 1.000 | 0123 | 0547 | 0970

When both experiments were combined to compare females and males from the two treatment
groups (CTR vs. E2), K values were significantly different (Kruskal-Wallis, H3 150=9.53,
p=0.023), with post-hoc analysis revealing a significant difference between CTR-F and E2-M
(»=0.011; overall p-values are listed in Table S5). When combining the two experiments, the
GSI (Kruskal-Wallis, Hs,150=0.87, p=0.832), the SSI (Kruskal-Wallis, H37,=0.87, p=0.198)
and the plasmatic level of cortisol (Kruskal-Wallis, H3,s7=5.81, p=0.121; Fig. 2) did not reveal
any significant difference between CTR-F, CTR-M, E2-F and E2-M.

Table S5: p values obtained with the Tukey-Kramer (Nemenyi) post-hoc test

corresponding to the Fulton’s K condition factor pairwise analysis with the two

experiments confounded. Values in red correspond to p<0.05

CTR-F | CTR-M | E2-F

CTR-M | 0.951
E2-F 0.824 | 1.000
E2-M | 0.011 | 0.203 | 0.077
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Comparing E2 vs. CTR with all invidious, i.e., both genders and both experiments combined,
K (U-test, p=0.062), GSI (U-test, p=0.380), SSI (U-test, p=0.092) and cortisol-levels (U-test,
p=0.367) were not statistically different.

Fish from control and treatment groups of the two experiments combined, revealed a
significant difference between the K of females with 1.37 g/cm?® + 0.18 s.d., which was
slightly lower than that of males, 1.42 g/cm® + 0.17 s.d. (U-test, p=0.026). The GSI between
males and females, all treatment groups and both experiments confounded, was not
statistically different (U-test, p=0.380), neither was the SSI (U-test, p=0.092), nor the cortisol-
level (U-test, p=0.578).

Considering the plasmatic E2-levels in all eight experimental groups, the statistical analysis
revealed significant differences (Kruskal-Wallis, H750=54.07, p<0.001), in the HSI values
(Kruskal-Wallis, H7 146=44.94, p<0.001) as well as in the plasmatic level of Ca*" (Kruskal-
Wallis, H76:=39.10, p<0.001). The post-hoc analysis indicated a significant difference of E2-
levels, HSI and Ca?**-levels between the CTR and the E2 group for all pairs, except the males
of the first experiment (see p-values in Table S6-8). Considering the plasmatic level of P, the
statistical analysis with all experimental groups revealed a significant difference (Kruskal-
Wallis, H76:=39.10, p=0.011), with the post-hoc analysis indicating a significant difference
between CTR and E2 group for female of the second experiment only (see p value in Table
S9).

Table S6: p values obtained with the Tukey-Kramer (Nemenyi) post-hoc test
corresponding to the E2 values pairwise analysis of the experimental groups.
Values in red correspond to p<0.05

CTR-F-1 CTR-F-2 [ CTR-M-1 | CTR-M-2 E2-F-1 E2-F-2 E2-M-1

CTR-F-2 0.974
CTR-M-1 1.000 1.000
CTR-M-2 1.000 0.999 1.000

E2-F-1 0.003 4E-05 0.147 0.025

E2-F-2 0.008 1.41E-04 0.212 0.048 1.000

E2-M-1 0.258 0.076 0.388 0.286 1.000 1.000

E2-M-2 0.008 2.58E-04 0.133 0.031 1.000 1.000 1.000

Table S7: p values obtained with the Tukey-Kramer (Nemenyi) post-hoc test
corresponding to the HSI values pairwise analysis of the experimental groups.
Values in red correspond to p<0.05

CTR-F-1 CTR-F-2 CTR-M-1 CTR-M-2 E2-F-1 E2-F-2 E2-M-1

CTR-F-2 0.999
CTR-M-1 0.988 0.963
CTR-M-2 0.864 0.953 0.645

E2-F-1 0.009 0.042 0.052 0.942

E2-F-2 1.610E-04 0.001 0.005 0.445 0.910

E2-M-1 0.946 0.984 0.761 1.000 0.976 0.647

E2-M-2 | 6.720E-04 0.003 0.006 0.416 0.874 1.000 0.596
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Table S8: p values obtained with the Tukey-Kramer (Nemenyi) post-hoc test
corresponding to the Ca** values pairwise analysis of the experimental groups.

Values in red correspond to p<0.05

CTR-F-1 | CTR-F-2 | CTR-M-1| CTR-M-2| E2-F-1 | E2-F-2 | E2-M-1
CTR-F-2 | 0.940
CTR-M-1| 0951 | 0.100
CTR-M-2| 0.985 1.000 | 1.000
E2-F-1 | 3.4E05 | 0006 | 0591 | 0.065
E2-F-2 | 9.6E-05 | 0.010 | 0615 | 0.083 1.000
E2-M-1 | 0493 | 0911 | 0998 | 0944 | 0977 | 0.979
E2-M-2 | 0493 | 0641 | 0992 | 0.805 | 0.897 | 0.913 1.000

Table S9: p values obtained with the Tukey-Kramer (Nemenyi) post-hoc test
corresponding to the Pi values pairwise analysis of the experimental groups.

Values in red correspond at p<0.05

CTR-F-1 |CTR-F-2 [CTR-M-1 [CTR-M-2 | E2-F-1 | E2-F-2 | E2-M-1

CTR-F-2 1.000

CTR-M-1 | 0.555 0.684

CTR-M-2 | 0.979 0.996 0.968
E2-F-1 0.193 0.350 1.000 0.966
E2-F-2 0.019 0.049 1.000 0.651 0.988
E2-M-1 | 1.000 1.000 0.930 1.000 0.932 0.655
E2-M-2 | 0.601 0.768 1.000 0.997 1.000 0.966 0.985

In summary, except the Fulton’s K condition factor, which presents a gender difference, the
pertinent biometric and physiological parameters did not differ significantly between the
groups from the two experiments. Hence, the results from both experiments were combined to
increase the statistical power for detecting a possible oestrogenic modulation of T cell-related
gene expression in males and female sea bass. Importantly, the parameters crucial for the
experimental increase of E2-levels, i.e., plasmatic E2-, Ca?*- and Pi-levels as well as HSI
were not different detected between the respective treatment groups of both experiments, e.g.,
CTR-F-1 vs. CTR-F-2 (Tables S6-9) which confirmed that the experiments can be combined.
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Table S10: p-value obtained with the Tukey-Kramer (Nemenyi) post-hoc test
corresponding to E2-level pairwise analysis of the treatment group from both
gender with experiment 1 and 2 combined. Values in red correspond to p<0.05
CTR-F CTR-M E2-F
CTR-M 0.996
E2-F 2.056E-08| 2.76E-04
E2-M 3.836E-05 0.003 1.000

Table S11: p-value obtained with the Tukey-Kramer (Nemenyi) post-hoc test
corresponding to the HSI factor pairwise analysis of the treatment group from
both gender with experiment 1 and 2 combined. Values in red correspond to
p<0.05

CTR-F CTR-M E2-F
CTR-M 9.744E-01
E2-F 6.183E-07 0.006
E2-M 3.007E-04 0.024 1.000

Table S12: p-value obtained with the Tukey-Kramer (Nemenyi) post-hoc test
corresponding to the Ca?*-level pairwise analysis of the treatment group from
both gender with experiment 1 and 2 combined. Values in red correspond to
p<0.05

CTR-F CTR-M E2-F
CTR-M 0.851
E2-F 2.152E-08 0.003
E2-M 2.396E-02 0.371 0.356

Table S13: p-value obtained with the Tukey-Kramer (Nemenyi) post-hoc test
corresponding to the Pi-level pairwise analysis of the treatment group from both
gender with experiment 1 and 2 combined. Values in red correspond to p<0.05

CTR-F CTR-M E2-F
CTR-M 0.319
E2-F 5.590E-04 0.654
E2-M 0.360 1.000 0.535
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Figure S3: Cycle thresholds (Ct) for the reference genes assayed obtained in
gPCR in three lymphoid organs of sea bass, Dicentrarchus labrax, in males (M)
and females (F) of E2-exposed (E2) and control (CTR) fish for thymus (a), head-
kidney (b) and spleen (c). No significant differences between groups were
observed.

133



Table S14: Matrice of Spearman Rank Order correlation coefficients between the different variables measured in

control females (A) and E2-injected females (B) in the thymus (T). For each correlation is the r, p and n values
are shown (in this order).

A ragl foxnl  aire ter-a-T  foxp3-T terg-T  mhc2-T pcna-T  Csp8-T  Csp9-T |B ragl foxnl  aire ter-a-T  foxp3-T terg-T  mhc2-T pcna-T  Csp8-T  Csp9-T
ikaros 10.626 0,732  0.0179 0.578  0.514 0242 0468 0418 0379 0.707 [ikaros [0.594  0.467 0407 0545 0544 0308  0.0275 0313 0456  0.335
0.0158 0.00145 0.944 0.0291 0.048 0.414 0.0873 0.117 0.158 0.00278 0.0387 0.102 0.16 0.0623 0.0517 0.295 0.921 0.286 0.111 0.252
14 15 15 14 15 13 14 15 15 15 12 13 13 12 13 13 13 13 13 13
ragl 0.516  0.13 0.665 0451  0.0879 0434 027 0.178  0.534  |ragl -0.21 0301 0.164 0364 -0217 -0.035 -0.189 0.161  0.042
0.056  0.648  0.0122 0.101  0.764  0.132  0.34 0.532  0.047 0498 0329 0614 0233 0484 0904 0.542 0.603  0.886
14 14 13 14 13 13 14 14 14 12 12 11 12 12 12 12 12 12
| foxnl -0.129  0.587 0.811  -0.225 0468 0.075 0.321  0.757 |[foxnl 0.0549 0.175  0.555 0341  0.0879 0.33 0.516  0.67
0.639 0.0262 0.2E-6 0.447 0.0873 0.783 0.235 0.000575 0.849 0.572 0.0464 0.244 0.764 0.261 0.067 0.0113
15 14 15 13 14 15 15 15 13 12 13 13 13 13 13 13
aire -0.253  0.0821 -0.137 -0.2 -0.404  -0.239  -0.0786 |aire 0.392 0.396 -0.126  0.313 -0.198  -0.011 0.198
0373  0.763  0.643 0482  0.131 0381 0.773 0.197  0.173  0.669 0286  0.504  0.964  0.504
14 15 13 14 15 15 15 12 13 13 13 13 13 13
tera-T 0.358  0.011  0.64 0.235  0.116  0.64 tera-T 0.196  -0.126  0.49 0406  0.049  -0.189
0201  0.964  0.0131 0407 0.682  0.0131 0.527  0.683  0.0998 0.181  0.869  0.542
14 13 14 14 14 14 12 12 12 12 12 12
foxp3-T -0412 0385  -0.107 0293  0.654 |foxp3-T -0.176 0396  -0.115 0.72 0.643
0.154 0.167 0.695 0.281 0.00785 0.553 0.173 0.696 0.00473 0.0167
13 14 15 15 15 13 13 13 13 13
terg-T -0.137  0.159 -0.412  -0.187 |tcrg-T -0.368  0.0604 0.0769 0.363
0.643 0591  0.154  0.528 0.206  0.835  0.792  0.214
13 13 13 13 13 13 13 13
mhe2-T 0424 0266  0.534  |mhc2-T -0.121  -0.022  -0.011
0.125 0348  0.047 0.682 0935  0.964
14 14 14 13 13 13
pcna-T 0.711 0.454  |pcna-T 0.187 -0.022
0.00256 0.0861 0.528 0935
15 15 13 13
Csp8-T 0.682 Csp8-T 0.681
0.00471 0.00948
15 13

Table S15: Matrice of Spearman Rank Order correlation coefficients between the different variables measured in
control females (A) and E2-injected females (B) in the head-kidney (HK). For each correlation is the r, p and n
values are shown (in this order).

A foxp3-HK tcrg-HK ~ mhc2-HK  pcna-HK ~— Csp8-HK ~ Csp9-HK |B foxp3-HK tcrg-HK ~ mhc2-HK  pcna-HK ~ CspS8-HK ~ Csp9-HK |
tera-HK  10.618 0.336 0.468 0.284 0.297 0.415 tera-HK ~ [0.583 0.115 0.648 -0.0909 0.285 0.05
0.0178 0.231 0.0873 0.316 0.293 0.134 0.0874 0.733 0.0377 0.785 0.404 0.878
14 14 14 14 14 14 9 10 10 10 10 9
foxp3-HK 0.134 0.618 0.543 0.152 0.758 |foxp3-HK 0.167 0.367 -0.0667 0.3 0.533
0.637 0.0178 0.0429 0.594 0.00102 0.643 0.308 0.844 0.407 0.124
14 14 14 14 14 9 9 9 9 9
terg-HK 0.38 0.292 -0.0418 0.187 terg-HK -0.136 0.3 0.0424 0.05
0.173 0.301 0.88 0.511 0.673 0.353 0.892 0.878
14 14 14 14 11 11 10 9
mhc2-HK 0.719 0.134 0.345 mhc2-HK -0.0273 -0.0909 0.35
0.0032 0.637 0.219 0.924 0.785 0.331
14 14 14 11 10 9
[pcna-HK 0.341 0.464 [pcna-HK -0.139 0.117
0.225 0.0907 0.681 0.742
14 14 10 9
Csp8-HK 0.305 Csp8-HK 0.0833
0.279 0.809
14 9
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Table S16: Matrice of Spearman Rank Order correlation coefficients between the different variables measured in
control males (A) and E2-injected males (B) in the head-kidney (HK). For each correlation is the r, p and n
values are shown (in this order).

A foxp3-HK tcrg-HK ~ mhc2-HK pcna-HK ~ Csp8-HK  Csp9-HK |B foxp3-HK tcrg-HK ~ mhc2-HK pcna-HK ~ Csp8-HK ~ Csp9-HK
tera-HK 0.6 0.7 0.533 -0.267 -0.4 0.75 tera-HK ~ [0.382 0.394 0.9 -0.127 -0.164 0.0727
0.0769 0.0301 0.124 0.462 0.264 0.0158 0.233 0.243 0.2E-6 0.693 0.614 0.818
9 9 9 9 9 9 11 10 11 11 11 11
foxp3-HK 0.65 0.433 0.117 0.25 0.883 foxp3-HK 0.588 0.391 0.327 0.191 0.782
0.0501 0.223 0.742 0.491 0.2E-6 0.0665 0.221 0.31 0.557 0.00285
9 9 9 9 9 10 11 11 11 11
terg-HK 0.65 0.35 -0.183 0.733 terg-HK 0.43 0.212 -0.00606  0.527
0.0501 0.331 0.612 0.02 0.199 0.535 0.973 0.107
9 9 9 9 10 10 10 10
mhc2-HK 0.417 0.217 0.733 cmh2-HK -0.282 -0.136 0.0909
0.243 0.55 0.02 0.384 0.673 0.776
9 9 9 11 11 11
pcna-HK 0.333 0.233 pcna-HK 0.473 0.518
0.356 0.52 0.132 0.0948
9 9 11 11
Csp8-HK 0.167 Csp8-HK 0.127
0.643 0.693
9 11

Table S17: Matrice of Spearman Rank Order correlation coefficients between the different variables measured in
control females (A) and E2-injected females (B) in the spleen (S). For each correlation is the r, p and n values
are shown (in this order).

A foxp3-S  tcrg-S mhc2-S  pcna-S Csp8-S Csp9-S B foxp3-S  tcrg-S mhc2-S  pcna-S Csp8-S Csp9-S |
tera-S  [0.145 -0.145 0.0909 -0.2 -0.0182  -0.127 tera-S 0.58 0.627 0.028 -0.497 0.126 0.315
0.653 0.653 0.776 0.559 0.946 0.693 0.0446 0.0354 0.921 0.0944 0.683 0.306
11 11 11 10 10 11 12 11 12 12 12 12
foxp3-S 0.622 0.126 0.118 0.182 -0.021 foxp3-S 0.709 0.469 -0.035 0.0699 0.51
0.0285 0.683 0.714 0.575 0.939 0.0127 0.117 0.904 0.817 0.0843
12 12 11 11 12 11 12 12 12 12
terg-S -0.0909  -0.382 0.0909 -0.0699  |tcrg-S 0.0818 0.00909  0.264 0.173
0.766 0.233 0.776 0.817 0.797 0.968 0.416 0.595
12 11 11 12 11 11 11 11
mhc2-S -0.373 0.364 -0.517 mhec2-S 0.119 -0.322 0.51
0.245 0.257 0.0795 0.699 0.295 0.0843
11 11 12 12 12 12
pcna-S -0.479 0.582 pcna-S 0.0909 -0.105
0.148 0.0555 0.766 0.733
10 11 12 12
Csp8-S -0.664 CspS§-S -0.559
0.0234 0.0547
11 12
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Table S18: Matrice of Spearman Rank Order correlation coefficients between the different variables measured in
control males (A) and E2-injected males (B) in the spleen (S). For each correlation is the r, p and n values are

shown (in this order).

A foxp3-S tcrg-S pcna-S CspS8-S Csp9-S B CspS8-S Csp9-S |
tera-S  0.0909 0.515 -0.286 -0.248 -0.2 tera-S 0.214 0.714
0.785 0.116 0.46 0.468 0.559 0.602 0.0545
10 10 8 7
|foxp3-S -0.103 -0.429 -0.588 0.612 foxp3-S 0.679 0.571
0.759 0.26 0.0665 0.0537 0.0735 0.15
10 8 7
terg-S 0.0952 0.188 -0.127 terg-S 0.607 0.643
0.794 0.583 0.707 0.121 0.0956
10 8 7
mhc2-S 0.119 0.103 0.0909 mhc2-S 10.75 0.5
0.749 0.759 0.785 0.0384 0.217
8 7
pcna-S 0.69 -0.595 pcna-S 0.75 0.5
0.0474 0.102 0.0384 0.217
7
Csp8-S -0.37 Csp8-S -0.0357
0.275 0.905
7
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Abstract:

Besides their obvious role in sex determination and reproduction, oestrogens display a
complex immunomodulatory function, which appears to be widely conserved across
vertebrates. However, to date, our knowledge is insufficient to understand and predict the
adverse effects of exogenous oestrogens, extensively introduced into the aquatic
environments, on teleost immunocompetence. Therefore, as an integrative measure, we
assessed the in vitro effects of 17B-oestradiol on isolated leucocytes from the head-kidney, the
spleen and the thymus together with their respective oestrogen receptor expression. Given the
importance of reactive oxygen species as a signalling/defence component in both innate and
adaptive immunity of mammals, we investigated the effect of 17B3-oestradiol on the oxidative
burst capacity, the redox status and the viability on both adaptive and innate immune cells by
flow cytometry. Leucocytes from both head-kidney and spleen expressed nuclear and
membrane oestrogen receptors, as is the case in the thymus. 17B-oestradiol-treatment
differentially modulated both innate and adaptive immune cells derived from the three
lymphoid organs. Our results suggest that B cells have respiratory burst capacity in sea bass
as they do in other teleost species and mammals. Intriguingly, our study suggest that 17p-
oestradiol stimulates immature T cell apoptosis and modulates lymphocyte and myeloid
function/differentiation. As 17p-oestradiol apparently affects the redox status in immune
cells, we propose that oestrogens modulate immune cell function in teleosts by acting on non-
genomic signalling pathway, which further trigger the reactive oxygen/nitrogen species

signalling.
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1. Introduction

To eliminate pathogenic agents and abnormal cells, a potent immune system has developed in
the vertebrate lineage, which is commonly divided in two components: the innate and
adaptive system, also referred to as specific and non-specific immune system (Boehm and
Swann, 2014; Pasman and Kasper, 2017). Commonly, those two components are associated
by the myeloid and lymphoid cell lineages. These cells have distinct progenitors and distinct
antigen binding receptors that determine their function: innate immune cells express a
germline-encoded antigen-binding receptor on their plasmatic membrane, the so-called
pathogen recognition receptor, whereas lymphocyte antigen recognition is based on clonally
expressed antigen receptor genes the elements of which are assembled in various
combinations (Boehm and Swann, 2014; Pasman and Kasper, 2017). Both types of immune
cells are, however, essential for the immune system, as they have complementary and non-
redundant functions. Indeed, innate immune cells constitute sentinel cells. During an invasion
of pathogenic agents, they rapidly react to generate the immune response and eliminate the
pathogenic agent. As a second line of defence, innate immune cells and specially antigen-
presenting cells activate lymphocytes to trigger a specific immune response (Esteban et al.,

2015; Riera Romo et al., 2016).

