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Abstract: The interaction between the immune and endocrine systems has long been recognized in
vertebrates. In fish, it is known that the prevalence and intensity of such infections are higher in
males than in females and probably related to sex steroid hormone levels. In addition, the immune
response in the fish gonad tissues is specifically regulated to prevent infertility. This condition is used
by some pathogens to colonize the fish gonad, evade the systemic immune response, and so spread
to the progeny. This review brings up to date our knowledge concerning fish gonad immunity and
its regulation, immune-endocrine interactions, and how some pathogens use this tissue to spread to
the progeny through vertical transmission. More specifically, we will look at the case of the European
sea bass and nodavirus (NNV). Sea bass is a very susceptible fish species to NNV infections, and this
virus has been associated to vertical transmission since it is detected in gonad fluids as well as in
testicular gametes. In fact, sea bass immunity in the gonad is regulated in a very different way to
other target tissues (brain and retina) or immune-relevant tissues (head-kidney or spleen).

Keywords: fish; immunity; endocrinology; immune-endocrine interaction; gonad; disease; nodavirus;
maternal transfer

1. Introduction

In times when extractive fishing covers around 50% of human needs and fish protein requirements
by humans is increasing, fish farming appears as the most promising industry to satisfy this need [1].
However, the confinement of large numbers of specimens in a reduced space in farming facilities
and the regular handling involved expose the animals to stress conditions, weakening their immune
system, increasing their susceptibility to pathogens, and, in turn, leading to the emergence of diseases
caused by opportunistic pathogens. In addition, the global movement of eggs, larvae, juveniles,
and fish by-products between facilities worldwide favors the spread of pathogens, resulting in serious
economic losses [2–4]. Both in wild conditions and in farms, fish pathogens evolve to survive and
spread. Captivity provides fish with a wide range of conditions that give rise to stress situations that
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fish usually do not suffer in the wild, affecting a range of physiological mechanisms. In aquaculture,
bacteria are the most usual cause of diseases; however, viruses, parasites, and fungi also have an
important impact in fish farms. Although bacteria are the most common pathogens, viruses are the
most threatening since they are difficult to control and few preventive or palliative treatments are
available [5].

In vertebrates, the prevalence and intensity of infections are higher in males than females [6].
This sex dependence in resisting infection could at first sight be related to sex steroid hormone levels.
In this regard, alterations in androgen, estrogen, and vitellogenin serum levels have been commonly
documented in fish after infection [7]. As an example, silver seabream (Sparus sarba) specimens
suffering a vibriosis outbreak showed an increase in testosterone (T) serum levels as the infection
progressed, while estradiol (E2) was found to sharply decrease in moribund fish [8]. Additionally,
the exogenous administration of E2 decreased the survival rates of Yersinia-infected rainbow trout
(Oncorhynchus mykiss) in an E2-dependent dose-manner [9]. It is clear that hormones such as cortisol,
growth hormone (GH), prolactin (PRL), some proopiomelanocortin-derived peptides, and reproductive
hormones from all the levels of the neuroendocrine reproductive axis regulate leucocyte functions
and different immune responses in several fish species. Although the effects of all these endocrine
mediators on the immune system are not completely understood in fish, our knowledge of these issues
has recently been reviewed by several research groups (see for review [10–17]). Moreover, little is
known about how the immune response is regulated within the reproductive tissues in fish. A different
sex implies differences in gonad physiology and different profiles of sex hormones, with a consequent
variety in any immune regulation. Gonad physiology takes on even greater importance for the
strategies used by pathogens to spread, especially in the case of vertical transmission (transmission to
the next generation). Such vertical transmission of pathogens occurs in all vertebrate phyla and consists
of the spread of pathogens to the next generation, where they may be found in gonad fluids or inside
gametes (vertical transmission sensu stricto). The special immune conditions in the gonad environment
appear to be important for pathogen colonization and survival inside the host and, in some cases,
to promote their vertical transmission. Moreover, the ability of pathogens to alter steroidogenesis
and therefore fish susceptibility to disease is very important for this kind of pathogen. In this review,
we document the special regulation of the immune response in the reproductive tissues and the role of
these organs in pathogen survival and transmission in fish. We review the pathogens known to infect
teleost fish gonads and look at the evidence, mainly using the nodavirus (NNV)/European sea bass
(Dicentrarchus labrax) model, concerning how pathogens might modify both reproductive and immune
systems through neuroendocrine regulation pathways in order to take advantage in their resistance
and spread.