In many aspects, the innate and adaptive immune system of teleosts bear resemblance to that
of mammals at the gene-, cellular- and organ-level. The adaptive component is based on two
lineages of lymphocytes with distinct functions, the T and B cells. Basically, T cells
coordinate the immune response and the elimination of transformed cells. B cells, on the other
hand, are involved in the specific and unspecific humoral defence by the secretion of specific
and natural antibodies (Boehm and Swann, 2014; Parra et al., 2013; Tafalla et al., 2016). For
the innate component, numerous immune cells, such as macrophages, mast cells,
granulocytes, and dendritic cells, initially characterised in mammals, have also been found in
teleost fish (Esteban et al., 2015; Havixbeck and Barreda, 2015; Riera Romo et al., 2016;
Sfacteria et al., 2015). Moreover, major immune organs appear to be evolutionary conserved.
The thymus, which is the primary site of thymopoiesis, and the spleen, a major secondary
lymphoid organ, are present in all vertebrate classes and may be considered evolutionary
ancient immune organs (Boehm and Swann, 2014; Litman et al., 2010). Differences exist,
however, as well. The bone marrow, for instance, is the site of myelopoiesis and B cell
development in mammals, whereas in teleost these cells are developed in the head-kidney

(Boehm and Swann, 2014; Litman et al., 2010).
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In both, teleosts and mammals, the immune system is closely regulated by the endocrine
system (Burgos-Aceves et al., 2016; Milla et al., 2011; Segner et al., 2013, 2017; Szwejser et
al., 2016). The crosstalk between the endocrine and immune system has been extensively
characterized in mammals. Typically, this crosstalk becomes obvious in sexual dimorphisms
of immune system performance. For instance, the prevalence of many autoimmune diseases in
women illustrates the connection between the endocrine and immune system (Klein and
Flanagan, 2016; Segner et al., 2017). Especially the female sex hormone oestrogen has been
investigated for its immunoregulatory function. Indeed, this steroid hormone is well known to
modulate innate and adaptive immune cell function across all vertebrate classes (Burgos-
Aceves et al., 2016; Milla et al., 2011; Segner et al., 2013, 2017; Szwejser et al., 2016). The
cellular action of oestrogen is mediated through both, genomic and non-genomic signalling
pathways. These pathways either imply the nuclear oestrogen receptors (Esrs), which belong
to the super family of the ligand-dependent transcription factors, or a membrane-associated
oestrogen receptor comprising membrane Esrs and G-protein-coupled oestrogen receptors
(Gpers). A broad and varied expression of these oestrogen receptors can be found in the
immune organs and immune cells of fish, a situation quite similar to that observed in
mammals (Burgos-Aceves et al., 2016; Milla et al., 2011; Segner et al., 2013; Szwejser et al.,
2016). Albeit an increasing body of evidence confirms the conserved immunomodulatory
function of oestrogen, the physiological context and the evolutionary role are likely to be
different between the different vertebrate classes and, therefore, require further examination

(Segner et al., 2017).

Reactive oxygen species (ROS) are commonly measured as a bioindicator of physiological
stress. Indeed, ROS are a by-product of cellular respiration and numerous other biological
reactions that involve electron transport. ROS are, however, also essential for numerous
cellular and physiological functions, including cell survival, cell growth, proliferation and
differentiation (Nathan and Cunningham-Bussel, 2013; Yang et al., 2013). The ROS, but also
the reactive nitrogen species (RNS), are groups of highly reactive chemical species which
rapidly react with macromolecules, such as nucleic acids, lipids and proteins. ROS encompass
the commonly described superoxide anion (O:*"), hydrogen peroxide (H20-), or the hydroxyl
radical (OH®*"). The RNS are notably represented by the nitric oxide (NO), the nitrogen
dioxide (NO:*"), or the peroxinitrite ONOO™ (Gostner et al., 2013; Havixbeck and Barreda,
2015; Nathan and Cunningham-Bussel, 2013). ROS and RNS may be part of intracellular

signalling pathways by serving as second messengers and by activating transcription factors,
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protein tyrosine kinases or phosphatases (Gostner et al., 2013; Nathan and Cunningham-
Bussel, 2013; Yang et al., 2013). Moreover, in professional phagocytes (granulocytes and
macrophages) of vertebrates, ROS production represents a major means to kill invading
microorganisms (Esteban et al., 2015; Riera Romo et al., 2016). In teleosts and mammals,
phagocytes utilise membrane-bound NADPH-oxidase and inducible NO-synthase to generate
a large amount of O»* and NO, respectively. This process is commonly referred to as
oxidative or respiratory burst (Gostner et al., 2013; Havixbeck and Barreda, 2015; Yang et al.,
2013). Moreover, in macrophages of mammals, mitochondrial-derived ROS also participate
in the bactericidal activity (Yang et al., 2013). In the mammalian immune system, ROS and
RNS production from different sources and the associated signalling are particularly
important for the differentiation, activation and/or apoptosis of T and B cells, but also of
natural killer cells, dendritic cells, and macrophages (Gostner et al., 2013; Karpuzoglu and

Ahmed, 2006; Yang et al., 2013).

In a previous study, the in vivo-effects of 17p-oestradiol (E2) on the expression of genes-
related to different T cells in the thymus, head-kidney and spleen of European sea bass was
evaluated, coupled to oxidative burst analysis in myeloid and lymphoid cells of head-kidney
and spleen (Paiola et al., under review). In the spleen, the E2-modulated stimulation of Treg-
related gene expression was connected to an inhibition of oxidative burst. Hence, E2 could
promote the Treg differentiation and function in the spleen of sea bass, as it does in mammals.
To test this hypothesis and to determine if E2 directly modulates phagocyte activity in the
head-kidney and the spleen, we investigated (1) the oestrogen receptor expression of both
immune organs and associated immune cells, and (2) the E2-effect on the oxidative burst
capacity of the isolated leucocytes from the head-kidney and spleen in vitro. In addition, the
oxidative level and the viability was also analysed on leucocytes of the head-kidney, spleen
and thymus. The aim for investigating different immune cell populations was to shed light on
the E2-mediated effects on the immune system of teleost fish by providing a more integrated

view of oestrogen immunomodulatory function.
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2. Material and Methods
2.1. Animals and sampling

Sea bass (Dicentrarchus labrax) fingerlings from the hatchery at Gravelines, France were
raised at Aquacaux, Octeville, France, in 1,800 L tanks with a continuous flow of filtered and
aerated marine seawater at environmental temperatures. The fish were daily fed ad libidum
with “Turbot label rouge” fish feed (Le Gouessant, Lamballe, France). All fish were handled
in accordance with the European Union regulations concerning the protection of experimental

animals (Dir 2010/63/EU).

Two batches of fish were employed for this study as characterised in the following: five fish
of one-and-a-half-year of age with a total length of 21.8 cm + 2.9 standard deviation (s.d.) and
a weight of 97.8 g + 10 s.d. (group 1) for molecular biology as well as 15 fish of two-years of
age for the isolation of leucocytes from head-kidney, spleen and thymus used in the in vitro
exposures. These fish had a total length of 25.8 cm + 2.9 s.d. and a weight of 252 g + 36 s.d.
(group 2). Although both populations generally consisted of sexually immature females and
males, the gender of some of the older fish (group 2) could be determined by macroscopic
observation, resulting in a sex ratio of 1.5 (F/M). Specimens of group 1 were sacrificed in

June 2015 and specimens of group 2 at the end of November 2016.

The fish were anesthetized with tricaine methanesulfonate (MS 222; Sigma, St. Louis, USA)
in order to measure weight and total length before sacrificing them by an overdose of MS
222. Following decapitation, thymus, head-kidney and spleen were dissected. For group 1,
part of the head-kidney and spleen were snap frozen in liquid nitrogen and stored at -80 °C for
subsequent RNA extraction, whereas another part was kept for leucocyte isolation. For group
2, both thymuses as well as the entire spleen and head-kidney were used for leucocyte

isolation.
2.2. Leucocyte isolation

All solutions for leukocyte preparation were adjusted to 360 mOsm/kg. Dissected thymuses,
head-kidney and spleen were immersed in cold Leibovitz medium (L.15; Sigma), and forced
through a 100 pum cell strainer. The cell suspension was centrifuged at 1,200 g for 5 min at 4

°C. The supernatant was discarded and the cells were resuspended in L-15 and filtered
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through a 40 pm mesh before loading on a Ficoll gradient (Pancoll, PAN™ BIOTECH,
Germany) at a density of 1.077 g/mL followed by a centrifugation at 400 g for 30 min at 4 °C.
The leucocytes were collected at the interface between the L-15 and the Ficoll, washed and
centrifuged twice with L15 at 1,200 g for 5 min and 4 °C. For PCR-analyses, erythrocytes
were lysed before leucocytes were loaded on the Ficoll gradient in order to ensure cell purity.
To this end, leucocytes were incubating with ammonium chloride-Tris solution for 30 min at
room temperature under constant stirring. Subsequently, leucocytes were concentrated by
centrifugation at 1,200 g for 8 min and washed once with L15 centrifugation at 1,200 g for 5
min at 4 °C. For flow cytometry, this step was not necessary. Therefore, erythrocyte lysis was
omitted for all organs in the exposure experiments. The cells were stored at 4°C in Leibovitz

medium (L15, Sigma) overnight before cell exposure.
2.3. RNA extraction and polymerase chain reaction

Four biological replicates were performed for each PCR. Extraction of RNA was conducted
with standard procedures as described previously (Paiola et al., 2017). Total RNA was
extracted from whole tissue utilizing the Tri Reagent (Sigma) by homogenisation in
Precellys® tubes (CK14; Bertin instruments, Montigny-le-Bretonneux, France) twice for 10 s
at 5,000 rpm and subsequent centrifugation at 12,000 g for 15 min at 4 °C to eliminate debris.
RNA extraction from isolated leucocytes was performed with the RNeasy kit (Qiagen,
Hilden, Germany) according to the supplier’s instructions. After RNA extraction, possible
DNA contamination was removed by digestion with the TURBO DNA-free Kit (Invitrogen-
Ambion, Carlsbad, USA) according to the supplier’s recommendation. RNA quality was
assessed on 1% (w/v) agarose gels and the yield was quantified with a Nanodrop One
(Thermo Fisher Scientific, Waltham, USA). Samples were stored at -80 °C until further

processing.

Reverse transcription and PCR were performed as in Paiola et al. (2017). The M-MLV
Reverse Transcriptase H™ (Promega, Madison, USA) was used with 1 pg of total RNA and an
oligo(dT)15 primer for 10 min of incubation at 40 °C, followed by 60 min at 45 °C and 15
min at 70 °C. The cDNA was stored at -20 °C until performing PCR using oestrogen receptor
subtype specific primers. For esrl, esr2a and gpera, Purple Taq (Ozyme, Montigny-le-
Bretonneux, France) and for esr2b and gperb, Platinum® Taq DNA Polymerase (Thermo

Fisher Scientific) was used according to (Paiola et al., 2017). Negative controls were
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performed with DNA free water. The size of the various amplicons was verified on 2 %

agarose gels.
2.4. Leucocyte exposure

Isolated leucocytes were adjusted to 2.5x10% cells/mL and cultured in 96 wells plates with
250,000 cells/well in modified L-15 with 10% of heat-inactivated foetal bovine serum
(Sigma) and 1% of penicillin/streptomycin (Gibco, Thermo Fisher Scientific). Depending on
the condition, leucocytes were cultured in modified L-15 without the addition of solvent and
E2 (CTR), with solvent alone (0.00005%, v/v of ethanol) as a solvent control (SC) as well as
with nominal concentrations of 10 nM and 100 nM of E2 (E8875; Sigma) in 0.00005% (v/v)
ethanol for 2 h, 24 h and 48 h at 16 °C. The ethanol was reduced to a minimum of 0.00005%
v/v, as solvents, such as ethanol, have been reported to modulate immune cell parameters like

oxidative burst capacity (Timm et al., 2013).
2.5. Flow cytometry

For the physiological parameter measurements, i.e., viability, population distribution and the
ROS production, the cellular concentration was adjusted to 1x10° cells/mL after the culture
period, by adding modified L-15 supplemented with the corresponding compound. The cells
were mixed by gentle pipetting. The cell mortality was estimated with 50 pg/mL propidium
iodide (Sigma), in obscurity over 10 min, at room temperature. The mortality of each
subpopulation represents the proportion of lymphoid or myeloid cells with high red
fluorescence. All samples with a mortality exceeding 10% were excluded from the analyses.
The different cell types were defined by their granularity, i.e., their internal complexity
corresponding to the side scatter (SSC) and their size corresponding to the forward scatter
(FSC). In agreement with previous work (Granja et al., 2015; Seemann et al., 2016), two
populations were identified (Fig. 1): lymphoid and myeloid cells, the former being of larger
size (FSC) and granularity (SSC), the latter being smaller and less complex. Each flow
cytometric measurement was conducted with 25,000 events in the gate “cells” comprising
both cell types. The population distribution for each cell type corresponded to the percentage
of events in either of the two gates. The ROS-levels and respiratory burst were assessed using
2',7'-dichlorodihydrofluorescein diacetate (H.DCFDA, ThermoFisher) and the phorbol 12-
myristate 13-acetate (PMA, Sigma) as described by Bado-Nilles et al. (2014) and Haugland et
al., 2014.. HDCFDA is an unspecific oxidative-sensitive fluorescent dye, which reacts with

both RNS and ROS. It is commonly used to measure intracellular ROS and oxidative burst
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capacity in flow cytometry (Chen et al., 2010; Dupre-Crochet et al., 2013; Peluso et al.,
2014). For stimulation, PMA, which is an analogue of diacylglycerol (DAG), an activator of
the protein kinase C (PKC) that stimulates NADPH oxidase and provokes oxidative burst in
phagocytes (Bado-Nilles et al., 2014; Bylund et al., 2010; Havixbeck and Barreda, 2015). The
cells were incubated with 5 pM of H;DCFDA for 30 min followed by a stimulation using 2
pg/mL of PMA for 30 min. The basal-levels of combined ROS and RNS was measured for
each sample by omitting the PMA stimulation. In comparison, the fluorescence with PMA
derives from ROS only. The capacity of oxidative burst was measured for each gate
(lymphoid and myeloid cells) as performed by Peluso et al., 2012. Four distinct parameters
were analysed: the MFT in basal condition, the MFI under stimulated condition, the ROS-level
index and proportion of oxidative burst positive cells. The ROS-level index is based on the
population mean fluorescent intensity (MFI, arbitrary units) and was previously used to
evaluate the oxidative burst capacity on total leucocyte by Bado-Nilles et al. (2014). The ratio
of the MFI of unstimulated and stimulated cells is then used to calculate the ROS-level index.
The proportion of oxidative burst positive cells was estimated using gates, which select
“oxidative burst positive cells” with a high green fluorescence intensity (in the FL1 channel;
Fig. 1), as previously performed by Haugland et al., 2014. To quantify the “oxidative burst
positives” cells only, the proportion of gated myeloid/lymphoid cells in unstimulated
condition was subtracted from the proportion of “oxidative burst positives” myeloid/lymphoid
cells in the stimulated condition, e.g., percent of lymphocytes with high fluorescent intensity
in the gate “oxidative burst positive” in stimulated condition minus the same parameter in
unstimulated condition. All flow cytometric measurements and their corresponding data
analyses were carried out with NovoCytes™ (ACEA Biosciences Inc., San Diego, USA) and

NovoExpress® software (ACEA Biosciences Inc.).
2.6. Statistical analysis

Statistical analyses were conducted with SigmaPlot (version 12.0, Systat Software Inc., San
Jose, USA). The results of flow cytometry are reported as histograms with means and
standard errors (s.e.). Prior to analyses, outliers were eliminated using the Grubb’s outlier test
(for combined data from CTR- and E2-group, ©2017 GraphPad Software Inc., La Jolla,
USA). The datasets were checked for normality and equal variances using the Shapiro-Wilk
test and the Median-Levene’s test, respectively. For comparing gender differences, if normal
distribution and homoscedasticity could be confirmed, one-way analysis of variance

(ANOVA) was used for parametric hypothesis testing; otherwise non-parametric one-way
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ANOVA on ranks (Kruskall-Wallis) was conducted. To compare culture conditions at each
incubation time, one way repeated measures ANOVA or, alternatively, non-parametric one
way repeated measures ANOVA on ranks (Friedman) was conducted. A repeated measures
ANOVA was performed for each related individual to detect differences between conditions
for each incubation time. The ANOVA test was followed by a Tukey’s post-hoc test and the
Kruskall-Wallis test was followed by Dunn’s test. The results were considered significantly

different at an a-level of 5 % (p<0.05).

3. Results
3.1. Polymerase chain reaction

Generally, the head-kidney and spleen expressed all transcripts of the nuclear receptors esr/,
esr2a, esr2b (Fig. 2). As for the membrane receptors, gpera produced a weak band in the
spleen, whereas no expression was detected in the head-kidney. Contrariwise, the gperb

displayed a well detectable level of expression in both organs (Fig. 2).

In the isolated leucocytes from the head-kidney, the transcript of esr/ and gperb were well
detected. For esr2a and esr2b, a weak band was visible in all samples. No amplification for
gperb could be observed for the majority of the fish. The splenocytes produced well-defined
esrl and esr2a amplicons. By contrast, esr2b amplicons were well detected in only half of the
fish, but barely detectable in the other specimens. Furthermore, gperb amplification resulted
in a weak, but well detectable band, whereas gpera transcripts produced merely very weak

bands.
3.2. Effect of E2 on immune cell parameters

Despite the reduced solvent volume, we observed minor, yet significant effects on the
measured immune parameters when comparing non-treated cells to the solvent controls.
Indeed, ethanol increased the respiratory burst of leucocytes isolated from the head-kidney
(Fig. 3A and 4), but also slightly decreased the proportion of macrophages (Fig. 6).
Nevertheless, the E2-effects on immune cells parameters were assessed by comparing the E2-
exposed conditions to the solvent control, so that the results remained unaffected by the

solvent effects.
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3.2.1 Redox status

Two hours: In the head-kidney, E2-treatment at 10 nM significantly decreased the ROS-level
indices in both lymphoid and myeloid cells (from 62.2 + 9.7 s.e to 28.9 + 3.5 s.e., p<0.001,
and from 430.0 £ 60.6 s.e. to 331.0 + 39.8 s.e., p=0.046, respectively), as shown in figure 3A.
At 100 nM the treatment equally decreased the ROS-level index of the lymphocytes (from
62.2 £ 9.7 s.e. to 47.4 £ 7.6 s.e., p=0.025) but had no effect on myeloid cells of the head-
kidney (p=0.997). The diminished ROS-level index is likely due to a significant E2-mediated
decrease of PMA-stimulated ROS-levels (Fig. 3 C) at 10 nM (from 153,299 + 20,462 s.e. to
67,327 £ 10,993 s.e., p<0.001 for the lymphoid cells and from 2,974,950 + 287,733 s.e. to
2,074,639 £ 164,368 s.e. p<0.05 for the myeloid cells) and at 100 nM (from 153,299 + 20,462
s.e. to 106,737 + 14,567 s.e., p<0.001 for the lymphoid cells only). E2 did not significantly
modulate the basal ROS/RNS-level in both leucocyte populations of the head-kidney (Fig. 3
B). Using the gates that quantify the oxidative burst positives cells (Fig. 4), the E2-treatment
at 10 nM decreased the proportion of oxidative burst positive cells from 10.05 % + 1.55 to
5.42 % £ 0.98 s.e. for lymphoid cells (»p<0.001) and from 56.47 % + 3.86 s.e. to 48.18 % +
3.05 s.e. for myeloid cells (p<0.001). At 100 nM, E2-treatment also decreased the proportion
of oxidative burst positive cells from 10.05 % + 1.55 s.e. to 6.84 % + 1.38 s.e. in lymphoid
cells (p<0.001) and 56.47 % =+ 3.86 s.e. to 53.72 % =+ 4.11 s.e. for myeloid cells. The latter

was, however, not statistically significant (p<0.161).