2. Immune Privilege and the Immune Response in the Gonad

An immune-privileged tissue is defined as a tissue able to extend the survival of cells expressing
antigens that in other tissues would trigger an immune response. The mechanism by which this is
made possible not only involves the blood-tissue barrier, as previously thought, but is also due to
the specific regulation of immunity in the gonadal environment [18]. Unlike the blood-testis barrier,
the ovary has no blood-tissue barrier through specialized interactions against adjacent cells [19].
However, the immune system does not respond to zona pellucida proteins expressed by the developing
oocytes. Moreover, inflammation is a well-known process essential for oocyte release during ovulation
including the migration of leucocytes into the follicle [20]. Evidence found in both testis and ovary
points to a special regulation of the immune response in these tissues, including increased tolerance
through the depletion of immune-reactive cells [19–22].

2.1. The Blood-Testis Barrier

The blood-tissue barriers are located in several tissues such as brain, testis, retina, or gut. Most
of them are formed by tight junctions (TJ) of adjacent endothelial cells of microvessels that regulate
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the transport of substances and cells across the barrier and inside the organ [23]. However, the
testis-barrier is quite different, as it is formed by TJs between Sertoli cells and is located at the basal
region of the seminal epithelium [24]. This barrier allows sealing post-meiotic germ cells in a highly
specialized environment as the barrier blocks the entry of molecules, or even pumping them out or
in through a specific network of transporters [25]. The pre-meiotic germ cells and all the vascular
endothelium, including Leydig cells, are located on the exterior of the barrier. The development
of germ cells involves the continuous disassembly and reassembly of this barrier, which is tightly
controlled by several signaling pathways involving hormones and cytokines (reviewed by [23,26,27]).
Several viruses have been demonstrated to disrupt the blood-testis barrier and are able to colonize the
specialized environment in which the admission of antiviral molecules is highly restricted by means of
the restrictive paracellular and transcellular diffusion of molecules, creating a reservoir tissue to hide
the virus and evade the immune response [28,29]. Moreover, the existence of drug transporters able to
pump out antiviral or pharmacological drugs allows viral levels to remain high enough in the testis
or brain even when the virus is almost undetected in other organs [25,30]. Moreover, some viruses
such as Zika virus preferably infect Sertoli and germ cells located at the basal compartment of the
seminiferous epithelium in mice [28]. Given the presence of gap junctions between Sertoli and germ
cells in mammalian testes [31], it is easy for this virus to cross the blood-testis barrier.

As in mammals, Sertoli cells in the fish testis are attached to one each other by specialized cell
junctions, although they are not as specialized as mammalian ones [32]. As the fish testis is a cystic
structure in which a cohort of germ cells is surrounded by a cohort of Sertoli cells, the blood-testis
barrier is only organized in those cysts that contain post-meiotic germ cells [33], so the transition of
germ cells through the blood-testis barrier does not take place in fish. Fish Sertoli-Sertoli cells junctions
develop as the germ cells enclosed by them progress in the spermatogenetic process. Thus, when
only spermatogonia are enclosed, intermediate junctions, gap junctions, and desmosomes form the
contact region between Sertoli cells. However, tight junctions are only observed between Sertoli cells
in the cyst containing spermatids but not primary spermatocytes. Therefore, meiotic germ cells are
not shielded from the vascular compartment. Interestingly, the unique adhesion junctions observed
in the mammalian testis and known as the “ectoplasmic specialization” have not been observed in
the fish species studied to date. Any differences between fish species described not only refer to the
morpho-functional characteristics but also to the molecular composition of Sertoli-Sertoli cell adhesion
structures (see for review [32,34]). The appearance of tight junctions only in the cyst containing
spermatids in all the fish species studied has led to the postulation that the main function of the Sertoli
cells barrier in fish testis might be to develop a highly specialized microenvironment for haploid germ
cells [35,36]. Sertoli cells are also connected with germ cells by gap junctions that allow the control of
the spermatogenetic process by the Sertoli cells [37,38].