In the spleen, E2 did not significantly affect the ROS-level or the respiratory burst capacity
(Fig. 3 A and 4). However, 10 nM E2, but not 100 nM, significantly decreased the basal
ROS/RNS-level of the myeloid cells (from 14,639 + 1,053 s.e. to 10,561 = 1,146 s.e.,
p=0.009); no such effect was observed in lymphoid cells (Fig. 3 B). Considering the
stimulated ROS-level (Fig. 3 C), E2 at 10 nM had a significant effect on the myeloid cells
only, in which it decreased the MFI from 511,711 £+ 55,094 s.e. to 403,690 + 48,028 s.e.
(p=0.008).

In the thymus, E2-exposure did not significantly modulate the basal ROS/RNS-level of
leucocytes (Fig. 3D).

24 hours: In the head-kidney, 10 and 100 nM E2 significantly decreased the ROS-level
indices of lymphoid cells (from 6.0 = 0.5 s.e. to 4.1 = 0.3 s.e., p=0.023 and to 4.4 + 0.6 s.e.,
p=0.029; respectively) as well as of myeloid cells (from 20.7 = 2.8 s.e. to 8.2 £ 1.1 s.e. and to

8.1 £1.4s.e., p<0.001 for both concentrations). In this case, a significant increase of the basal
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ROS/RNS-level in both leucocyte populations was observed (lymphoid cells: from 4,240 +
495 s.e. to 6,827 = 794 s.e. (10nM) and to 6,162 £ 535 s.e. (100nM); myeloid cells: from
85,005 £ 13,191 s.e. to 150,281 + 22,645 s.e. (10nM) and to 155,601 + 22,284 s.e. (100nM),
p<0.001 for both cell types and both concentrations). The stimulated ROS-level, however,
remained unchanged. Considering the proportion of oxidative burst positive cells, the E2-
treatment had no effect on lymphoid cells, but decreased the proportion of oxidative burst
positive myeloid cells at 10 nM from 47.23 % =+ 3.72 to 39.95 % =+ 2,89 (p<0.05), but not at
100 nM.

In the spleen, E2 significantly increased the ROS-level index of lymphoid cells at 100 nM
(from 3.27 £ 0.28 s.e. to 9.54 £2.25 s.e.; p<0.05), but not at 10 nM. For the myeloid cells, E2
significantly decreased the ROS-level index at both concentrations (from 15.59 + 2.5 s.e. to
4.5+ 1.1 s.e., p<0.001, for 10 nM, and to 8.0 £ 0.8 s.e., p=0.012, at 100nM). Furthermore, E2
significantly increased the basal ROS/RNS-level of myeloid cells at both concentrations
(from 82,855 + 12,453.6 s.e. to 145,616 £ 19,987 s.e., p=0.004 for 10 nM and to 149,968 +
21,355 s.e., p=0.006 for 100 nM). For the stimulated ROS-level, at 100 nM the treatment
tended to increase from 6,358 + 824 s.e. to 7,433 + 1,068 s.e., although not statistically
significant, whereas no effect occurred at 10 nM (6,925 + 988 s.e.).

In the thymus, 100 nM E2 significantly and slightly increased the basal ROS/RNS-level in the
lymphocytes (from 499.9 + 22.5 s.e. to 553.4 + 21.6 s.e., p<0.001), but had no effect at 10

nM. No effect on myeloid cells was observed.

48 hours: In the head-kidney, E2 significantly decreased the ROS-level indices of myeloid
cells at both concentrations (from 7.4 + 1.2 s.e. to 4.1 £ 0.6 s.e., p<0.001 for 10 nM and to 3.2
+ 0.5 s.e., p=0.013 for 100 nM), but did not affect the lymphoid cells. As for the basal and
stimulated ROS-levels, E2 significantly decreased the stimulated ROS-level of myeloid cells
at 10 nM only (from 1,114,941 £+ 125,334 s.e. to 747,460 + 87,226 s.e., p<0.001).

In the spleen, E2 had neither any significant effect on the ROS-level index, nor on the
respiratory burst capacity of lymphoid cells, or their basal ROS/RNS-levels (Fig. 3 and 4).
However, E2 significantly decreased the stimulated ROS-level of the myeloid cells at 10 nM
(from 859,273 + 105,905 s.e. to 578,953 + 73,045 s.e., p=0.039).

150



In the thymus, 10 nM E2 significantly decreased the basal ROS/RNS-level in lymphoid cells
from 953.1 + 163.5 to 752.4 + 99.5 and myeloid cells from 1,055.5 + 188.3 to 837.8 = 114.5
(»<0.05 for both cell types).

3.2.2 Leucocytes distribution and mortality

In the head-kidney and spleen, E2-exposure at both concentrations had no significant effect

on leucocyte mortality and distribution (Fig. 5 and 6).

In the thymus, E2 significantly increased the mortality of lymphoid cells at 10 nM after 48h
(from 2.07 % + 0.25 s.e. to 2.88 % + 0.26 s.e., p=0.006), but had no effect on the myeloid
cells (Fig. 5). The higher concentration of 100 nM E2 left, however, mortality of either cell
type unaffected. On the other hand, 100 nM E2 significantly and slightly decreased the
proportion of lymphoid cells (Fig. 6) after 24h and after 48h (from 70.57 % + 2.31 to 69.01 %
p<0.05 and from 64.01 £ 2.45 s.e. to 63.19 £ 2.79 s.e., p=0.006, respectively), resulting in an
increased proportion of myeloid cells after 48 h of E2-exposure at 100 nM (from 27.4 % +
2.12 s.e. 10 29.4 % + 0.02 s.e. p=0.009).

4. Discussion

Oestrogen receptors appear widely expressed at the transcript level in primary and secondary
lymphoid organs of the European sea bass. Practically all Esrs and Gperb were expressed in
whole head-kidney and spleen as well as in the leucocytes from these organs. This expression
pattern is similar to the situation in another major lymphoid organ of sea bass, the thymus and
the leucocytes isolated from the thymus, where the Esrs are generally strongly expressed
(Paiola et al., 2017). Our results corroborate findings from other teleost species (Lafont et al.,
2016; Segner et al., 2013; Szwejser et al., 2017). The expression of oestrogen receptors by
different immune cells and immune organs has been reported for both, teleosts and mammals
(Cabas et al., 2013a; Rodenas et al., 2017b; Szwejser et al., 2017). Our results suggest that E2
is able to directly modulate the immune cells of the head-kidney and the spleen of sea bass as

well.

Commonly, the oxidative burst capacity of immune cells is measured in isolated myeloid cells
(Cabas et al., 2013a; Iwanowicz et al., 2014; Szwejser et al., 2017) or in the total leucocyte
populations (Bado-Nilles et al., 2014; Haugland et al., 2014; Peluso et al., 2012). Mammalian
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and teleost B lymphocytes, however, can also have innate immune cell-like properties, such
as antimicrobial, phagocytic and oxidative burst capacities (Kovacs et al., 2015; Riera Romo
et al., 2016; Zhang et al., 2017). Moreover, because ROS are involved in both lymphoid and
myeloid cell function and differentiation, we analyzed ROS-levels of lymphoid and myeloid
cells separately as proposed by Peluso et al. (2012) and Rabesandratana et al. (1992). Similar
to Rabesandratana et al. (1992), we detected that PMA increased the MFI of both lymphoid
and myeloid cells. Both authors observed that the intracellular increase of ROS-level arise
from myeloid cells, but not from lymphocytes in human blood (Peluso et al., 2012;
Rabesandratana et al., 1992). In neutrophils, PMA stimulates intracellular (possibly inside the
granule) and extracellular production of O;* (Bylund et al., 2010). Therefore, in other
phagocytes and B cells, PMA is likely to stimulate extracellular O»* mainly, which is rapidly
converted into H>O», either by superoxide dismutase or spontaneously (Bylund et al., 2010;
Peluso et al., 2014). H>O> does not diffuse freely across bilayer membranes. Its diffusion can,
however, be facilitated by different aquaporin subtypes (Bienert and Chaumont, 2014).
Interestingly, aquaporin water channels and H,O» are both involved in phagocyte and B and T
lymphocyte function as well as their differentiation (Bertolotti et al., 2016; Bienert and
Chaumont, 2014; Tyteca et al., 2015; Zhu et al., 2011). The observed increase of ROS-level
in stimulated lymphocytes most likely results from extracellularly H>O.produced by the
phagocytes, which enters the cells by facilitated diffusion via the aquaporins. Similarly, van
Reyk et al. (2001) observed that PMA-stimulation of lymph node leucocytes increased ROS-
level in T cells by stimulating the NADPH oxidase of phagocytes. Consequently, to measure
the oxidative burst capacity and to distinguish it from other sources, such as H>O; derived
from phagocytes, we used two methods of measurement and normalization. In agreement with
this diffusion observed in mammals, in the present work, E2 appeared to have similar effects
on the ROS-level index. Effectively, E2-stimulated ROS-levels of both lymphoid and myeloid
cells for most times points. This convergence could indeed result from H>O-diffusion across
lymphocytes. With the method using gates in the FLL1 channel, we could quantify a small
fraction of lymphoid cells in the head-kidney, but not in the spleen, which have apparently
oxidative burst capacity and, therefore, may correspond to a B cell population with innate-like
properties. Consequently, the increase of the ROS-level index observed at 24 h of 100 nM E2-
exposure in lymphoid cells from the spleen does not result from a stimulation of oxidative
burst capacity, but rather from an E2-mediated stimulation of H»O»-diffusion through the

plasmatic membrane. This underscores the importance to measure the immune cell
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populations separately as well as to utilise different methods of quantification and

normalisation.

The E2-mediated increase of ROS-level in the lymphoid cells of the spleen at 24 h of culture
suggests, therefore, that E2 stimulates aquaporin expression and thus stimulate lymphocyte
differentiation and function. In fact, recently it was proposed by Bertolotti et al., (2016) that
B-cell-activation and differentiation is dependent on the stimulation of aquaporin expression,
allowing for the entry of extracellular H,O> produced by B cells, i.e., autocrine action of H2O»
(Bertolotti et al., 2016). Our interpretation that E2 modulates lymphocyte differentiation is
firstly corroborated by the time point at which the stimulation occurs and, secondly, by
observations in sea bream head-kidney and in mammals (Rodenas et al., 2017a; Straub,
2007). Indeed, Rodenas et al. (2017a) found a boost in B lymphocyte differentiation
following in vivo exposure to ethinylestradiol and G-1, a GPER-specific agonist. In mammals,
E2 also enhances peripheral splenic B cell differentiation and activity (Bernardi et al., 2014;
Roved et al., 2017; Straub, 2007). As far as the T cells are concerned, extracellularly
produced H>O» also displays an autocrine/paracrine action, which is involved in T cell
activation, apoptosis and differentiation (Belikov et al., 2015). Therefore, the E2-mediated
increase of ROS-level after stimulation, most likely deriving from H>O», may also result from
a modulation of T cell function through facilitated diffusion by aquaporins, which has been
shown to regulate T cell function (Hara-Chikuma et al., 2012). Numerous examples for the
modulation of T cell differentiation, activity and function by E2 exist across jawed vertebrates
(Khan and Ansar Ahmed, 2016; Kondo et al., 1994; Paiola et al., under review). That this E2-
mediated modulation of T cells implies ROS-signalling is exemplified by the 24 h and 48 h of
in vitro E2-exposure of leucocytes from the thymus in the present study. Indeed, E2-exposure
increased the ROS/RNS-level in thymic lymphocytes, which is followed by an increased
mortality of thymic lymphoid cells only as well as a decreased proportion of lymphocytes.
This suggests that E2 stimulates apoptosis by increasing ROS-levels in immature T cells of
sea bass. As a confirmation, in teleosts, oestradiol benzoate-injection has been reported to
increase the number of degenerating lymphocytes in masu salmon (Sufi et al., 1980). Similar
observations have been made in mammals, in which ROS can trigger the extrinsic or intrinsic
pathway of T cell apoptosis (Gostner et al., 2013; Yang et al., 2013) and E2-induced
immature T cell apoptosis in vitro and in vivo for lizard and mouse, respectively (Do et al.,

2002; Hareramadas and Rai, 2006; Martin et al., 1994b).
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In mammals and teleosts, E2 modulates the function of myeloid cells such as macrophages
and granulocytes, both in vitro and in vivo (Cabas et al., 2013b; Rodenas et al., 2017b; Roved
et al., 2017; Szwejser et al., 2016, 2017). In mammals, E2-signalling is also important for
dendritic cell differentiation and function (Laffont et al., 2017; Roved et al., 2017). Once
more, E2-mediated regulation of immune cells implies ROS/RNS signalling by (1) increasing
anti-oxidant enzyme activity, and (2) regulating NO and ROS production by modulating gene
expression of NO synthase and NADPH oxidase (Karpuzoglu and Ahmed, 2006; Priyanka et
al., 2013; Straub, 2007). Similarly, our results show that E2-exposure transiently increased the
basal ROS/RNS-level in head-kidney leucocytes and in myeloid cells of the spleen at 24 h.
This suggests that E2 stimulates ROS/RNS production in innate and adaptive immune cells of
sea bass via a genomic action. In mammals, ROS/RNS signalling is involved in the
differentiation, apoptosis and activity of various myeloid cells (Gostner et al., 2013;
Karpuzoglu and Ahmed, 2006; Nathan and Cunningham-Bussel, 2013; Yang et al., 2013).
Our results confirm that E2 modulates both innate and adaptive immune cell
activity/differentiation by acting on the ROS/RNS production/signalling in sea bass as well.
Similarly, in vitro, bisphenol A-exposure of carp macrophages increased NO activity as well

as total ROS/RNS-level after 6 h and 24 h by activating ESR pathways (Yang et al., 2015).

As ROS- and Ca?*-signalling are tightly connected and are both involved in cell signalling
regulating differentiation, apoptosis and activity of numerous immune cells (Gorlach et al.,
2015), and because leucocytes of European sea bass express Gperb, it is possible that E2 also
exerts a non-genomic regulation via changes in Ca?'-fluxes. Non-genomic E2-signalling
would explain why E2-exposure significantly modulated the stimulated ROS-level of head-
kidney and spleen-derived leucocytes at 2 h already. The short lapse of time clearly points to
a rapid E2-modulation of immune cell activity in sea bass by acting on membrane-associated
oestrogen receptors. Such rapid E2-signalling is in line with findings in other teleosts and in
mammals, where E2 has been described to modulate the respiratory burst of granulocytes and
macrophages by acting on GPER (Cabas et al., 2013a; Rodenas et al., 2017b; Szwejser et al.,
2017). For instance, in lymphocytes of mice, oestrogen initiated a rapid, cytosolic pathway of
signalisation, which resulted in the stimulation of T and B cell proliferation (Adori et al.,
2010; Schneider et al., 2014). In mammals, E2 also rapidly stimulates NO-production in

human granulocytes and macrophages (Straub, 2007).

In our study, E2-exposure (for 2h) resulted in an inhibition of the oxidative burst, in both

head-kidney and spleen-derived myeloid cells as well as in lymphoid cells of the head-kidney.
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These results suggest that, in sea bass, E2 (rapidly) inhibited ROS-production by decreasing
the activity of NADPH oxidase. The stimulation of antioxidant enzyme activity by E2 was
demonstrated in the splenocytes of mice following 24h of in vitro exposure and may provide
an explanation for the observed changes in ROS/RNS-production of sea bass (Priyanka et al.,
2013). The effect was still significant after 24 h and 48h of treatment, but only in the myeloid
cells of the head-kidney. Although most studies described a stimulation of the respiratory
burst by E2 (Bado-Nilles et al., 2014; Cabas et al., 2013b; Iwanowicz et al., 2014; Szwejser et
al., 2017), the results are difficult to compare, because of, interspecies differences, seasonal
variations, differences in sexual maturation and, most importantly, culture conditions and
differences in ROS-level assessment. As for the latter, the ROS-sensitives probes measuring
intracellular and/or extracellular ROS are quite diverse (Bylund et al., 2014), as are the time-
kinetic evolutions (Cabas ef al. 2013b). Furthermore, as presented we show that the method of
normalization can lead to very different conclusions. This may be exemplified by the results
for the leucocytes of the spleen. In fact, based on the ratio, the measure of oxidative burst
capacity may be biased if E2 affects the basal RNS/ROS-level: In the case of an the E2-
mediated increase of the basal RNS/ROS-level, the overall respiratory burst index decreases,
whereas a decrease of the basal RNS/ROS-level would result in an over-estimation of the
respiratory burst index. Changes in the basal values are, however, not reported very often,
even if intracellular level of ROS is measured (Bylund et al., 2014), which makes it difficult

to evaluate the parameters that affected the respiratory burst index, in the first place.

5. Conclusion

The in vitro E2-exposure of the leucocytes isolated from the head-kidney and the spleen
clearly indicated that E2 modulates either the microbicidal capacity of lymphocytes and
myeloid cells of both organs, their ROS-signalling, or both, for that matter. The short-term
and longer-term responses of the different leucocytes at time points from 2 h to 48 h point to
E2-signalling via either genomic and membrane-bound oestrogen receptors. Considering the
microbicide activity of the leucocytes, our result indicates that the phagocytes isolated form
the head-kidney are more E2-sensitive in comparison to the leucocytes of the spleen. These
observations are corroborated by previous findings, which suggest, that E2 promotes an

inhibition of the oxidative burst capacity in the spleen of sea bass in vivo by promoting
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regulatory T cell differentiation (Paiola et al. 2018). Similar effects of E2 on leucocytes have

also been reported for mammals (Khan and Ansar Ahmed, 2016; Straub, 2007).

In particular, our results suggest that E2 modulates immune cell activity, apoptosis, and
differentiation in sea bass by tightly regulating the ROS/RNS-levels and acting via
ROS/RNS-signalisation. Notably, E2 appears to differentially modulate lymphoid and
myeloid cells from the three lymphoid organs. Consequently, from an ecotoxicological point
of view, the immune cells populations and associated immune parameters for in vitro based
bioassays or for biomonitoring purposes should be carefully chosen, because the different
leucocyte populations have intrinsic differences in the E2-responsiveness as well as in the

functions modulated by E2.
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Fig. 1: Representative Side scatter (SSC) / Forward scatter (FSC) flow cytometric profiles of leucocytes isolated
from the head-kidney (A, B), spleen (C, D) and thymus (E). Lymphoid (Ly) and myeloid (My) cells were
analysed separately by gating cell populations according to size and granularity. A, C and E show profiles of
leucocytes isolated from the head-kidney, spleen and thymus in basal condition; B, D show profiles of
leucocytes isolated from the head-kidney and spleen in PMA-stimulated condition. F, histogram in the FL1
channel of unstimulated (pale grey) and stimulated (dark grey) lymphoid and myeloid cells from the head-kidney
and spleen with gates selecting the “oxidative burst positive cells”, i.e. the peaks with the highest fluorescence
situated on the right-hand side. HK, head-kidney; S, spleen; T, thymus.
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Fig. 2: PCR-amplicons of the esri, esr2a, esr2b, gpera and gperb in whole tissue extract of head-kidney (HK)
and spleen (S) as well as in isolated leucocytes from the respective organs.
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Fig. 3: ROS-level index (A), basal ROS-level (B, D) and PMA-stimulated ROS-level (C) of the leucocytes
isolated from the head-kidney (HK), the spleen (S) and the thymus (T), measured in lymphoid (Ly) and myeloid
(My) cells after 2 h, 24 h and 48 h of primary cell culture without treatment (CTR), with 0.00005 % ethanol (i.e.,
solvent control, SC), with 10 nM and 100 nM 17B-oestradiol. MFI, mean fluorescence index (for details see

text). Values are means + standard error of the means;

*, significantly different between the CTR and SC cells at

p<0.05; different letters indicate significant differences between SC, 10nM and 100nM groups at p<0.05.
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and SC cells at p<0.05; different letters indicate significant difference between SC, 10nM and 100nM groups at
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Fig. 5: Mortality of the isolated leucocytes from the head-kidney (HK), spleen (S) and thymus (T) after 2 h, 24 h
and 48 h of culture without treatment (CTR), with 0.00005 % ethanol (i.e., solvent control, SC), with 10 nM and
100 nM 17-oestradiol. *, significantly different between the CTR and SC cells at p<0.05; different letters
indicate significant difference between SC, 10nM and 100nM groups at p<0.05.
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after 2 h, 24 h and 48 h of culture without treatment (CTR), with 0.0005 % ethanol (i.e., solvent control, SC),
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significantly different between SC and 100nM groups at p<0.05.
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3) DiscussioN

Steroid hormones, and specifically oestrogens, exert their biological regulation on numerous
physiological processes beyond sex determination and reproduction, one of them being the
immune system. It is, however, not fully established how this regulation works in different
vertebrates and to which extent immune organs and their oestrogenic regulation have been
conserved throughout vertebrate evolution. Aside from the fundamental interest this may have
for comparative immunology, the degree of conservation would underscore assumptions
about the possible effects that environmental oestrogens may have on the immune system of

lower vertebrates like fish.

To be able to evaluate whether such conservation of the immune system and its oestrogenic
regulation exists, in this study we concentrated on a major type of immune cells, the T cells
and its associated primary lymphoid organ the thymus. With respect to the morpho-functional
specialisation of the thymus and because specific tools for the identification of the different
thymic cells were lacking, the thymic structure was analysed by histology and
immunohistochemistry. Our study confirmed the conserved functional anatomy in sea bass
(Bajoghli et al., 2015; Picchietti et al., 2015). The cortical region, for instance, provides the
microenvironment necessary for multiple proliferation steps of immature T cells (Forsberg,
1996; Picchietti et al., 2015). In addition, we described, for the first time in sea bass HC with
a structure close to the small forms found in mammals (Raica et al., 2006). On the basis of
this apparent conservation of thymic structure and, putatively, function, we could extrapolate
the connection between the different thymic cells and their role in the sequential steps of T
cell differentiation. As for oestrogenic regulation, we were able to localise oestrogen receptors
in several thymic cells. For the most part, our observations appear to correspond to the
oestrogen receptor distribution so far identified in mammals, notwithstanding the fact that the
distribution of certain oestrogen receptor subtypes, i.e., GPER, ESR2 has not been yet fully
elucidated in the mammalian models. Despite some uncertainties to this respect, our study
suggests that all the oestrogen receptors are likely to be involved in the oestrogenic effects on
thymus function, as was previously suggested by studies using oestrogen receptor knockout
mice (Erlandsson et al., 2001; Staples et al., 1999; Wang et al., 2008). Moreover, we
observed, for the first time, that thymic cells supposed to play a key role in the E2-mediated
regulation of thymic function, ie., mast cells and endothelial cells, express oestrogen

receptors. Consequently, our data reinforce previous findings in teleosts, suggesting that the



oestrogenic effect on the thymus is conserved across jawed vertebrates. In addition, our
findings correspond to the hypothesis of Chapman et al. (2015) concerning the cellular
implication of mast cells in oestrogenic regulation of thymus function. Notwithstanding the
assumption of a simpler immune system in teleosts, as compared to mammals, the wide
distribution of the different oestrogen receptor subtypes observed in our study suggests a
highly complex oestrogenic regulation of thymic function. Oestrogens may, therefore, be
considered part of the hormonal signalling that regulates the different thymic cells and T cell

maturation in fine.

This conclusion was further corroborated by experimental in vivo E2-exposure. The results of
this exposure study provide some evidence for the oestrogenic modulation of both central and
peripheral T cell differentiation. Actually, oestrogen appears to stimulate an alternative
pathway of T cell maturation, thus promoting immune tolerance. Our results suggest the E2-
mediated-splenic immune tolerance to be triggered by the thymic release of yd and a3 T cells
as well as the promotion of central or peripheral Treg differentiation. These processes have
been previously described for mammals (Abo, 2001; Chapman et al., 2015; Khan and Ansar
Ahmed, 2016; Polanczyk et al., 2005) and seem to exist in fish as well. As a matter of fact, in
vitro E2-exposure of isolated leucocytes from the thymus, head-kidney and spleen further
confirmed the promotion of immune tolerance, because in both, the leucocytes from the head-
kidney and from the spleen, E2 inhibited of the oxidative burst capacity. This effect was even
more pronounced in the leucocytes of the head-kidney. Furthermore, our results suggest that,

in sea bass as in mammals, oestrogens promote immature T cell apoptosis.

In the following, the results described in the three articles will be discussed in more detail.
Moreover, complementary unpublished data obtained during the thesis will be commented as
far as they substantiate the overall conclusion. The discussion is divided into sections, which
represent the assumed underlying cellular mechanisms involved in the oestrogenic regulation
of thymic function and T cell development, both in mammals and teleosts. Eventually, the
biological and ecotoxicological significance of the oestrogenic effects on T cell differentiation

will be discussed.
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A)Are oestrogenic effects on T cell differentiation conserved from

teleosts to mammals?

In mammals, the first oestrogen receptor subtype ESRI investigated in the thymic
microenvironment by immunohistochemistry appeared to be mainly expressed in TEC
(Greene et al., 1986; Seiki and Sakabe, 1997). Later, oestrogen receptors, ESR1 and ESR2
were also detected in leucocytes isolated from the thymus of humans and rodents by
molecular biology and binding studies (Danel et al., 1983; Gulino et al., 1985; Kawashima et
al., 1995; Mor et al., 2001). More recently, ESR1 was detected by immunofluorescence in
immature human T cells (Nancy and Berrih-Aknin, 2005). By combining results from
polymerase chain reaction, immunohistochemistry and immunofluorescence, we clearly
demonstrated that sea bass T cells notably express Esrl (Article 1). As in mammals, Esrl was
strongly detected in LTEC. Similar to observations made in chicks (Katayama et al., 2012),
Esrl was also expressed in myoid cells. Furthermore, ESR1 was detected in HC like, in which
it was also found to be present in mammals and chicks (Seiki and Sakabe, 1997; Yonezawa et
al., 2008). This thymic distribution of ESR1 qualifies this receptor as a major signalling
element involved in thymic function. In mice, the E2-induced-thymus atrophy and the
associated shift within the CD4/CD8 T cell subpopulation mainly involved the expression of
ESR1 in both stromal and hematopoietic cells (radio sensitive and resistant
elements(Erlandsson et al., 2001; Staples et al., 1999; Wang et al., 2008). In summary, the
Esrl distribution within the sea bass thymus closely resembles its distribution within the
mammalian thymus. One may, therefore, assume that its major regulatory function may also
be evolutionary conserved. Esrl knockout zebrafish lines, might confirm the primordial Esrl

role for thymic function in the future.

Besides ESR1, thymic cells express also ESR2 and GPER at the transcriptional level (Mor et
al., 2001; Mosselman et al., 1996; Szwejser et al., 2017; Wang et al., 2008) suggesting diverse
signalling pathways (MISS and NISS) in teleosts and mammals (Azenabor and Hoffman-
Goetz, 2001; Erlandsson et al., 2001; Wang et al., 2008). Detailed knowledge on the
implication of oestrogen receptors other than ESR1 in vertebrates is, however, scarce and
exclusively limited to the organ-level or to isolated leucocytes. Nevertheless, it becomes clear
that oestrogens target several cell types via several receptor subtypes. This is likely to be the

case in all vertebrates, as suggested by the similarities between fish, reptiles, birds and
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mammals. Hence, the effects of oestrogen on the thymic function are difficult to understand

and should be investigated using several approaches and models.

1) Does oestrogen modulate T cell activity directly?

Thymic T cells of mammals, teleosts (Article 1), birds and, probably, of reptiles are known to
express oestrogen receptors. The complexity of the oestrogen effects on T cell maturation is
likely increased by the variable expression of oestrogen receptors at different stages of
differentiation. In fact, in mice, esr!/ is expressed in DN T cells and specially in CD44+CD25-
DNI1 (DN1>DN2>DN3), while gper is mainly present on CD44+ CD25+ DN2, but not on
DN1 and DN4 (DN2>DN3) (Wang et al., 2008). In the human thymus, ESR1 and ESR2 are
strongly expressed in CD4 SP, to a lesser extent DP and CD8 SP, and at the lowest level in
DN T cell (Nancy and Berrih-Aknin, 2005). To better understand E2-related effects on T
cells, Wang et al. (2008) investigated the E2 modulated activity of two transcription factors in
purified CD25- DN T cells, i.e., nuclear factor of activated T-cells (NFAT) and Nuclear
Factor kappa B (NFxB), which are crucial for T cell development (Gerondakis et al., 2013;
Macian, 2005; Wang et al., 2008). They observed E2-modulated early T cell maturation by
inhibiting NFxB activity via ESR1-signalling, whereas no effect on NFAT could be observed
(Wang et al., 2008).

The presence of a membrane oestrogen receptor Gper in sea bass leucocytes isolated from the
thymus is suggested by the results presented in article 1. Molecular biology analysis,
however, only demonstrated the transcript of the teleost gperb isoform in leucocytes isolated
from the thymus. These findings are corroborated by the observation of Gper in T cells from
the thymus and spleen of mice (Brunsing et al., 2013; Schneider et al., 2014; Wang et al.,
2008) and by the expression of a functional GPER in teleost and human leucocytes (Cabas et
al., 2013; Rodenas et al., 2017b; Szwejser et al., 2016; Tamaki et al., 2014). The modulation
of ROS-levels in T cells, which was observed when exposing thymic leucocytes in vitro to
E2, may be indicative of a transduction pathway associated with Ca**-signalling (Gorlach et
al., 2015) [see also section v) part (3)]. This suggests that E2 could induce MISS in sea bass T
cells, as it was observed at physiological E2 concentrations in mouse leucocytes isolated from
the thymus (Azenabor and Hoffman-Goetz, 2001) and SP CD4/CDS8 T cell from the spleen
(Benten et al., 1998; Schneider et al., 2014). It would not be unlikely for E2 to modulate T

cell Ca?*-signalisation in fish, as this mechanism is involved in numerous T cell functions,

172



such as proliferation, apoptosis, differentiation, TCR- and chemokine- signalization in
mammals (Li and Rudensky, 2016; Oh-hora and Rao, 2008). Overall, our results, as well as
those from Hareramadas and Rai (2006), Mor et al., (2001) and Schneider et al., (2014) for
lizards and mammals, respectively, point towards an E2-modulated T cell development by

directly targeting T cells via the genomic and non-genomic pathway.

i1) Does oestrogen modulate thymic T cell proliferation?

In both, teleosts and mammals, E2 has been reported to modulate thymic and peripheral T cell
proliferation. In the splenocytes of mice, for instance, E2 appeared to directly activate ESR1
and ESR2 (Priyanka et al., 2013). Similar observations could be made for Esrl in the PBL of
channel catfish (Iwanowicz et al., 2014). The E2-related activation was suppressed by the
non-specific ESR-antagonist ICI 182,780. Moreover, in mice, in vitro exposure of splenocytes
confirmed the implication of both MISS and NISS in the E2-mediated-regulation of T cell
proliferation (Schneider et al., 2014).

When using pcna expression as a measure of proliferation in the thymus (Article 2), we
observed that E2 tended to decrease immature T cell proliferation in female sea bass. As the
decrease was no statistically significant, our results suggest that one week of elevated
physiological E2-levels do not strongly modulate T cell proliferation in sea bass, which is
different to results obtained in mammals (Martin et al., 1994b; Zoller and Kersh, 2006). A
direct marker of leucocyte proliferation, however, such as the in vivo thymocyte incorporation
of 5-ethynyl-2’-deoxyuridine after injection would be better suited to elucidate whether T
cells from mammals and fish behave differently with respect to the regulation of their

proliferation by oestrogen (Rodenas et al., 2017a).

ii1) Does oestrogen modulate mature and progenitor T cell trafficking?

(1) ETP homing

In the connective tissue of the sea bass thymus, vascular endothelial cells appeared to express
the oestrogen receptors and especially Esrl, Esr2a, Esr2b and Gper (Article 1). Although the
presence of oestrogen receptors in vascular endothelial cells has been described for other
tissues and organs (Prossnitz and Barton, 2014; Straub, 2007), it is here described for the first

time for the thymus. This result is an important feature, because oestrogen receptor expression
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by endothelial cells is tissue specific (Chakrabarti et al., 2014; Isensee et al., 2009), and,
therefore, cannot simply be extrapolated from one organ to another. In mice, Buono et al.
(2016) showed that thymic vascular endothelial cells expressed KitL, the ligand of c-kit
(CD117) localized on early thymic progenitors (ETP). This is essential for ETP homing since
KitL deletion results in 50% of thymocyte loss together with an extensive loss in c-kit+ ETP.
Interestingly, Buono et al. (2016) also observed that cortical endothelial cells express delta-
like 4 and cxcl12, which are also implicated in ETP homing and T cell commitment, both in
teleosts and in mammals (Bajoghli, 2013; Halkias et al., 2014). Our results indicate that E2
could modulate ETP homing and T cell commitment by acting on endothelial cells. Similar
effects may be mediated by LTEC in teleosts and mammals. In fact, in mammals, these cells
express various thymic factors, e.g., GH (Maggiano et al., 1994), thymulin (Savino and
Dardenne, 1984; Seiki and Sakabe, 1997), lymphopoeitin, thymosin 4 and al (Savino and
Dardenne, 1984; van de Wijngaert et al., 1984) and likely stromal cell-derived factor-1 (SDF-
1/CXCL12; Suzuki et al., 1999). Thymic growth factors, such as CXCL12, thymulin or GH
are important for thymocyte migration, homing and proliferation (Bajoghli et al., 2015;
Savino et al., 2012, 2015). Consequently, E2-mediated modulation of ETP homing and T cell
maturation is likely to be brought about by an effect on LTECs. This hypothesis is reinforced
by the fact that LTEC activity is modulated by E2 (Martin et al., 1995a; Moreno and Zapata,
1991). However, ikaros and ragl expression were not significantly modulated in the thymus
of sea bass by E2-treatment (Article 2). This in turn suggests that ETP homing and early T
cell commitment in sea bass are not as strongly modulated by E2, as they are in mammals

(Zoller and Kersh, 2006).

(2) T cell output

For the immune response, the T cells that have been educated in the thymus must leave the
thymus and act in the periphery. T cell output and fate of the peripheral T cells represent

important targets of oestrogenic regulation (Chapman et al., 2015).

In sea bass, thymic MCs appear to express all the oestrogen receptors, but especially Esrl and
Esr2a (Article 1). Oestrogen receptor expression in thymic MC has not yet been described in
mammals. However, mouse bone marrow derived MC and human colonic mucosa MC
express ESR1 and GPER, respectively (Narita et al., 2006; Qin et al., 2014; Zaitsu et al.,

2007). In addition, the thymic vessels of sea bass appear to express the different oestrogen
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receptors, which suggests an E2-induced vasodilatation by acting simultaneously on MC and
thymic vessels (Article 1). Thymic vasodilatation is believed to facilitate T cell output and has
been reported to be subject to modulation by E2 (Chapman et al., 2015; Martin et al., 1995a).
Moreover, in immature female chicks, DES-treatment increased the number of T cells in the
vagina, ovary and liver (Zheng and Yoshimura, 2001). We assume that elevated E2-levels
probably stimulated the T cell release and the migration into the spleen and head-kidney of
sea bass (Article 2). Overall, these findings together with those reported for birds and
mammals strongly suggest that E2-mediated vasodilatation enhances T cell output from the
thymus. Importantly, this enhanced T cell output may also consist of a leakage of immature

and “uneducated” T cells (Chapman et al., 2009).

1v) Does oestrogen modulate central tolerance?

(3) Thymic APC number and/or function

The increase of mhc2a expression in the male thymus of sea bass following E2-treatment
suggests that E2 stimulates antigen presentation. In fact, in mammals, E2 has been reported to
increase the number of potential APCs (B cell, plasma cells, DC-like and interdigitated cells).
These APCs are likely to come from the periphery, because of their close association to E2-
induced-vasodilated vessels (Martin et al., 1994a, 1995a). Alternatively, the increase of
mhc2a could also be mediated by the induction of thymic APC differentiation and activity, as
E2-treatment has also been described to (1) stimulate intrathymic granulopoiesis (Martin et
al., 1994a) and to (2) directly modulate peripheral DC differentiation and function in
mammals (Kovats, 2015; Laffont et al., 2017). The potential stimulation of thymic DC-
function by E2 was confirmed by Selvaraj et al. (2005), who observed that E2-injection
increased thymic IL-2 mRNA in the mouse. As a matter of fact, the only described source of
IL-2 in the thymus appears to be the DC (Weist et al., 2015). In teleosts, DC-like cells have
been described only recently. To the best of our knowledge, it is still unknown if (1) they
express the different oestrogen receptors and if (2) they are modulated by E2, as has been
shown for mammals (Kovats, 2015; Laffont et al., 2017). Moreover, HCs, which express
ESR1 in mammals, chick and sea bass (Article 1), may provide another level of modulation.
In mammals, an implication of HCs in the activation of medullary dendritic cells was reported
(Watanabe et al., 2005). Hence, E2 may also indirectly stimulate DCs by stimulating HCs.

Although the observed increase of mhc2a expression in our study could also be mediated by a

175



direct effect on the TEC, which express both oestrogen receptors and MHC-II, this
mechanism is rather unlikely, because, in mammals, MHC-II in TEC was decreased by E2
(Dragin et al., 2017; Moreno and Zapata, 1991). In addition, B cells, which, in mammals, are
considered potent thymic APCs, are present in the thymus of teleost fish (Klein et al., 2014;
Yamano et al., 2015; Zapata et al., 1996). This is underscored by the expression of both igT+
and IgM+ transcripts in the sea bass thymus. IgM positive cells represent about 5% of the
isolated leucocytes (Picchietti et al., 2017; Romano et al., 2017), whereas IgT transcripts are
expressed at quite high levels (likewise to the head-kidney; Buonocore et al., 2017). It has
been shown by Zhu et al., 2014 that B cells generally exert APC capacity, which suggests that
B cells are likely to be involved in the central tolerance of vertebrates. Oestrogen modulates B
cell activity, in mammals as well as in teleosts, potentially by acting on their oestrogen
receptor (Iwanowicz et al., 2014; Khan et al., 2012; Kovats, 2015; Rodenas et al., 2017a).
Indeed, in mice, and most likely in sea bass, B cell activity can be modulated by E2 through
MISS (Schneider et al., 2014). Overall, data from the literature and from our study strongly
suggest a modulation of central tolerance by E2 by acting on thymic APCs, including B cells,

across all jawed vertebrates.

(4) Clonal selection

In mammals, FasL.-mediated apoptosis of immature T cells can be stimulated by E2 (Do et al.,
2002; Mor et al., 2001). As FasL is localized in mTEC and HC (Bai et al., 2013), it enables
apoptosis via the modulation of HC activity in humans. Furthermore, in the periphery APCs,
such as DCs, play a key role in clonal selection of T cells by inducing of FasL-mediated
apoptosis after T cell activation (Audiger et al., 2017; Paulsen and Janssen, 2011). E2 could
stimulate the extrinsic pathway of apoptosis involved in clonal selection in jawed vertebrates,
either via HC or via the migration of APCs into the thymus and the function they exert
therein. This hypothesis may explain the observed E2-mediated increase of apoptosis in

different studies (Okasha et al., 2001; Wang et al., 2008).

In our in vivo exposure study, however, caspase8 and caspase9 transcript-levels were not
strongly modified by E2-treatment, suggesting that oestrogen does not affect immature T cell
apoptosis in sea bass (Article 2). In fact, Chapman et al. (2015) suggest that doses of E2
within a physiological range do not induce a strong T cell apoptosis in mammals. Future

research should consider other indicators of apoptosis. The focus on caspase8 and caspase9 is
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certainly insufficient and perhaps these genes are not the most appropriate ones, as Do et al.
(2002), for instance, neither observed any change in the caspase§ mRNA-level, despite

clearly demonstrating that E2 induced the extrinsic apoptosis pathway.

v) Does oestrogen modulate T cell lineage commitment?

E2 may stimulate alternative intrathymic pathways of T cell-maturation, i.e., the commitment
into yd0 T cell and Treg lineages. In mammals, E2 has been described to promote the
differentiation of the thymic pIELp as well as iNKT (Abo, 2001; Cheroutre et al., 2011;
Narita et al., 1998; Screpanti et al., 1991). The commitment into Treg, pIEL, iNKT and y0 T
cells depends on a strong TCR-signalling process (Cheroutre et al., 2011; Hogquist and
Jameson, 2014; Lambolez et al., 2006; Li and Rudensky, 2016; Mufioz-Ruiz et al., 2017).
This process has been designated as agonist selection for distinction from positive and
negative selection (Gascoigne et al., 2016; Hogquist and Jameson, 2014) [see also part (3) of
this section]. Indeed, during T cell education not all self-reactive T cell clones are negatively

selected. The T cell repertoire is broadly self-reactive and can drive the agonist selection.