2.2. Immune Effectors Out of the Blood-Testis Barrier

It is now known that the gonads are not organs depleted of immune cells. Thus, in mammals,
the testes have effective lymphatic vessels that drain directly to local lymph nodes [39–41]. Moreover,
macrophages, lymphocytes, and dendritic, eosinophilic, and mast cells are located in the testicular
interstitium [22], and most experimental xenografts are also able to survive for longer than in other
tissues in rats, mice, and Guinea pig testes [42–44]. Interestingly, the interstitial tissue of the testis
expresses both major histocompatibility complex (MHC) class I and II molecules, and the vascular
endothelium allows the trafficking of immune cells and immune effectors (cytokine, immunoglobulin,
and complement proteins) into the testis [45–48]. Both myeloid and lymphoid immune cell types have
been described in the testicular interstitium in several fish species, where differences in the number of
leucocytes have been reported for different reproductive stages (reviewed by [49]). In the testicular area
of the gonad of the hermaphrodite seasonally breeding gilthead seabream (Sparus aurata), acidophilic
granulocytes, macrophages, B and T lymphocytes, and mast cells have been described [49,50].
As occurs in mammals, the testis of gilthead seabream and European sea bass expresses the genes
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coding for pro- and anti-inflammatory cytokines, chemokines, immunoglobulins, complement
factors, antimicrobial peptides (AMPs), immune receptors such as Toll-like receptors (TLRs), and T
cell receptor (TCR), as well as molecules involved in the antiviral response [49,51]. In addition,
gonadal-specific molecules related with immune-endocrine interactions have been described in other
fish species. Thus, ovary and testis specific insulin-like growth factor (IGF)-3 has been detected in
Nile tilapia (Oreochromis niloticus) [52]. Changes in the gene expression of IGFs in immune tissues
have been related to the immune response against Yersinia infections and are modified upon E2

treatment in a tissue-dependent manner [9]. Moreover, in rainbow trout females, interferon (IFN)-3/4
show restricted high expression in the ovary [53,54]. Interestingly, the disability of pathogens to
up-regulate the expression of IFN genes has been related with the establishment of latent infections
in the ovary of rainbow trout [55]. Regarding gonad-specific AMPs, in the testis of mudskipper
(Boleophthalmus pectinirostris) two hepcidins have been described. Interestingly, hepcidin-2 is highly
produced in Leydig cells, regulated by gonadotrophins, and up-regulated upon lipopolysaccharide
(LPS) stimulation [56]. In the orange-spotted grouper (Epinephelus coioides), a β-defensin specifically
expressed in pituitary and testis has also been cloned [57].

2.3. The Testicular Environment that Allows Immune Privilege

There is evidence in mammals that the active tolerance of the immune response in the testes is
due to its ability to regulate immunity. Thus, foreign grafts survive longer in the testis than in other
sites, even when most experiments positioned the grafts in the interstitial compartment of the testis
and not inside the blood-testis barrier [22]. Moreover, testicular explants that include Sertoli cells are
able to avoid the immune response when transplanted into various tissues [58]. Likewise, they display
inhibitory activity in lymphocyte cultures, probably due to the production of an array of immune
inhibitory molecules [22]. Furthermore, the cytotoxic T cell-mediated responses are suppressed, both
activated and memory T cells being selectively depleted in the testis, while T regulatory (Treg) cell
responses are induced [59]. The population of testicular macrophages, even when they show a capacity
to interact with activated T cells, display an impaired capacity to induce inflammation and lymphocyte
activation [22]. Furthermore, sex steroid hormones such as testosterone and estradiol also modulate
macrophage and lymphocyte activities in mammals. In mammals, the high levels of testosterone found
within the testis might have immunosuppressive properties against macrophages and lymphocytes as
there is evidence that this hormone inhibits the progression of autoimmune orchitis [60]. In contrast,
E2 seemed to trigger testicular inflammation in mammals and impaired the graft survival in the
mammalian testis (see for review [21,22]).

The presence of leucocytes and the immune response regulation in the gonad have received
little attention in fish, and most of the functional data accumulated to date on testicular leucocytes
have been obtained in one species—the gilthead seabream—by a single research group. Studies
comparing testicular and head-kidney (the main hematopoietic organ in fish) acidophilic granulocytes
demonstrated that this cell type is requisitioned by the testis at certain stages of the reproductive
cycle, and once they infiltrate the organ, their functional activities are drastically suppressed [49].
Moreover, the presence of testicular cells in head-kidney acidophilic granulocyte cultures inhibits
their phagocytic activity against bacteria [61]. As in mammals, gilthead seabream and European
sea bass testis constitutively expresses many cytokines with an expression pattern that depends
on the reproductive stage [51,62]. In addition, suppression of cytokine signaling (SOCS)-1 and 3,
which act as a negative feedback of cytokine receptor signaling, has been described in the gonad of
pufferfish (Tetraodon nigroviridis) [63,64]. Interestingly, androgens and estrogens also have an important
regulatory role in the activity of both myeloid and lymphoid cell types in several fish species. In fact, the
increasing amount of data about how sex steroid hormones and others such as gonadotrophin-release
hormone, gonadotrophins, GH, or IGFs affects the immune cells of several fish species by acting
on nuclear or membrane receptors clearly points to a communicative network between the immune
and the neuro-endocrine system in fish (see for review [10–17]). As recent reviews have extensively
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described this influence, we have focused on the immune regulation and leucocyte functions within
the reproductive tissues of fish, although fewer data are available.