The strengh of TCR-signalling, which promotes T cell lineage commitment, is determinated
by TCR-affinity as well as by the environmental situation, e.g., cytokines (IL-2, TGF-f) and
co-stimulatory receptors (CD28) which is modulating TCR-signalling intensity. As a matter
of fact, self-reactivity is believed to trigger pIEL or iNKT differentiation in the cortex of the
thymus and Treg differentiation in the medulla (Hogquist and Jameson, 2014).

(1) Treg
(a) Thymus-derived-Treg

As it probably is the case in mammals (Teles et al., 2013b), the E2-mediated increase of foxp3
expression in the thymus of males indicates that E2 promotes the differentiation of thymus-
derived-Treg (tTreg) in sea bass (Article 2), as Foxp3 is a key transcription factor in the
control of Treg development. This effect is likely to depend on APCs, as outlined above. In
the thymus of female sea bass, the increase of aire and the lack of any significant change in
the relative expression of the caspases may be indicative of E2-stimulated AIRE-dependent

Treg differentiation. However, no significant effect of E2 was observed on the relative
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expression of foxp3. It might be that, in the adolescent female fish utilized for the E2-
exposures, endogenic oestrogen already initiated Treg development. Consequently, the E2-
induced-Treg differentiation in the thymus might occur at very low E2-levels. Accordingly,
the increase of foxp3 in the spleen of female sea bass may be mediated by an E2-mediated
stimulation tTreg migration to the spleen. Because the majority of plasma samples from the
control group had E2-levels below the detection limit, possible gender differences in

plasmatic E2-levels of the control group could not be confirmed.

The commitment into the yo T cell lineage was indicated by E2-mediated changes of tcrg
expression in the spleen and the head-kidney. However, this was observed solely in male sea
bass, which, again may be explained by possible gender differences in endogenous oestrogen-
levels. This explanation is further supported by the fact that in the female thymus, fcrg

expression is significantly lower than in males.

The E2-related modification of tTreg differentiation may also be effectuated by HCs, which
appear to be implicated in the differentiation of tTreg via the activation of medullary dendritic

cells (Watanabe et al., 2005).

Contrariwise, the apparent increase of the number of Tregs in the thymus of male sea bass
could result from an E2-stimulated cell trafficking from peripheral lymphoid organs.
Paradoxically, a migration of peripheral Tregs back to the thymus may take place. The
biological significance of this mechanism, which has been described for mammals, remains
poorly understood, but it is believed to represent a feedback regulation inhibiting de novo
tTreg differentiation (Li and Rudensky, 2016; Ulges et al., 2016). Evidence suggests a similar
mechanism in teleosts, because thymic re-entry of T cells has been described for juvenile

medaka by Bajoghli et al. (2015).

(b) Peripheral Treg

Our results obtained with foxp3 as well as the decrease of oxidative burst capacity suggest
that E2 induced pTreg differentiation and function or the migration of tTreg towards the
spleen (Article 2). In mammals, high physiological E2-levels augment the proportion of Tregs
in the periphery, i.e., spleen, blood or lymphoid nods (Polanczyk et al., 2004, 2005; Spanier
et al., 2015; Tai et al., 2008). During the menstrual cycle of mice, for instance, increased Treg

numbers in the vaginal lumen and uterus coincide with higher E2-levels at oestrus (Teles et
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al., 2013a). Moreover, in vitro E2-exposure has been found to stimulate Treg differentiation
of CD3/CD28-stimulated CD4+ T cells as well as Treg suppressive activity and proliferation
in humans and mice (Polanczyk et al., 2005; Prieto and Rosenstein, 2006; Tai et al., 2008).
This differentiation did not occur in ERKO mice. It can also be prevented by the oestrogen
receptor antagonist (ICI 182,780), on the one hand, and stimulated by an oestrogen receptor
agonist (G-1). This suggests that E2-stimulated Treg differentiation in vitro is directly
triggered in the T cells via GPER or ESR1 (Brunsing et al., 2013; Khan et al., 2012;
Schneider et al., 2014; Tai et al., 2008). Direct E2-stimulation of Treg differentiation is
confirmed by (1) in vivo E2-treatment of ESR1-deficient mice, which diminished FOXP3
induction (Polanczyk et al., 2004), (2) the anti-inflammatory effect of G-1 in a mouse
autoimmune model and (3) a reduction in the anti-inflammatory effect of E2 under
autoimmune conditions in GPER-deficient mice (Khan and Ansar Ahmed, 2016; Wang et al.,
2009). Therefore, during pregnancy, E2 is likely to constitute an important accessory signal to
promote Treg differentiation. To the best of our knowledge, the process of Treg
differentiation has not been investigated in teleosts for the time being. Therefore, no data exist
that could corroborate our hypothesis. Nevertheless, if we postulate that Treg differentiation
in teleosts is homologous to that in mammals, which may be assumed on the grounds of
numerous anatomical and functional similarities of the thymus and T cell between fish and
mammalian species, E2 may also represent an accessory signal that promotes Treg
differentiation in teleosts by activating membrane and nuclear oestrogen receptors expressed
by T cells. In the mammalian thymus, Treg differentiation is determined by TCR-affinity for
the pMHC as well as accessory signals, such as cytokines (IL-2, TGF-B) and co-stimulatory
receptors (CD28) provided by the APCs (Li and Rudensky, 2016; Ulges et al., 2016; Weist et
al., 2015). Therefore, during pregnancy, it is likely that tTreg and pTreg differentiation will be
also influenced by an E2-action on APCs, such as DCs. As matter of fact, transfection of E2-
exposed splenic DCs in vitro into a rat model of autoimmune disease stimulates Treg
differentiation in vivo (Khan et al., 2012; Straub, 2007). Similarly, in endometriosis, E2
locally stimulates the differentiation of CD3/28-stimulated CD4 T cells into Tregs (Wei et al.,
2016). Furthermore, Wei et al. (2016) also observed that E2 promotes Treg function by
stimulating the expression of IDO1 enzyme in macrophages and endometrial stromal cells
(Wei et al., 2016). Because teleost immune cells, such as macrophages, B cells and APCs are
susceptible to be modulated by E2 (Iwanowicz et al., 2014; Lewis et al., 2014; Liarte et al.,

2011), it is not unlikely that Treg differentiation in teleosts is modulated via several pathways.
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In vitro, Treg inhibits T cell proliferation in mammals and fish (Plitas and Rudensky, 2016;
Polanczyk et al., 2005; Wen et al., 2011) and, in vivo, deletion of Treg stimulates T cell
proliferation in peripheral tissue (Sugimoto et al., 2017; Wen et al., 2011). Consequently, the
E2-mediated Treg differentiation would correspond to an E2-induced inhibition of the PBL
proliferation (stimulated with ConA) measured after in vivo E2-exposure of rainbow trout
(Shelley et al., 2013). However, future investigations should confirm that E2-stimulated Treg

differentiation is conserved in teleosts.

(2) Unconventional T cell lineages

In matters of IEL, which are commonly referred to as CD8aa+ af or yd T cells, similar cells
probably exist in teleosts as well. Contrariwise to their mammalian counterpart, teleost IELs
do not appear to be oligoclonal (Cheroutre et al., 2011; Tafalla et al., 2016). As in mammals,
they show cytotoxic activity, but clear characteristics that allow to distinguish them as a
specific populations different from systemic T cells have not been yet defined (Salinas, 2015;
Tafalla et al., 2016). The origin of teleost IELs, including o and yd T cells, is probably
similar to that in mammals, in which IEL arise from the thymus followed by in situ
differentiation as well as extrathymic differentiation. As a matter of fact, rag/+ lymphocytes
have been observed in the intestine of juvenile carp (Huttenhuis et al., 2006). Moreover, in
sea bass DLTI15-purified intestinal T cells expressed rag/ (Boschi et al., 2011). During
ontogenesis, DLT15+tcrf- cells, which most likely correspond to y6 T cells, were
simultaneously detected in the thymus and in the intestine at 35 days post-fertilization
(Romano et al., 2011). The tcrf+ cells first appeared in the thymus 35 dpf and then, 6 days
later, in the intestine (Romano et al., 2011). These observations indicate that during the early
ontogenesis of sea bass, aff T cells are of thymic and y6 T cells are of extrathymic origin.
Similarly, in carp T cells first appeared in the intestine during ontogenesis (Huttenhuis et al.,
2006). In fact, Huttenhuis et al. (2006) observed a decrease of ragl expression in the intestine
during the ontogenesis. This would confirm that, in fish, the extrathymic origin of T cells is
quite important in the early steps of ontogenesis. At later developmental stages, however, the
thymus probably becomes the main site of y0 T cell formation, as is clearly shown by the
seven fold higher expression of fcry in the thymus as compared to the intestine and other
lymphoid organs of sea bass (Boschi et al., 2011). In mammals, the intestine, liver and, to a

lesser extent, the uterus have been identified as the main sites of extrathymic T cell
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differentiation. Different physiological conditions are known to stimulate extrathymic T cell
differentiation, such as aging, stress, pregnancy and oestrogen-treatment (Abo, 2001). In our
study, E2-treatment increased the relative expression of fcry in the head-kidney and spleen of
males (Article 2). In addition, the expression-levels of zcry were highly correlated to that of
pcna. These results suggest that E2-stimulated the extrathymic T cell differentiation in the
spleen of sea bass. Future work should investigate the effect of E2-treatment on ragl
expression in the spleen, the liver and the intestine in order to determinate if the E2-mediated

stimulation of extrathymic T cell differentiation is evolutionary conserved.

In mammals, mTECs, are believed to play an important role in the development of vy T cells,
pIELs and iNKTs, because their frequencies are altered when mTEC (but not ¢cTEC) are
impaired (Abramson and Anderson, 2017; Fujikado et al., 2016). As a matter of fact, IL-17A*
18 T cells (Tyd17), the majority of thymic iNKT and mTEC are co-localized in the medulla
(Abo, 2001; Fujikado et al., 2016). Moreover, Airet mTECs regulate yd T cell-differentiation,
both in an Aire-dependent and Aire-independent manner (Fujikado et al., 2016; Roberts et al.,
2012). Fujikado et al. (2016) observed that aire depletion in mouse as well as aire mutation in
humans stimulated the development of the peripheral population of quasi-invariant pro-
inflammatory Tyd17, which infiltrate tissues targeted by an autoimmune attack. Hence, AIRE
promotes immunologic tolerance by dampening Tyo17 (Fujikado et al., 2016). We found that,
in sea bass, E2-modulated TEC function, which was indicated by an altered aire expression.
Thus, E2 may trigger v T cell differentiation in sea bass by acting on mTEC in a manner
comparable to its regulatory action in mammals. E2-treatment, tended to decrease the relative
expression of zcrg in the thymus of female sea bass, whereas no such effect could be observed
in the spleen or the head-kidney. However, these results do not exclude the implication of
Aire in the Y0 T cell differentiation of sea bass. In fact, in mice aire-deficiency had no, or only
a weak effect on thymic and peripheral population of yd T cells, i.e., when all y6 T
subpopulations are quantified together (Fujikado et al., 2016). Interestingly, the increase of
aire expression in E2-treated females appeared to entail, an induction of peripheral immune
tolerance in the spleen, as outlined above. This suggests that E2 decreases the differentiation

and number of Ty517 (or homologous pro-inflammatory T cells) in the spleen.

In mice and in humans, IL-7 drives Tyd17 differentiation (Fujikado et al., 2016; Vantourout
and Hayday, 2013). Fujikado et al. (2016) hypothesised that AIRE regulates Tyd17

differentiation by repressing IL-7 gene expression. Because IL-7 mRNA has been detected in
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human HCs (Watanabe et al., 2005), it may be assumed that E2 regulates Ty517 commitment
by modulating the production of IL-7 from HCs. In teleosts, IL-7 is important for T cell
development (Boehm and Swann, 2014), but it is unknown if this interleukin is involved in yo
T cell commitment, for this process has not been investigated in fish. Hence, future research
should determine (1) the appearance of these cells during teleost ontogenesis, (2) if E2
regulates Y8 T cell development in fish and (3) if y0 T cells are also represented by several

subtypes, e.g., TGF-+, IFNy+, IL-17+ y3 T cells, as it is the case in mammals.

Considering iNKTs, in contrast to NK-like cells, homologous/analogous cells have not been
identified yet in teleost (Riera Romo et al., 2016; Tafalla et al., 2016). On the contrary, in
birds and amphibians, iNKT-like cells have been described, suggesting a considerable
conservation amongst vertebrates (Riera Romo et al., 2016). In mammals, iNKT have innate
immune cell-like properties and, notably, antimicrobial, antitumoural and antiviral functions.
These are conferred by the cytotoxic properties of iNKT cells and their capacity to release

chemokines, Th1 and Th2 cytokines (Pasman and Kasper, 2017; Riera Romo et al., 2016).

(3) Oestrogenic regulation of ROS/Ca?"-signalisation: the keystone?

As mentioned above, the commitment of T cells to Treg, pIEL, iNKT and yd T cell lineages
requires agonist selection in mammals. TCR-signalling can be influenced by E2 MISS-
activation, which modifys Ca**-fluxes in T cells (Offner et al., 2000). T cell fate and agonist
selection require antigen-initiated signals, which activate downstream signalling pathways
tightly regulated by accessory signal such as CD28- or TGF-B-signalling (Li and Rudensky,
2016). Elevated E2-concentrations could, therefore, modulate downstream TCR-signalling
and, thereby, promote the differentiation of T cells into Treg, pIELp, iNKT and yd T cells
during the central events of T cell commitment (Fig. 23). In mammals, iNKT as well as pIEL
differentiate from DP (Abramson and Anderson, 2017; Gascoigne et al., 2016; Hogquist and
Jameson, 2014; Mondoon et al., 2017). Interestingly, it was observed that both membrane
receptor-deficiency in GPER-knockout and G-1 injection into wild-type mice increased DP T
cell apoptosis (Isensee et al., 2009; Wang et al., 2008). These bewildering results may be
explained by the different levels of Ca?" necessary to destine T cell for either lineage
commitment or apoptosis (Fig. 23). At low E2-concentrations, GPER-signalling may
represent an important co-signalling factor to avoid death by neglect, i.e., to elicit a weak, but

lasting Ca?*-signal for positive selection. Elevated E2-levels within the physiological range
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activate GPER to produce an intermediate Ca®*-signal of shorter duration, which modifies the
TCR-signal in DP T cells towards agonist selection. Supraphysiologically high E2-levels
rather provoke a strong GPER-activation (as does high G-1 administration) resulting in a
short, but strong Ca?"-signal, which in turn favours negative selection. Thus, distinct
combinations of Ca?"-concentrations and induction periods are required for either positive,
agonist or negative selection with extremely low or extremely high E2-concentrations leading
to apoptosis through death by neglect or through negative selection, respectively (Fig. 23).
This modulation of Ca?*-signalling has already been described to modulate positive and
agonist selection (Gascoigne et al., 2016; Hogquist and Jameson, 2014). The hypothesis that
E2 promotes agonist selection explains the E2- and G-1-mediated promotion of Treg

differentiation (Brunsing et al., 2013; Polanczyk et al., 2004).
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As mentioned earlier, the E2-mediated MISS in T cells is likely to be evolutionary conserved
amongst vertebrates. We observed that E2 slightly increased ROS-levels in leucocytes of the
thymus after 24 h of in vitro exposure. Based on the fact that ROS-, Ca?*- and TCR-signaling
are intrically linked (Belikov et al., 2015; Gascoigne et al., 2016; Gorlach et al., 2015), TCR-
activation not only stimulates Ca?*

activation of dual oxidase 1 (DUOX-1) and the NADPH oxidase-2 (NOX-2) leading to the

-signalling, but also leads to ROS-production via the

formation of superoxide, which becomes rapdily converted into hydrogen peroxide.
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Furthermore, TCR-activation increases the ROS production through the activation of 5-
lipoxygenase as well as the release of superoxide from the mitochondria (Belikov et al.,
2015). Interestingly, all of these ROS sources are activated by Ca?* and, in mammals, ROS-
levels regulate T cell apoptosis, differentiation and proliferation (Belikov et al., 2015; Gorlach
et al., 2015; Hedi and Norbert, 2004). After 48 h of exposure we observed an increase of T
cell mortality, which indicates that E2-induced immature T cell apoptosis in sea bass may

follow the same principles as in mammals.

In mammals, FasL expression in whole thymus as well as in isolated thymocytes was induced
by E2-treatment (Do et al., 2002; Mor et al., 2001). Furthermore, FasL expression can be
stimulated by ROS production and by Ca?* (Hildeman et al., 2003). At supraphysiological E2-
concentrations, the E2-mediated stimulation of FasL is likely to trigger immature T cell
apoptosis. By contrast, at physiological E2-concentrations, the low-level induction of FasL
may stimulate TCR-signalling (Paulsen and Janssen, 2011). Hence, the E2-mediated increase
of FasL is likely to represent a supplementary mechanism to increase TCR-signalling and thus

trigger agonist selection.

vi) Is oestrogen-mediated atrophy evolutionary conserved?

In mammals, the drastic thymic atrophy brought about by elevated E2-levels is likely to arise
from a rapid change in the thymic T cell fate. An important factor, which is probably
responsible for this E2-mediated atrophy is the rapid and increased output of early committed
T cell progenitors. It remains uncertain if a similar process occurs in teleost. Nevertheless, our
results show that E2 could promote agonist selection of yo T cells and Treg cells. In the
mammalian thymic cortex, immature T cells seem to have brief migratory pauses depending
on transient Ca®" fluxes that gradually increase the basal Ca?>*-level during positive selection.
Afterwards, positively selected T cells move much faster towards the medulla. On the
contrary, negative selection reduces T cell motility rates in the medulla, leading to migratory
arrest and increase cell-to-cell contact with APCs, which is followed by apoptosis (Gascoigne
et al., 2016). In fact, high affinity between pMHC and TCR induces a strong TCR-signal that
leads to cell arrest. Consequently, positive signalling requires more than 36 h whereas
negative selection necessitates just one hour (Gascoigne et al., 2016). Subsequent to positive
selection, the following differentiation of conventional T cells in the medulla represents a

long process of maturation as well. Therefore, because agonist selection is an intermediate
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state of TCR-signalling between positive and negative selection to neither of which the
agonist selected T cells are submitted (Lambolez et al., 2006), it is likely that pIEL, iNKT, or
vd T cells rapidly differentiate and migrate to the periphery. As for the y6 T cells, it is
unknown whether they indeed undergo negative selection. However, it was suggested that yo
T cells proliferate less and differentiate more rapidly than aff T cells (Taghon et al., 2006).
Consequently, the E2-mediated T cell commitment probably differentiates the cells more
rapidly and the resulting lineages migrate more quickly into the periphery than conventional T
cells. This hypothesis could, at least partly, explain the promotion of thymic atrophy at high
physiological E2-levels. As our results provide evidence for E2 to direct T cell maturation
towards unconventional T cells, which develop more rapidly and leave the thymus earlier, this
would suggest that the E2-mediated thymic atrophy is evolutionary conserved and, therefore,

also applies to teleost fish.