As regards the testis, androgens are able to induce the recruitment of acidophilic granulocytes
and immunoglobulin M (IgM)-producing B lymphocytes into the testis of gilthead seabream, as
can estrogens [65–67]. However, and unlike estrogens, androgens down-regulate the expression of
several TLR genes in the testis, inducing an immune-tolerance status [67,68]. In mammals, high
levels of estradiol promote an increase in the amount of activated macrophages and mast cells in the
testes, leading to inflammatory-dependent infertility [69]. However, in fish, the number of testicular
macrophages remains steady at different reproductive stages and after estrogenic treatment [62,65].
Whether the effect of estrogens in fish represents an inflammatory process that can lead to infertility,
as occurs in mammals, merits further research, as estrogens in fish up-regulate both pro- and
anti-inflammatory cytokines and only seem to trigger a normal post-spawning stage [65,66,69].
All these data suggest that the immune privilege status of the testes in teleost fish might be similarly
regulated to the mammalian equivalents, although differences reflecting their evolutionary status and
their special testicular physiology and structure are evident. Greater knowledge of the regulation
and establishment of the immune privilege in the fish gonad will contribute to the fight against very
specialized pathogens (see below) that use the reproductive system to evade the immune response.
Thus, the immune response in the gonad and its regulation is worthy of further investigation in fish in
order to develop preventive and palliative treatments will be of use to the aquaculture sector.

2.4. The Ovary Environment that Allows Immune Privilege

Regarding the vertebrate ovary, the influx of leucocytes into the ovary is allowed through
vascular and lymphatic vessels. Several types of resident leucocytes are also present in the ovary of
mammals, where they are involved in ovulation and in the development of the corpus luteum (see for
review [20]. In hen (Gallus gallus) ovaries, macrophages are present in the theca layer and are able to
phagocytose particles, being the first line of defense of pre- and post-ovulatory follicles [70]. Moreover,
follicular cells (both theca and granulose cells) express TLRs that induce an innate immune response,
including the expression of several β-defensins, which are important AMPs [70]. The presence in the
follicles of antigen-presenting cells and T and B lymphocytes is related with sexual maturation and
probably with estrogen levels. Interestingly, these cells increase in number upon an infection [70].
Similarly, in the elasmobranch fish Little skate (Leucoraja erinacea) ovary, direct contact between
leucocytes and the follicle wall as well as between the steroidogenic theca and granulosa cells has
been demonstrated [71]. In the teleost fish gilthead seabream, acidophilic granulocytes appear in great
numbers in the developing ovarian area during larval development, remaining until the area is totally
developed [72], while in the adult gonad, they are restricted to the connective tissue that limits the
testicular and ovarian areas and to the testicular interstitium [49].

3. The Gonad Immune Responses in European Sea Bass—Preliminary Data

The low capacity of the reproductive tissues to induce a highly inflammatory response against
pathogens suggests a need for other immune responses in order to block infections. As mentioned
above, fish gonads have variable amounts of immune cells, including macrophages, lymphocytes,
granulocytes, and mast cells, even though their functioning is not well understood. While their
presence and the expression of leucocyte markers, IFN pathway molecules, or cytokines have been
described [50,51,62,73], there has been very little in the way of a functional analysis of gonad cells
in fish. Besides the molecules described above, AMPs—low weight peptides with amphipathic
properties—that are up-regulated upon infection and display a broad-spectrum of antimicrobial
functions are also present. Some of them have been described as regulating molecules of the innate
immune response, but most of them seem to act without triggering an inflammatory response [74].
In the mammalian and avian reproductive tissues, several types of AMPs have been described,
as in fish [75–79]. Thus, as described previously, two hepcidins have been detected in the testis of



Fishes 2018, 3, 24 6 of 22

mudskipper, one of them (hepcidin-2) being regulated by gonadotrophins and stimulated by LPS [56].
In addition, a β-defensin in orange-spotted grouper is specifically expressed in pituitary and testis,
though it shows a steady expression in the pituitary its expression in the gonad increased during
sex reversal from female to male. This is produced by the Sertoli cells enclosing spermatogonia or
primary spermatocytes but not other more developed germ cells [57]. Furthermore, this pituitary-testis
specific β-defensin displays antibacterial and antiviral functions [57] leading to the hypothesis that
this β-defensin might have a dual role in immune defense and paracrine/endocrine regulation. Taking
all this into account, further studies based on the role of AMPs in the neuro-endocrine reproductive
axis are necessary in order to identify the more effective immune response in reproductive tissues
against specific pathogens and how these responses might affect reproduction. In what follows, we
will present some preliminary data about the functional characterization of the main cellular innate
immune functions of European sea bass ovary and testis cell suspensions and discuss whether fish
gonads produce specific antimicrobial peptides.