(1) Thymic seasonal variation and involution

The number of isolated leucocytes was measured in at least one of the thymuses of each and
every fish sacrificed during the three years of this PhD-thesis, including those of the field
catches and those of the hatchery at Aquacaux. If thymus size changes with the age of the
fish, which can be roughly estimated by its total length, then a relationship between leucocyte
number and length may emerge when organising the collected data into different classes of
total length as well as the time point, i.e., month of sampling. The results clearly show that the
thymuses of juveniles of one year of age (G0-G1 class, 6-15 cm) up to two and three years of
age (G2-G3 class, 15-30 cm) undergo a strong seasonal variation (Fig. 24). This is the first
evidence in sea bass of the seasonal variation of thymic function, i.e., seasonal thymus
atrophy. In fact, thymus involution or atrophy is commonly referred to as a decrease of T cell
content (Hince et al., 2008; Tatner, 1996). Our findings indicate that the thymus atrophy
doesn’t result from a change of food availability or quality because fish from the hatchery
also undergo thymus atrophy. In agreement with our findings, Honma and Tamura (1984)
observed similar thymus plasticity in fish caught in wild and fish reared in controlled
condition under natural photoperiod and temperature. They reported that in various species of
perennial fish seasonal thymus involution occurs several times during their lifespan and that
temperature and photoperiod are critical elements of this involution (see below). For instance,

fish exposed to complete darkness in June and July show an important involution and, during
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winter, fish exposed to high temperatures show a rapid hypertrophy within 10 days. These
findings also are in line with the histological observations described in the first article for fish
of three years of age, which were sampled in October and in December. Notably, an important
connective tissue, numerous myoid cells and a difficult to distinguish regionalisation were
observed in some fish. These elements are characteristic of involuted thymuses.
Correspondingly, Honma and Tamura (1984) noticed that in fish, the seasonal involution is
associated to a relative increase in the amount of connective tissue and lacunae with
increasing age.
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Figure 24: Thymic number of isolated leucocytes per thymus following total length classes as well as the month
of the sampling. For the wild fish, the age classes (G1-G3) were estimated with the size of the fish based the
work of Claridge and Potter (1983). Evolution of temperature (blue) and photoperiod (yellow) + standard error
associated with the date of the sampling. The box plots show minimum, maximum values, as well as the third
and second quartile. Boxes in orange and blue indicate that the fish were sampled in the wild or taken from
hatchery, respectively. Fish in the length class of 6-10 cm sampled in February and 20-30 cm sampled in
December and April were obtained almost exclusively from the hatchery. The fish of 15-20 cm sampled in
April-May were manly obtained from wild. *, significantly different at p<0.05 (ANOVA on ranks followed by
Dunn’s test). Numbers in parentheses correspond to biological replicates. Note: one temperature of sampling is
missing for the fish of 20-30 cm caught in the wild.
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Recently, the thymic volume evolution including total, cortical and medullary volume has
been investigated during the thymus ontogenesis in sea bass from 93 dph from 239 dph
(Seemann et al., 2015). The authors observed that the volume increased with the age, i.e., the
size until 183 dph. Then, around 210 dph the thymic volume tendentially decreased to reach
statistically significant difference in volume at 239 dph. These total volume changes were
associated with a change of ratio cortical/medullary volume from 3.15 at 93 dph to 1.31 at
239 dph. Therefore, the putative decrease at about eight months of age could correspond to

the first seasonal involution.

Whether this first thymic involution follows an endogenous programme or whether it depends
on external abiotic and biotic cues, i.e., a zeitgeber, remains to be elucidated. The sea bass of
Seemann et al. (2015) appeared to develop a thymus atrophy under constant experimental
conditions, i.e., constant photoperiod, temperature and food supply, speaking in favour of a
endogen regulation. On the other hand, Honma and Tamura (1984) confirmed a seasonal
thymus atrophy, which was independent of the time point of hatching in medaka, and,
therefore, must have been triggered by zeitgeber. Similarly to our observation on the seasonal
involution, these authors also documented a maximum thymus thickness in June and July, i.e.,
the months with the highest length of day, for several species of annual and perennial fish in
Japan. This means that thymus volume reaches a maximum in summer, independent of the

time of spawning, the latter of which differs in the species studied.

In mammals and other teleost species, first signs of thymus involution, i.e., decrease of
thymic function also occur before puberty: about a few weeks after birth in rats or mice, six
months after birth in horses, or 15 wpf in zebrafish (Aw and Palmer, 2012; Lam et al., 2002;
Ottaviani et al., 2008). This early occurrence of thymus involution, which is situated in a
period of high somatic growth, implies active regulatory processes as opposed to a passive

degradation with age or a lowered metabolism during unfavourable environmental conditions.

(2) Endocrine control of thymic involution

Seasonal variation of photoperiod (circadian rhythm) and temperature are, doubtlessly,
determinant environmental factors affecting animal physiology. This holds particularly true in

poikilothermic animals, such as teleost fish (Bowden et al., 2007; Pérez-Ruzafa and
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Concepcion, 2015). Daylight and temperature regulate many fish behaviours, for instance
related to reproduction (e.g., maturity, spawning and migration), but also immune system
performance. As for the latter, fish appear to exhibit seasonal fluctuations in their
susceptibility to various pathogenic agents (Bowden et al., 2007; Pérez-Ruzafa and

Concepcion, 2015; Szwejser et al., 2016).

The synchronisation of seasonal environmental changes with the thymic function, requires to
sense these physical changes and to transduce them into a molecular signal and a systemic
communication. In both mammals and teleosts, daylight timing depends on melatonin
secretion by the pineal gland (Bowden et al., 2007; Vera and Migaud, 2014). Melatonin
synthesis is also believed to communicate a temperature signal. In fact, it was hypothesised
that temperature regulates the amplitude of the melatonin secretion whereas photoperiod
would control its nocturnal rise (Bowden et al., 2007). Indeed, melatonin is considered as
time-keeping hormone, which drives circadian (daily) as well as circannual (seasonal)
rhythms in vertebrates (Vera and Migaud, 2014). In mammals, melatonin has been reported to
modulate T cell differentiation and activity and it was suggested to modulate thymic function
with, notably, the promotion of thymus hypertrophy (Ren et al., 2017). Therefore, it is
possible that in sea bass, melatonin is involved in the seasonal thymus plasticity, because in
winter and autumn the average concentration of circulating melatonin is much lower in
comparison to the rest of the year (Vera and Migaud, 2014). As a confirmation, eyeless and
pinealectomized fish, presumably displaying only very low melatonin-levels deriving from

other sources, showed evidence of thymic involution (Honma and Tamura, 1981).

Other hormones are likely to be involved as well. In vertebrates, stress-related hormones, such
glucocorticoid hormone are well known to promote thymus atrophy (Honma and Tamura,
1984; Savino et al., 2015; Sufi et al., 1980). However, in farmed sea bass, the plasmatic level
of cortisol showed the lowest level during the coldest period (Pascoli et al., 2011).
Consequently, it appears unlikely that the cortisol-level is responsible of the observed

seasonal atrophy.

Considering the sexual hormones and the gonadal differentiation, Blazquez and co-workers
(2008) monitored the gene expression and enzymatic activity of the gonadal aromatase in
juvenile sea bass during the first year. At 150 dph, first signs of sexual differentiation could
be noted by histological examination, corresponding to an increase of the gene expression of

the gonadal aromatase. Accordingly, the gonadal aromatase activity significantly increased at
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200 dph to reach a peak at 250 dph. Although the female group showed a higher enzymatic
activity at 200 dph, both groups reached their maximum activity at 250 dph. In teleost fish,
oestrogen and gonadal aromatase are involved in gonad differentiation (Blazquez et al., 2008;
Guiguen et al., 2010). For masculization and testis differentiation, the oestrogen-level and
gonadal aromatase activity subsequently decrease (Guiguen et al., 2010). Because in sea bass,
first thymus atrophy is likely to appear around 210 dph and then shows a clear involution at
239 dph (Seemann et al., 2015), these data confirm a major implication of oestradiol in the

initial thymus involution.

Moreover, different to the smaller fish examined during this PhD-thesis, the thymus of sea
bass with a total length over 15 cm was still involuted in April. Moreover, in fish with total
length between 20 and 30 cm, but not in smaller fish, the thymus showed an intermediate
level of involution in October (Fig. 24). Because the onset of maturity is related to fish length
and because sexual maturity begins in September/October (del Pozo et al., 2014; Taranger et
al., 2010), one may speculate that these differences could be due to higher levels of androgen
and oestrogen. As a confirmation, fish of 20-30 cm of October, but not of June, which were
reared in captivity tend to have a more pronounced involution (See section supplementary
results). It is known that juveniles and pubescent fish have a seasonal cycle of sexual
hormone production similar to mature fish, but at a much lower level (Taranger et al., 2010).
Following our hypothesis that sexual hormones promote thymus atrophy, in mature fish the
involution may be more pronounced and thymus hypertrophy may need longer to build up
during spring (Fig. 25). Comparing sexes, males tended to have a lower number of
thymocytes, but this difference was not statistically significant (Supplementary results). These
preliminary results need further confirmation by extending the sample collection on fish from
the wild and the aquaculture to confirm the tendencies. Moreover, future investigations
should concomitantly evaluate the plasmatic level of the sexual hormones to validate the

hypothesis.
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Figure 25: Proposed model for thymus involution in juvenile, pubescent and mature sea bass over a one year
cycle. The thymus size is related to the number of isolated leucocyte. A, Seasonal decrease of thymocyte content
in juvenile and pubescent sea bass (G0-G3) gradually occurs during autumn and is completed with the winter
season. During June, the size is totally recovered. In juvenile and pubescent fish, the seasonal thymus atrophy
appears to coincide with the beginning of the gonadal investment/development (October). The delayed thymus
recovery from May to June for the older fish likely results from higher E2-levels during gonadal investment. B,
Variation of photoperiod and water temperature in the wild and in the fish hatchery of Aquacaux from 2016-
2017. Data of the Seine river by courtesy of GIP Seine-Aval. The curves with triangles correspond the natural
(Paris, blue) and adjusted photoperiod (orange), respectively. The two other curves correspond to the variation of
the temperature in the wild (red) and the fish hatchery of Aquacaux (yellow). C, Patterns of plasmatic E2-levels
taken from the literature. Because, those patterns were obtained from sea bass sampled in Torre de la Sal
(Spain), the E2-peaks were adjusted based on the fact that in western Europe, the spawning season occurs one
month later and expands over three months (Beraud et al. 2017). Similar seasonal fluctuations were observed for
the plasma levels of testosterone (Cerda et al., 1995). Based on these data, we propose a hypothetical seasonal
thymus plasticity for mature sea bass (red), with a more pronounced thymus atrophy that occurs earlier in
comparison to the pubescent sea bass because of higher level of sexual hormones. The dotted line represents the
putative fluctuations in leucocyte number.
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B) Biological and ecological significance of an evolutionary

conserved oestrogenic regulation on T cells

In mammals, the oestrogen-mediated Treg, IEL, iNKT and yd T cell differentiation must be
essential for pregnancy tolerance. It is believed that foetus “destruction” is avoided thanks to
the peripheral induction of specific Tregs derived from conventional T cells and the

proliferation of pre-existing Tregs (Clark, 2016; Li and Rudensky, 2016).

1) Mechanism for oestrogen-induced T cell-mediated tolerance

1. Central tolerance

tTregs represent key components of central tolerance, which enable tolerance towards self-
peptides necessary to avoid autoimmune diseases. Their implication in tolerance towards non-
self-peptides, however, is much less documented (Clark, 2016; Plitas and Rudensky, 2016;
Russler-Germain et al., 2017; Samstein et al., 2012) [see following sections]. Oestrogen
appears to increase the process of central tolerance by increasing the number of several APCs.
More specifically, Martin et al. (1994a) observed an increase number of plasma cells and DC-
like in the thymus of rat after E2-administration. And in mammals, plasmacytoid dendritic
cells have been described to migrate into the thymus and present antigens collected from the
periphery (Klein et al., 2014). Therefore, E2 may stimulate DC migration into the thymus to
promote specific Treg differentiation and the elimination of T cells, which are potentially
harmful for the semiallogeneic foetus. This process may be particularly important in the early
process of pregnancy, as (Teles et al., 2013b) observed that during the pre-implantation period
of the blastocyte, the number of tTregs rapidly increased in the thymus, lymph nodes and the
uterus. However, after 5 days of pregnancy, the population of thymus derived Tregs decreased

and was replaced by Tregs of peripheral origin (Teles et al., 2013b).

Although not generally included in central tolerance, unconventional T cells such as iNKT, yd
T and CD8aat+ afy T cells are important for mucosal immunity. During pregnancy, their
number increases especially in the uterus and in the decidual membranes. This strongly
suggests that they are involved in pregnancy tolerance as well (Abo, 2001; Chapman et al.,
2015; Kabelitz et al., 2013). Our results from T cell-related gene expression indicate that E2-

induced peripheral expansion of Y5 T cells with an tolerogenic phenotype, i.e., yd Treg, in the
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spleen of male sea bass. Furthermore, our results suggest that E2 may stimulate y6 T cell
proliferation and thus mediates yo T cell activation in the spleen. To the best of our
knowledge, direct oestrogenic action on yd T cells as well as oestrogen receptor expression in
these cells has not been reported yet and, generally, y6 Treg differentiation remains poorly
understood in mammals (Kabelitz et al., 2013). As suggested for oy Tregs, E2 may constitute
a co-stimulatory signal that drives yd Treg differentiation. Further investigations in mammals
and teleosts should determine if yd T cells express oestrogen receptors and if their activity

becomes modulated by oestrogen.

2. Peripheral tolerance

Peripheral tolerance, such as peripheral differentiation of Tregs (pTregs) is believed to be
highly important to tolerate non-self-peptides and to avoid an immune response against food-
or commensal bacteria-derived-antigens as well as paternal alloantigens (Clark, 2016; Plitas
and Rudensky, 2016). This appraisal is based on the fact that an impairment of pTreg
differentiation in mice decreases the number of intestinal Tregs. This in turn results in allergic
and asthma-like inflammations of the gut and/or the lung as well as increased losses of
embryos (Chaouat, 2016; Plitas and Rudensky, 2016; Russler-Germain et al., 2017).
Therefore, to regulate the peripheral immune response against “non-self” antigens, such as
intestinal bacteria, peripheral differentiation of naive T cells into specific pTreg is triggered
by non-self-antigens via TCR-signalisation (Li and Rudensky, 2016; Russler-Germain et al.,
2017).

i1) Potential significance for teleost fish

(1) Treg, yo T cell and IEL in teleost

Mucous membranes represent interfaces with the environment. They harbour both, beneficial
and pathogenic bacteria. It is therefore mandatory to develop an appropriate immune response
and to discriminate pathogenic from normal residential bacteria. In mammals, Treg are
required to tolerate intestinal bacteria, they are essential to maintain tissue homeostasis in the
intestine, but also in the lung (Plitas and Rudensky, 2016; Russler-Germain et al., 2017).
Teleost Treg and IEL, including yd and a3 T cells, must also be important for mucosal

immunity in the digestive tract, the gills and, probably, in the skin (Sugimoto et al., 2017,
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Tafalla et al., 2016; Wen et al., 2011). In fact, Treg deletion in zebrafish or pufferfish induces
inflammatory lesions in tissues exposed to external stimuli (epidermis of the skin, mucosal
tissues of the pharynx, intestines and especially the gills) (Sugimoto et al., 2017; Wen et al.,
2011). These data suggest the existence of pTreg homologous to the mammalian form in fish.
However, non-mammalian species, such as teleost fish, lack the TGF-f3 responsive element
named conserved noncoding sequence 1 (CNS1) in the promotor region of the FOXP3 gene.
The depletion of CNS1 drastically reduces pTreg in mice. Therefore, it was hypothesised that
pTregs are an innovation of placental mammals (Chaouat, 2016; Clark, 2016; Li and
Rudensky, 2016; Plitas and Rudensky, 2016). A possibility would be that in teleosts non-self
antigen specific Tregs would differentiate in the thymus. It is questionable, however, if this
would be sufficient to enable peripheral tolerance. Further investigations in teleosts are
needed to determine the origin of the mucosa residential Tregs and their mechanism of
differentiation. However, this is likely to be challenging, because even in mammals the
markers used for tTreg and pTreg identification remain controversial (Russler-Germain et al.,
2017). This is because the frontier of specificity between the tTreg and pTreg is in fact not
limited to the tolerance for self and non-self, respectively. Indeed, tTregs also have important
features during mammalian pregnancy (Chaouat, 2016). Moreover, as outlined above,
peripheral DCs can migrate in the thymus and trigger T cell maturation towards non-self-
antigens. For instance, injection of peripheral DCs induced a threefold increase of tTreg
(Ulges et al., 2016). Moreover, similarly to what we hypothesised previously, Russler-
Germain et al., (2017) assumed that colonic bacterial antigens may be transported to the
thymus for T cell selection, because a study found a marked overlap of the TCR repertoire
between thymic and colonic Tregs. Furthermore, in the mammalian skin, residential Tregs are
represented by both tTreg and pTreg, and both populations are important to maintain
tolerance for commensal bacteria (Ulges et al., 2016). Interestingly, in a mouse model,
neonatal skin colonization by Staphylococcus epidermidis provoked a rapid and primordial
influx of tTreg into the skin. On the other hand, pTreg in the skin are probably involved in
maintaining the immune tolerance during microbial fluctuation or after infection (Ulges et al.,

2016).

194



(2) Endogenic oestrogen and potential immunoregulatory function in

sea bass

In adult sea bass, annual reproductive migration involves plasmatic E2-fluctuations. Sea bass
from the North Atlantic move from their summer feeding grounds to offshore pre-spawning
and spawning areas during October to December, when the water becomes cooler. Spawning,
on the other hand, commences along the British islands and in the mid-Western Channel
during March. At the end of spawning in April/May, sea bass individually migrate back to
their respective feeding grounds (Pérez-Ruzafa and Concepcion, 2015). Consequently, the
E2-induced peripheral tolerance could be related to changes in diet, energy budget and
reserves and/or environmental pathogens [see also previous section and article 2]. An E2-
mediated stimulation of IEL, yd Treg differentiation or specific a3 Treg differentiation may
be primordial to avoid an immune response against newly encountered, but not harmful
antigens. Similarly, for juvenile and mature fish, winter-time coincides with a change of
feeding behaviour when the fish become nocturnal, whereas during the rest of the year, sea
bass displays a diurnal locomotor and feeding activity (del Pozo et al., 2014). Consequently,
E2-mediated modulation of the immune system may represent an adaption to changing

environmental conditions and physiological requirements.

Furthermore, semiallogeneic pregnancy is not a mammalian invention. It may actually have
been realised early in the evolution of bony and cartilaginous fish (Chaouat, 2016; Clark,
2016). Although viviparous teleosts are exclusively aplacental, placental viviparity appeared
several times during vertebrate evolution and has been described for taxons as different as
sharks and reptiles (Chaouat, 2016; Segner et al., 2017). In viviparous sharks, pregnancy can
last from about half a year to two years (Chaouat, 2016). At the same time, teleosts and sharks
quickly reject allogeneic grafts, which demonstrates that their immune system recognises non-
self peptides. Hence, oestrogen-induced T cell immunomodulation may indeed represent an
ancient mechanism allowing to tolerate foetus implantation in viviparous placental jawed
vertebrates. However, only progesterone, but not yet oestrogen, has been ascribed an
immunomodulatory role during pregnancy in various vertebrate groups such as reptiles and

mammals (Segner et al., 2017).

Nevertheless, these processes do not explain the E2-mediated immunomodulation observed in
male sea bass. In mammals, E2 has been shown to modulate thymus morphology and T cell

development in both sexes (Hince et al., 2008; Staples et al., 1999). Indeed, males are
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commonly used to investigate oestrogenic immunomodulation, so as to exclude endogenous
hormonal fluctuations (Schneider et al., 2014). Moreover, E2 has a critical role in thymus

ontogenesis during the neonatal period.

Overall, a body of evidence corroborates the importance of paracrine and autocrine E2-
actions for the immunoregulation of T cells. In mice, aromatase and 178-HSD transcripts and
activity have been detected in T cells isolated form the spleen (Samy et al., 2001). In the

thymus, however, aromatase is, apparently, not expressed at transcript-level (Li et al., 2002).

(3) Why does the thymus involute?

In mammals, the E2-mediated thymus atrophy results from the activation intrathymic and
extrathymic differentiation of unconventional T cells. Interestingly, these cells are also
commonly referred to as innate-like lymphocytes, because, different from conventional T
cells, (1) their antigen receptors are less diverse, (2) they are early responders during the
immune response, due to an shortened maturation and (3) they do not present a memory
response (Pasman and Kasper, 2017). Furthermore, they can have APC capacity and can
respond via either their TCR or PRR, e.g., iNKT or yd T cells. These “in-between” cells,
therefore, bridge innate and adaptive immunity by the early secretion of conventional
leucocyte cytokines (Pasman and Kasper, 2017). They are believed to be an important
component of the immune system, which co-evolved with conventional B/T lymphocytes in
ancient jawed vertebrates. Unconventional lymphocytes are important immune cells during
the development of adaptive immunity, as they appear early during ontogenesis and in the
mucosa, where they establish a specialized relationship with microbiota; as “first-line”

defence lymphocytes, they have tolerating and repressive function towards microbes.

As mentioned earlier, thymus atrophy occurs with aging, but also in numerous other
physiological states, such as stress, for instance. In mammals, thymus atrophy notably occurs
following various stresses, such as infection, starvation, graft versus host, chemotherapy and
radiotherapy (Chaudhry et al., 2016). However, in the case of aging and infection, the
significance as well as the underlying cause of the thymic involution remains enigmatic. In
the case of infection, it is assumed that this phenomenon may represent a deliberative strategy
to avoid the generation of pathogen tolerant T cells (Chaudhry et al., 2016). As for aging, it

was proposed that thymic involution may represent an energetic trade-off to favour other

196



functions, such as reproduction (Chaudhry et al., 2016). Along the lines of these hypotheses,
I postulate that seasonal and E2-mediated thymus involution in sea bass results from a switch
in the thymic function towards the production of innate-like lymphocytes. In addition, innate-
like lymphocytes represent an important component of the mucosa that allows the organism to
adapt to the changes in antigens from different microorganism communities during winter.
These cells appear to have a more winter adapted physiology, because they do not need clonal
expansion and maturation to be effective and, therefore, are untroubled by time and energy
consuming proliferation steps. Consequently, the endocrine regulation of thymus function is
likely to represent an important component to anticipate wintertime changes as well as energy

trade-offs related to the period of reproductive investment.

C) Ecotoxicological significance

Thymus function across all vertebrates seems to be tightly regulated by the endocrine system,
notably by oestrogen. However, the coastal waters and especially the estuaries, where sea bass
reside frequently, are under high anthropogenic pressure. The latter implies various pollutants,
which are partly represented by oestrogenic endocrine disrupting chemicals (EEDC).
Therefore, environmental oestrogens may interfere with T cell differentiation and inhibit the
adaptive immune system with the promotion of immune tolerance and a less specific innate-

like immunity.

1) Consequences of xenoestrogen-exposure for adult fish?

Our results suggest that E2 may represent a co-signal triggering Treg differentiation in
teleosts, as it has been described for mammals. These Tregs are particularly important for the
homeostasis of the tissues in contact with environmental antigens. However, those interfaces
are also the ones, which are most exposed to water pollutants such as EEDCs. Therefore, by
promoting Treg differentiation, including both tTreg and pTreg, xenoestrogens could impair

the capacity to mount an adaptive immune response against pathogenic agents.

Xenoestrogen-induced Treg-dysregulation could be highly detrimental, as it is known from
mammals that Treg function is vital for regulating the inflammation (Plitas and Rudensky,
2016). Indeed, Treg dysfunction is largely implicated in autoimmune disorders, allergy, acute

and chronic infection, tissue repair as well as allergy and cancer (Plitas and Rudensky, 2016).
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Therefore, by interfering with Treg differentiation, xenoestrogens may be detrimental for the

immune homeostasis of fish.

In addition, xenoestrogens are likely to target the thymus activity directly and to alter its
function as suggested by our E2-exposure experiment. As a matter of fact, the thymic
vascularisation is directly derived from the gill vascular system, which constitutes a major
surface in contact with the environment (Fig. 26; Zapata et al., 1996). Therefore, the thymus
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cell differentiation. The latter could be
triggering immune tolerance in the spleen, a major secondary lymphoid organ, which is a key

component for mounting an adaptive immune response.

In addition, it is likely that xenoestrogens also inhibit the development of conventional T cells
and promote the development of innate-like lymphocytes, which would impair the capacity to
rise a specific immune response. Such effects could be of minor impact in relatively cold
areas of sea bass distribution or during the colder winter periods. When fish are confronted
with higher temperatures in the warmer areas of their distribution range, during summertime,
or in the context of global warming, they are likely to face a different pathogen pressure that
requires a better performing adaptive immune response (Bailey et al., 2017; Makrinos and

Bowden, 2016).

i1) Consequences of xenoestrogen-exposure for juvenile fish?

In mammals, perinatal exposure to PCBs and other xenoestrogens (e.g., DES, BPA, phtalates)
has been linked to numerous immune diseases in adults, such as allergies, asthma and

autoimmune diseases (DeWitt and Keil, 2017; Giusti et al., 1995; Jochmanova et al., 2015;
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Winans et al., 2011). Generally, the developing immune system must be considered more
sensitive to exogenous stressors, including xenobiotics, than the fully developed immune
system. Developmental immunotoxicity is likely to impair proper immune system
functioning. As a matter of consequence, the susceptibility to infection could be increased,
tumour surveillance may be diminished and allergic, inflammatory and autoimmune diseases
are favoured (DeWitt and Keil, 2017). Importantly, the negative effects for organismal health

may manifest themselves at later stages in life.

(1) Which are the key stages of early tTreg development and release?

(a) Mammals

In female and male rat, it has been shown that DES injection during the first five days, or a
single injection of E2 on the 5" day after birth induced a reversible thymus enlargement in 4
to 8 week-old rat (Forsberg, 1996, 2000; Leceta et al., 1988). In both sexes this was
associated with a long term, time-delayed modulation of the T cell dependent immune
response named delayed type hypersensitivity (DTH) (Bernardi et al., 2015; Forsberg, 1996,
2000).

In mice, thymectomy before the 3™ day after birth induced autoimmunity caused by effector T
cells. Autoimmunity could be prevented by the adoptive transfer of splenic T cells from non
thymectomized mouse (Clark, 2016). This critical window, is associated with the generation
and release of specific, AIRE-dependent Tregs, which occur early after birth and have a
specific function in maintaining T cell self-tolerance (Fujikado et al., 2016; Li and Rudensky,
2016). Expression of AIRE during the embryonic and neonatal period is necessary to
establish long-lasting self-tolerance (Fujikado et al., 2016; Roberts et al., 2012). In humans
and mice, AIRE expression is down-regulated by E2 through ESR1 (Dragin et al., 2016),
which suggests that E2 could modulate tTreg development by acting on AIRE. Therefore,
xenoestrogen-exposure during the critical phase of tTreg development and release could
disturb this process and thus have the long-term detrimental effects. This assumption is
corroborated by oestrogen-exposure during the first week of the neonatal period, which
induced polycystic ovarian syndrome in a mouse model by acting on the thymus and likely by

affecting Treg development (Chapman et al., 2009).
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Moreover, ESR1-deletion in mouse had a detrimental effect on thymus growth in the post-
natal period (five day-old and adult mouse), but not at the foetal stage (Yellayi et al., 2000).
ESR1-deficient mice showed a reduced medulla, but no alteration of the cortical area (Dragin
et al., 2016; Yellayi et al., 2000). These data indicate that E2-signalling has a key role during
the neonatal period for the formation of the medulla, the microenvironment of which is
fundamental for tTreg maturation (Klein et al., 2014; Li and Rudensky, 2016; Watanabe et al.,
2005). Although ESR1-deficiency may not modulate aire expression and function (Dragin et
al., 2016) and Yellayi et al. (2000) have shown that ESR1 deletion disturbs the peripheral T
cell response by stimulating the DTH in adults, which may be induced by a lower or altered

Treg content.

Furthermore, in regard to the potential GPER-mediated stimulation of TCR-signalling, it is
likely that exogenous oestrogens may modulate T cell fate by favouring agonist selection or
negative selection, which, consequently, may alter the Treg repertory. Such a change in the

Treg composition may be highly detrimental, especially during the neonatal period.

(b) Fish and birds

Overall the results suggest that the cellular and tissular organisation of the thymus is
conserved between teleosts and mammals and that the regulation of T cell development by E2
follows similar traits in all jawed vertebrates. These findings corroborate previous results,
which indicated that E2 is involved in thymus ontogenesis and T cell development in teleosts,
as it is in birds and in mammals. Our data, together with those of Seemann et al. (2015, 2016)
provide convincing reasons to assume that exposure during critical windows of thymus
development, would entail long-term effects in adult teleosts and birds, as it has been proven

for mammals.

It was shown recently that dietary exposure of 60 dph juvenile sea bream to EE2, G-1 and
tamoxifen provoked long term effects at 210 and 333 dph on the antibody production after
immunization with the T cell-dependent antigen (KLH). The effects were characterized by an
increase or decrease in anti-KLH IgM serum-levels depending on the timing of vaccination
(Rodenas et al., 2016). On the contrary, exposure of adult sea bream to EE2 caused only short
term effects on the anti-KLH IgM titer after 56 days of depuration, which disappeared after 88
days of depuration (Rodenas et al., 2015).
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In chicks, E2-treatment on the 4" day of embryogenesis induced thymus hypertrophy and
triggered a long-term effect in the embryos, which showed a stimulated humoral response
against T cell-dependent antigen (goat red blood cells, GRBC). The same E2-treatment
administered at day 14 of embryogenesis did, however, not modulate thymus morphology and
had no effect on humoral response against GRBC (Kondo et al., 2004). These results strongly
point to E2-sensitive windows in thymus ontogenesis, as they were described for mammals,
and as they exist most likely in teleosts as well (Seemann et al., 2015, 2016, 2017).
Obviously, key events in the establishment of T cell-dependent immune system are
hormonally regulated and their disturbance by exogenous E2 may produce unwanted and

potentially negative effects at later stages of life.

In non-mammalian species such as teleosts, the knowledge on Treg ontogenesis and
differentiation is rather scarce. In zebrafish, Sugimoto et al. (2017) investigated foxp3a
transcripts at various stages from day three to 13 wpf. They observed that foxp3a drastically
increased between 14 and 28 dpf (Sugimoto et al., 2017). In agreement, Hui et al., (2017)
detected foxp3a:RFP+ cells in the thymic medulla of zebrafish by 16 dpf which further
accumulate during the development (Lam et al., 2002). Interestingly, this increase of foxp3a
and appearance of foxp3a:RFP+ cells corresponded to the period of thymus ontogenesis when
the regionalisation and the mature morphology of the medulla are acquired, i.e., between 14
dpf and 21 dpf (Lam et al., 2004). After 28 dpf the relative expression of foxp3a continued to
increase, but at a lower extent (Sugimoto et al., 2017). These data further suggest that Treg
development in teleost takes place in the medulla, likewise to mammalian Tregs.
Accordingly, tTreg differentiation and peripheral release in zebrafish would occur after 28
dpf, when the medulla has a mature morphology. Intriguingly, foxp3a-deficient zebrafish have
an induction of Th1/Th2 and pro-inflammatory cytokines as well as growth retardation at 90
dpf (adults), but not at 30 dpf (juveniles). This emphasises the central role of the thymus in
the mucosa specific Treg differentiation of teleosts, but also that juveniles have developed
other mechanisms of mucosa-related immune tolerance. Most likely, these imply
unconventional T cells, which may be gradually reinforced by tTregs during ontogenesis. In
sea bass, the critical window of oestrogen-exposure identified by Seemann et al. (2015)
corresponds to the end of the thymic regionalisation, i.e., when the medulla is well formed (95
dpf). Therefore, we may assume that the critical window of thymus ontogenesis identified in

sea bass corresponds well to the critical wave of tTreg differentiation.
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In chicks, however, Kondo et al. (2004) identified a critical window of thymus development
before the colonization of the thymus with T cell progenitors. This critical window opens at
6.5 days of embryonic development. This is way too early to correspond to the critical
window of Treg differentiation in fish or mammals, which was considered to be susceptible to
oestrogens. Further investigations should determinate if this step of thymus ontogenesis is

also sensitive to oestrogen, both in mammals and teleosts.

Nevertheless, our results suggest that in teleosts E2 modulates TEC function, notably aire
expression and Treg development similar to what is known in mammals. Further

investigations are needed to:

- Confirm that oestrogen-exposure during critical windows of the thymus ontogenesis has

long-term consequences in adult teleosts as in mammals.

- Determine if tTreg differentiation and release represent the key components.

(2) Which are the key stages of early yo T cell development and

release?

In mammals, unconventional T cells, such as the quasi-invariant population of Tyd17 cells
and other vy T cells subtypes are mainly produced during the perinatal period (Chien et al.,
2014; Munoz-Ruiz et al., 2017; Pasman and Kasper, 2017). Subsequently, thymus derived yo
T cells take residence in peripheral tissues, as for instance Tyd17 cells in the mucosa, where
they persist throughout life (Chien et al., 2014; Mufioz-Ruiz et al., 2017). Because the activity
of TEC, and especially Aire+ mTEC, appears to be modulated by E2, it is likely that perinatal
exposure to E2 disturbs y6 T cell differentiation, which could have a persistent detrimental
effect in view of their unique function within the immune defence. In teleosts, E2 appears to
modulate also yo T cell differentiation as well. Therefore, further investigations should
determine whether E2-exposure during critical windows of immune system ontogenesis

changes the peripheral yo T cell compartment in the long term.
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4) CONCLUSION

In view of the oestrogenic regulation of thymic function in a teleost fish, the European sea
bass, our results show that, in addition to the morpho-functional organisation, the distribution
of the oestrogen receptors appear evolutionary conserved. Our data further indicate that
thymic and peripheral T cell maturation is influenced by E2. It has long been considered that
oestrogen negatively affects T cell maturation by promoting thymic lymphopenia, associated
with a decline in adaptive immune function, a decrease in peripheral naive T cells and the
aging process in mammals. Differently to glucocorticoids, however, at elevated physiological
oestrogen-levels the E2-mediated thymus atrophy is not due to increased apoptosis of
immature T cells, but rather stems from a stimulation of the alternative pathway of T cell
maturation. The unconventional T cells emanating from this alternative pathway have innate-
like properties and include yd T cells, CD8aot+ aff T cells and iNKT. These unconventional T
cells apparently develop more rapidly than conventional T cells (i.e., SP CD8af+ and CD4
aof T cells), because their proliferation is less intense, they bear a less diverse TCR repertoire
and, therefore, request no selection within the thymic medulla. The preponderant
differentiation into unconventional T cells reduces the overall thymic T cell content, which is
further exacerbated by the rapid release of the early committed T cell progenitors that
differentiate into yo T cells and CD8aa+ aff T cells in the peripheral tissues, e.g., the gut

epithelium. The combination of these phenomena, therefore, entails thymus atrophy.

It is believed that thymus atrophy results, at least partly, from energy trade-offs. Indeed, the
development of conventional T cells, which discriminate self from non-self is highly energy-
consuming, as it involves numerous steps of intensive proliferation with more than 90% of the
immature T cells finally being eliminated by apoptosis. Consequently, the E2-mediated
thymus atrophy, i.e., the inhibition of conventional T cell differentiation during mammalian
pregnancy directs energy to the foetus. Moreover, the E2-mediated promotion of Treg and
unconventional T cell development increases peripheral tolerance to avoid the embryos
rejection during pregnancy. Notwithstanding, the immune response being essential to the
organism’s survival, the immune system simply favours a less complex strategy.

In sea bass, our results suggest that oestrogens also turn thymic T cell maturation towards a

less energy-demanding formation of unconventional T cells (i.e., Y0 T cells) and promotes



Treg differentiation. Endogenous E2-levels of sea bass rise in the middle of autumn and
further increase during wintertime. This period is associated with numerous physiological
changes including (1) investment into reproduction (i.e., gametogenesis) and spawning (at the
beginning of spring), (2) migration to pre-spawning and spawning areas, and (3) adoption of a
nocturnal locomotor and feeding behaviour. Consequently, the E2-mediated switch of thymic
function to “low cost” T cell differentiation could allocate energy towards the reproductive
system. Furthermore, antigen pressure may be altered by the migration-related environmental
changes and the shift in feeding behaviour. In this situation, an increase of peripheral immune
tolerance would represent an evolutionary advantage to avoid an energy-consuming and over-
performing immune response. Firstly, the lower environmental temperatures in winter limit
the metabolic rate of poikilothermic fish, which together with potential lower food availability
renders energy less available for a powerful and specific immune system. Secondly, the
redistribution of resources towards migration and reproduction leaves less energy at the
immune systems’ disposal. Furthermore, the promotion of peripheral innate-like T cell
fraction may kill two birds with one stone: together with a lowered energetic cost, their innate
kinetics allow for a quicker response to infection without extensive differentiation and
proliferation (See figure 27 for an overview of the E2-effects on thymic and peripheral T cell

differentiation in vertebrates).
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Figure 27 : Graphic account of the oestrogen-mediated modulation of T cell differentiation and its biological
significance in sea bass and mammals. In sea bass, seasonal reproduction is triggered by winter-related
environmental conditions (e.g., temperature, food availability, etc.). Teleost reproduction and mammalian
pregnancy are associated with elevated physiological E2-levels, which modulate peripheral and thymic T cell
maturation. The effects of E2 on thymic T cell differentiation result in a strong atrophy of the thymus, because
E2 inhibits the intricate processes of conventional T cell differentiation (i.e., SP CD8af3+ and CD4 aff T cells)
and stimulates the more rapid intrathymic differentiation of unconventional T cells (i.e., yd T cells, CD8ao+ o3
T cells and iNKT). Additionally, thymus atrophy results from the stimulation of extrathymic yd T cells and
CD8aot+ afy T cells differentiation, as E2 enhances the peripheral exportation of early committed T cell
progenitors. The main question that remains to be answered is whether this maturation pathway is indeed
stimulated by E2 in teleost fish. In the thymus and/or the periphery, E2 promotes thymic derived Treg (tTreg)
and peripheral Treg (pTreg) differentiation. The E2-mediated increase of Treg and unconventional T cells results
in an increase of peripheral immune tolerance. The E2-mediated (1) inhibition of conventional T cell
differentiation, (2) increase of peripheral innate-like T cells and (3) enhancement of immune tolerance represent
key mechanisms that allow to allocate energy towards the reproductive system. In sea bass, this process is likely
to be responsible for adapting the immune system to winter conditions. In mammals, and presumably in teleosts
as well, the E2-mediated increase of immune tolerance is important to either tolerate the foetus, or winter-related
changes in environmental antigens, i.e., microorganism populations.
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The shift in the T cell maturation process is a short term and a tightly regulated strategy,
either in the case of pregnancy in mammals, or because of seasonal changes in sea bass.
Thymus atrophy is associated to given physiological conditions and environmental factors in
sea bass, because, for organisms in seasonally contrasted environments, abiotic factors such
as temperature and photoperiod are important zeitgebers or synchronizers (del Pozo et al.,
2014) that coordinate numerous physiological systems in relation to seasonal environmental
constraints. Consequently, the thymus and its T cells appear as the central core element that
ties together the somatic- and reproductive-level (Ottaviani et al., 2008). By integrating
various signals, such as gonadal or neuroendocrine hormones, the T cell differentiation can
turn the immune system towards a low-cost defence system depending on seasonal and
reproductive requirements. In line with this hypothesis, lower temperatures have been
associated with a predominantly innate and tolerant immunity in teleost fish (Bailey et al.,
2017; Makrinos and Bowden, 2016) that allows for resource redistribution, but also assures
organism survival. From an ecotoxicological point of view, our results confirm that
oestrogenic endocrine disrupting chemicals modulate the immune system towards immune
tolerance and innate immunity via thymic and peripheral T cell differentiation. Consequently,
the permanent presence of estrogenic compounds is likely to results in altered immune system

efficiency, with less specificity and lack of memory of unconventional T cells.
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Future investigations should firstly determine the seasonal variation of plasmatic oestrogen-
and androgen-levels in juvenile, pubescent and mature sea bass with respect to the thymic
leucocyte content and immune status. The aim would be to confirm that, in sea bass, summer
and winter conditions and thus, supposedly, conventional and unconventional T cells are
associated with different immune strategy and trigger an adaptive and innate-like immune
response, respectively. To confirm whether seasonal changes in oestrogen-levels promote
innate-like immunity and increased immunotolerance by Treg differentiation and
unconventional T cell expansion, Y& T cell- and Treg-related gene expression as well as
oxidative burst capacity should be monitored in the leucocytes from the head-kidney and
spleen of sea bass sampled in monthly intervals. To validate the biological significance of the
seasonal thymus atrophy and to determine whether it is associated with a stimulation of
extrathymic T cell differentiation, T cell subtypes as well as RAG-related genes and cell-
mediated cytotoxicity should be monitored in the gut and the gills together with their
corresponding leucocytes. Because, the extrathymic pathway of differentiation and expansion
of unconventional T cells implies an increase of basal proliferation and a lower clonal
expansion/proliferation capacity, the activity and basal level of T cell proliferation as well as
the capacity to respond to T cell specific mitogen could be also monitored. Newly produced,
sea bass-specific anti-Foxp3 and anti-Tcry antibodies that could be employed in

immunohistochemistry and flow cytometry, would help to consolidate these investigations.

To go further into the evolutionary questions raised by this thesis, comparative studies in
zebrafish using anti-Tcry antibodies (Wan et al., 2017) as well as transgenic lines with cell-
specific reporter gene expression in T cell (Ick+), CD4 T cell (cd4.1+), Treg cells (foxp3+)
and ragl/2+ cells (Dee et al., 2016; Hui et al., 2017; Jessen et al., 1999) will be helpful. By
studies with E2-exposed zebrafish, it could be confirmed whether oestrogen indeed shifts the
immune system towards innate or adaptive immunity, by excluding the factor seasonality. In
addition, because aryl hydrocarbon receptor activation promotes T cell differentiation in in
mouse and zebrafish, future work should determine if Gper and Esrl are involved in in vitro
Treg differentiation in sea bass as well (Adurthi et al., 2017; Brunsing et al., 2013). This work
may be used to characterize Treg activity, e.g., anti-proliferative activity and interleukin

expression. Eventually, the immune reaction toward T cell-dependent antigens, (2) immune



challenges with pathogen agents and (3) an assessment of the immune memory function,

should be analysed in sea bass and zebrafish.

The proposed approaches may shed light on the poorly understood vertebrate thymus atrophy
and provide a new model to investigate the unconventional T cell development and function
as well as thymus regrowth. As a matter of fact, the thymus regeneration is of great interest in
biomedical research to provide new strategies to restore thymus function in the case of injury
or the toxic insults of chemotherapy (Chaudhry et al., 2016). Improving our knowledge in this
field would also provide insight into the ecotoxicological significance of xenoestrogen-
exposure for the thymus and T cell function. Particularly, in the context of global warming the
supposed xenoestrogen-mediated modulation of the immune system towards an increased
tolerance with innate properties could prove to be deleterious, because higher temperatures
enhance parasite pressure, which requires a stronger adaptive response in teleost fish (Bailey

et al., 2017).

212



6) SUPPLEMENTARY DATA






6) SUPPLEMENTARY DATA

A) Supplementary materials and methods

i) 17B-oestradiol as EEDC-model

The natural ligand E2 was chosen as a model-EEDC due to (1) its high receptor affinity, (2) it
is physiologically present in male and female animals and because (3) E2 represents an
environmental concern. Indeed, this potent oestrogen is continuously rejected in the
environment via animal excretion and bacterial degradation of the conjugated forms (Adeel et
al., 2017; Elnwishy and Sedky, 2016; Ting and Praveena, 2017). Furthermore, E1 which is
frequently the most abundant environmental oestrogen, can be endogenous converted by
vertebrates leading to high-plasma level of E2 (Ankley et al., 2017). And as spotted in the
introduction, most EEDCs interfere with numerous signalling pathways, therefore, unravel
endogen hormone action may represent a first step to understand the immunotoxicological

action of EEDC.

Moreover, in an historically point of view, E2 represents the most investigated oestrogenic
compounds in human and rodent thymus (See introduction, section C) ii)). Consequently, E2
represents the oestrogen of choice in comparative studies which aim to elucidate the

elementary pathways of oestrogenic immunomodulation in teleost.

i1) Flow cytometry

The leucocytes from the head-kidney and spleen were isolated using a ficoll solution. The
leucocytes solution was adjusted to 1x10° cells/ml and different physiological parameters
were routinely monitored in flow cytometry: the cell viability, the oxidative burst and the
phagocytosis. For the analysis, different immune cell populations were discriminated based
on their size (forward-scatter, FSC) and their granularity/internal complexity (side-scatter,
SSC). In agreement with previous work in rainbow trout (Granja et al., 2015), two
populations were distinguished: a population with a smaller size and granularity, which
correspond to the lymphoid cells and another population corresponding to the myeloid cells.
In peripheral blood leucocytes of human three populations of leucocytes can be distinguished:
lymphocytes, monocytes and neutrophils (Peluso et al., 2012). Similarly in zebrafish three

populations could be discrminated amongst the leucocytes of the head-kidney (Takizawa et



al., 2016). For analysis lymphoid and myeloid cells were selected drawing gates (Fig. 28-30),

i.e., alive cells of each population are analysed separately and the debris are excluded.

The proportion of cells in the two gates constitutes a first immune parameter. The other
measured parameters are based on the use of different probes which when they are excited by
the laser in the blue (A=488 nm of wave length) they have the characteristic to emit photon

with different wave length.

(1) Viability

All physiological tests were performed with Leibovitz cell culture medium (L15, Sigma, St.
Louis, USA) adjusted to 360-370 mOsm/kg. The viability of the leucocyte was assessed using
the iodide propidium. After incubation of 50 pg/ml for 10 min at room temperature and in
obscurity, the emitted fluorescence was measured with the channel PE-Texas Red, collecting
the photon emission between 615 and 620 nm. Cells with a high fluorescence are in late
apoptosis or necrosis (Bado-Nilles et al., 2014). To quantify their proportion, a gate was

drawn for each immune cell population (Fig. 28 and 29).

Figure 28: Flow cytometer analysis of the immune cells isolated from the head-kidney with representative
cytograms obtained with the tests of viability and oxidative burst. A, forward-scatter (FSC) and side-scatter
(SSC) cytogram with the gates used to differentiate lymphoid and myeloid cells. Lymphoid cells correspond to
the population of cells with the lowest size (FSC) and complexity (SSC). B and C correspond to the overlapped
fluorescence histograms obtained with the FITC channel during the oxidative burst test with PMA stimulated
and unstimelated cells in black and red respectively. Gates were drawn to determinate if the different “oxidative
burst positive" populations have different size and complexity. D, FSC/SSC cytogram with in colour the
“oxidative burst positive" cells gated in B and C with in green the lymphocyte and in blue and red the myeloid
cells. E-G, histogram of the viability test proceeded with the iodide propidium and the channel PE-Texas Red-H

from ungated events (E), lymphoid (F) and myeloid cells (G). To quantify the “dead cells”, gates were formed
for lymphoid and myeloid gates.
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Figure 29: Flow cytometer analysis of the immune cells isolated from the spleen with representative cytograms
obtained with the tests of viability and oxidative burst. A, forward-scatter (FSC) and side-scatter (SSC) cytogram
with the gates used to differentiate lymphoid and myeloid cells. B and C correspond to the overlapped
fluorescence histograms obtained with the FITC channel during the oxidative burst test with PMA stimulated
and unstimelated cells in green/black and blue/red respectively. Gates were drawing to determinate if the
different “oxidative burst positive" populations have different size and complexity. D, the FSC/SSC cytogram
with in colour the “oxidative burst positive" cells gated in C with in red the myeloid cells. E-G, histogram of the
viability test proceeded with the iodide propidium and the channel PE-Texas Red-H from ungated events (E),
lymphoid (F) and myeloid cells (G). To quantify the “dead cells”, gates were formed for lymphoid and myeloid
gates.

(2) Oxidative burst

The capacity of oxidative burst was routinely evaluated using the fluorescent probe 2',7'-
dichlorodihydrofluorescein diacetate (H.DCFDA) at 5 uM for 1 hour. After 30 min of
incubation, the cells were stimulated with the phorbol 12-myristate 13-acetate (PMA) at a
concentration of 2 pg/ml. The fluorescence at 530 nm (FL1 channel) was measured for each
leucocyte population (Fig. 28 and 29). The result was compared to the fluorescence of
unstimulated cells. Two ways to evaluate the capacity of oxidative burst were used: (1) the
ratio of mean fluorescence intensity (stimulated cells/unstimulated cells) and (2) gates which
quantified cells that exceed a given fluorescence (Fig. 28 and 29). The second method
quantifies only the cells, which are apparently doing a “true” oxidative burst. Furthermore, as
the results change with the sensitivity of the detector using the first method, and because the
flow cytometer was renewed during the thesis, the gating method allow for comparison

between different flow cytometers.
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(3) Phagocytosis

Phagocytosis was assessed using fluorescent beads: FluoSpheres® Carboxylate-Modified
Microspheres, 1.0 um, yellow-green fluorescent (505/515) (F8823, Thermo Fisher Scientific,
USA). Immune cell solutions at 10° cells/ml were incubated in obscurity with 2 pg/ml of
PMA and beads (ratio cells/beads:1/50) for 2 hours at 16°C. The fluorescence of the cells was
measured in the channel PE-Texas Red-H (Fig. 30). The number of fluorescent peaks with a
high fluorescence is related to the number of beads detected within each cell. And the cells

detected with more than three beads are considered phagocyting cells (Seemann et al., 2016).

Figure 30: Flow cytometer analysis of the immune cells isolated from the spleen and head-kidney with
representative cytograms obtained with the tests of phagocytosis. A and E, cytograms in forward-scatter (FSC)
and side-scatter (SSC) with the gates used to differentiate lymphoid and myeloid cells. Lymphoid cells
correspond to the population of cells with the lowest size (FSC) and complexity (SSC). B and F correspond to
the fluorescence histogram in the channel PE-Texas Red-H of lymphoid cells respectively gated in A and E. For
lymphoid cells, a gate quantifying the cells with three and more beads was drawn. C and G, correspond to the
same parameters but for the myeloid cells gated in A and E. D and C, FSC/SSC cytograms with in blue the
events corresponding to the phagocyting lymphocytes and in green and yellow myeloid cells with respectively 3
and at least 4 beads gated in B, C, F and G.
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11i1) Biomonitoring

For the ECOTONES project (Effect of Contamination on OrgaNisms of the Seine Estuary), 5
samplings of 12 to 21 fish were accomplished in the Seine estuary from June 2016 to October
2017. These samplings were all realized at the same site (Fig. 31) by a demersal (or bottom)

trawler with a mesh size of 25 mm on the main part and 12 mm in the back (Fig. 32).

In addition, fish were sampled once in the channel of Tancarville (September 2015) with a
fishing rod and once in the Dives and Orne estuary each (May and June 2017, respectively)
with a beam trawl carried on board (1,6 m wide, 50 cm high and mesh size of 20, 16 and 10
mm). The fishing in the Dives and Orne estuary were carried on in the context of WFD

biomonitoring.

The fish were generally caught during midday and kept in captivity in aerated 20 L buckets
with the water from the respective sites until dissection in the morning of the following day.
The dissection was carried out following the procedure described in article 2. For the isolation
of cells and flow cytometric measurement, one thymus, a part of the head-kidney and the
whole spleen was used. The other thymus and the other part of the head-kidney was snap
frozen and kept at -80° for gene expression and other analyses. For fish with a total length

superior to 15 cm, a part of the spleen was also kept for molecular biology.

Figure 31: Localisation of the different sampling of wild sea bass. Map adapted from the website:
https://www.geoportail.gouv.fr/carte.
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Figure 32: Demersal trawler and the boat JU-AD-LO of the society Prelev’Mar. From Patrice Cauchois and the
society’s website: http://www.prelevmar.ft/.

iv) Project: E2-effect on the pituitary gland proteome
(1) Animals

Fingerlings of European sea bass (Dicentrarchus labrax) were purchased from the hatchery
“L’¢écloserie marine de Gravelines” (Gravelines, France). The fish were reared in the facilities
of “Aquacaux” (Octeville, France) in 1,800 L tanks with continuous flow of aerated and
filtered seawater at environmental temperatures and seasonally adjusted photoperiod until
about three years of age. Fish were daily fed until satiety with food pellets “Torbot label
rouge” (Le Gouessant, Laballe, France). Two experiments were conducted according the
European Union regulations concerning the protection of the experimental animals (Dir 2010

2010/63/EU).

(2) Treatment and sampling

The experimental setup and treatment procedure is detailed in the second article (See
supplementary data). Briefly, for reasons of basins availability and manpower, two successive
experiments were conducted in November (Experiment 1) and December 2014 (Experiment
2). The fish were randomly distributed into four groups, i.e., a control and treated group for
each experimental repeat: CTR-1, E2-1, CTR-2 and E2-2. The fish injected thrice intra

peritoneally over one week at day 1, day 3 and day 6. Each injection consisted of either
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0.5 mg E2/kg or 0.5 mg vehicle/kg alone. On day 7, the fish were anesthetized with tricaine
methanesulfonate (MS 222; Sigma) and biometric characteristics (weight and total length)
were recorded. The fish were sacrificed with MS222 overdose and subsequently decapitated.
The pituitary gland was dissected, snap frozen in liquid nitrogen and stored at -80 °C until the
protein extraction. The fish from the two experiments were analysed in detail (biometric index
and plasmatic parameters) to assure that the samples could be compared and the respective
group combined. The E2-exposure was validated for both experiment using several plasmatic

parameters as well as the hepatosomatic index (Article 2).

(3) Protein extraction

For the ITRAQ-based quantification, two protein extracts for each experimental group (CTR-
1, E2-1, CTR-2 and E2-2) were analyzed. Total protein was extracted from pool of pituitary
glands sampled on eight female fish of the same experimental group. Pools were formed
based on the gonadosomatic index and the relative maturity of the gonad evaluated by
histological analysis. The pituitary glands were weighted, collected in a lysis buffer (§M
Urea, 50 mM of Tris-HCI; pH 7.7), sonicated on ice twice during 30 second at maximum
intensity (Q500, Qsonica, LLC., USA) and incubated one hour of at room temperature. The
cells debris were then removed by centrifugation at 2000 g for one hour. The supernatant was
collected and protein concentration was determinate using the Bradford method (Bradford,
1976). The proteins were subsequently denaturated by reduction of the disulfide bond with
SmM of Tris (2-carboxyethyl) phosphine hydrochloride (TCEP, Sigma) during 1h at 37°C.
The thiol group of cysteine were blocked with 55mM lodoacetic acid (IAA) during 1 h at
room temperature and obscurity. Afterwards, the samples were stored at -80°C for further

analysis.

(4) Protein digestion, iTRAQ labelling and analysis

Protein digestion and Isobaric Tags for Relative and Absolute Quantification (iTRAQ)
labelling and analysis was performed as described by Young et al. (2015). The samples were
digested in 1 pg trypsin (V5111; Promega, Fitchburg, USA) per 1 pg protein at 30 °C for 15
min. Samples were then iTraq labelled from 114-117 (4374321, Sciex, Washington, USA)

dissolved in EtOH for 1 h at room temperature, then subjected to isoelectric focusing in 24
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well, 12.5 % w/v polyacrylamide gel strips (5188-6424, Agilent Technologies, Massy, Paris,
France) using an OFFGEL fractionating system (Agilent 3100 Fractionator, Agilent
Technology) for 48 h. Separated samples were analysed by ESI-LC-MS/MS (Agilent 6200
TOF, Agilent Technology) by interrogating the D. labrax genome database of Max Planck
Institute for Molecular Genetics database (Berlin, Germany) using Spectra Mill software
(Agilent Technologies). Fold changes and significance levels were determined using the
iQantitator algorithm (Schwacke et al., 2009). The reporter ion peak area measurements
supplied by the ABI software are used to estimate treatment-dependent peptide and protein
relative expression. Estimation is accomplished using a Bayesian approach with the model

given below.

B) Supplementary results

1) Thymus involution assessment
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Figure 33: Thymic number of isolated leucocytes per thymus of sea bass with a total length ranging from 20-30
cm following the month of the sampling, the origin of the fish and the gender (See Table 3 for female ratio and
Fulton’s condition factor of the fish caught in the wild and in the hatchery). The box plots show minimum,
maximum values, as well as the third and second quartile. Boxes in orange and blue indicate that the fish were
sampled in the wild (Seine estuary) or taken from hatchery (Agx, Aquacaux), respectively. The fish of 15-20 cm
sampled in April-May were mainly obtained from the wild. To detect gender difference the thymic number of
leucocytes of female (F) and male (M) fish of 20-30 cm caught from October to December in wild and the
hatchery were compared. No significantly different at p<0.05 (z-test) could be detected. Numbers in parentheses
correspond to biological replicates.
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Table 3: Female ratio and Fulton’s condition factor of fish with a total length of 20-30 cm which were used to
compare the number of isolated leucocyte between the fish coming from the wild (Seine estuary) and the
hatchery. + standard error. ***, significantly different at p<0.001 (z-test).

June-Seine June-Agx October-Seine October-Agx
Female ratio 66.7 % 60.0% 66.7% 80.0%
Fulton's condition 0,0 08 117 04%%* 40,07 100% +0.04  1.25%*** +0.06
factor (g/cm?)
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Figure 34: Example of the identified 3550 proteins listed in decreasing order of expression magnitude change
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Figure 35: Examples of the detailed summary provided for each protein (Including the peptide relative
expression estimates in addition to the protein-level estimates).
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Abstract:

Jawed vertebrates have developed an efficient adaptive immune system partly based on T
lymphocytes. They develop in an evolutionary conserved organ, the thymus. In mammals, endogenous
oestrogens are well known to regulate thymus function and plasticity. The question is, therefore,
whether this is also the case in lower vertebrates, such as teleosts.

To achieve these aims, firstly the distribution of oestrogen receptor subtypes was investigated on the
background of a detailed description of the functional anatomy of the thymic microenvironment.
Secondly, thymic function- and T cell-related gene expression was analysed in the thymus, the head-
kidney and the spleen of sea bass exposed to 17p-oestradiol. Moreover, the oxidative burst capacity in
the two latter organs was evaluated in vivo and in vitro in leucocytes of the head-kidney and spleen
following exposure to oestrogen. Eventually, age- and size-dependent variations in thymocyte number
were examined in sea bass caught at various time points over three years.

The thesis provides new insights into the evolution of the immunomodulatory function of oestrogen
with respect to the thymic and peripheral T cell differentiation in vertebrates. As a matter of fact, in
addition to a highly conserved morpho-functional organisation, the distribution of oestrogen receptor
subtypes as well as the oestrogenic effects appear to be evolutionarily conserved. Our results suggest
that in sea bass, similar to mammals, oestrogen (1) stimulates a thymic alternative pathway of T cell
maturation with innate-like properties, (2) enhances immune tolerance by promoting Treg
differentiation, and (3) actively regulate thymic plasticity.

Keywords: thymus, T lymphocyte, teleost fish, comparative immunology, endocrinology, regulatory T
lymphocyte, gamma-delta T lymphocyte,

Résumé :

Chez les vertébrés gnathostomes, le systéme immunitaire repose en grande partie sur les lymphocytes
T qui se développent dans un organe conservé évolutivement : le thymus. Chez les mammiféres, cet
organe constitue une cible privilégiée pour les cestrogénes. La question soulevée ici est donc de savoir
si ¢’est également le cas chez les poissons téléostéens.

Dans ce but, la distribution des différents sous-types de récepteurs aux cestrogénes a d’abord été
¢tudiée dans le contexte d’une description de I’anatomie fonctionnelle du microenvironnement
thymique. Par la suite, ’expression de génes relatifs a la fonction thymique et aux différents sous-
types de lymphocytes T a été analysée dans le thymus, le rein-antérieur et la rate de bars exposés au
17B-cestradiol. De plus, la capacité de flambée oxydative a été évaluée sur des leucocytes du rein-
antérieur et de rate a la suite d’expositions in vivo et in vitro. Finalement, la variation du nombre de
thymocytes a été examinée sur des bars capturés durant trois ans.

La thése fournit de nouvelles connaissances concernant 1’évolution des fonctions immunomodulatrices
des cestrogenes sur la différenciation des cellules T. En effet, en plus d’une organisation morpho-
fonctionnelle fortement conservée, la distribution des sous-types de récepteurs aux cestrogeénes ainsi
que les effets cestrogéniques apparaissent conservés au cours de 1’évolution. Nos résultats suggerent
que, chez le bar comme chez les mammifeéres, les cestrogénes (1) stimulent une voie alternative de
maturation des lymphocytes T ayant des propriétés similaires aux cellules immunitaires innées, (2)
augmentent la tolérance immunitaire et (3) régulent la plasticité du thymus.

Mots clefs : thymus, lymphocyte T, poisson téléostéen, immunologie comparative, endocrinologie, lymphocyte
T régulateur, lymphocyte T gamma-delta