3.1. Cellular Innate Immune Functions

Ovaries and testes from healthy adult European sea bass males and females were excised, and cell
suspensions were obtained by forcing the fragments through a 100 µm nylon mesh using L-15 Leibovitz
culture medium supplemented with antibiotics, 2 mM glutamine, 0.5% gelatin, and 5% fetal bovine
serum. Cells were washed, counted, and their viability was determined as being higher than 90%.
Ovary and testis cells were used to determine some of the main cellular innate immune functions
using flow cytometric assays. Thus, the % of phagocytic cells and the mean intensity of fluorescence
per cell was determined using fluorescein stained-yeast cells [80]. The % of cells producing reactive
oxygen species (ROS), as well as the intensity of fluorescence reflecting the ROS level per cell, was
determined after an incubation with dihydrorhodamine 1,2,3 and upon activation with phorbol
myristate acetate [81]. Finally, the cell-mediated cytotoxic activity against xenogeneic tumor cells was
determined as the % of tumor cells killed by cytotoxic cells [82]. All the techniques were applied as
elsewhere with their respective negative controls to test the specificity.

The results show that phagocytosis, respiratory burst, and cell-mediated cytotoxic activities were
detected in cellular suspensions from sea bass ovary or testis (Figure 1). In contrast to what happens in
the case of respiratory burst, the percentage of phagocytosis and cell-mediated cytotoxicity activities
were lower in the ovary than in the testis of European sea bass. Interestingly, ovary cell phagocytosis
was significantly lower than that of the testis but the phagocytic ability, determined by the intensity of
fluorescence, was slightly higher, which demonstrates that gonad cells have different cellular innate
immune functions, although the cell types present and their exact function remain to be determined.

Unfortunately, there is very little in the literature in this respect. The first evidence was obtained
in rainbow trout, where macrophages incubated with testis extracts showed an increased size and
greater phagocytic activity but decreased chemotaxis [83]. In the most studied case, gilthead seabream
testis cells showed very little—almost undetectable—phagocytic activity (1–3%), while the percentage
of ROS-producing cells (almost 40%) and the ROS levels were quite high [61], the role of acidophilic
granulocytes being dissected and relevant. Strikingly, the incubation of seabream head-kidney
leucocytes with testicular cell medium reduced phagocyte functions, suggesting the production
and release of inhibitory molecules by testicular cells that could be related to the special testicular
regulation and microenvironment. In sharp contrast, in the viviparous fish okitango (Neoditrema
ransonnetii), the incubation of leucocytes with ovary-conditioned medium resulted in unaltered
phagocyte functions, while Concavalin A-induced lymphocyte proliferation was drastically impaired,
which, at least partially, would be due to the presence of large amounts of prostaglandin E2 [84].
However, all this might be also related to fish sex, age, season, and reproductive and hormonal status,
and all these factors need to be treated cautiously when performing the experiments and comparing
the data.
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Figure 1. Cellular innate immune activities (phagocytosis, respiratory burst and cell-mediated
cytotoxicity) of European sea bass testis and ovary cell suspensions determined by flow cytometry.
Data represent the mean ± standard error mean (SEM) (n = 6). Statistical analysis of the corresponding
parameters between testis and ovary were determined by the t-Student test.

3.2. Description of Antimicrobial Peptides

The ovaries and testes from healthy adult European sea bass males and females (507 ± 56 g
and 357 ± 39 g body weight, respectively) were removed at spawning reproductive stage for AMPs
isolation. Positive samples for antimicrobial activity, assayed against Micrococcus luteus, Escherichia
coli, or Candida albicans, were used for the isolation of unknown antimicrobial peptides using the
methodology previously described [85]. Briefly, ovaries and testes were homogenized in 10% acetic
acid, ultra-centrifuged at 100,000 g for 3 h and the supernatants were recovered. Then, solid phase
extraction was performed by means of Sep-Pak C8 12 cc Vac cartridges followed by reverse phase
high-performance liquid chromatography (RP-HPLC) with a CapCell-Pak C18 column using a lineal
gradient of acetonitrile (ACN). Peaks were then recovered and tested for antibacterial activity as
described below. Positive fractions were re-purified and again subjected to antibacterial assays to
confirm that the peptides from gonads were active. Most active fractions recovered were further
eluted in a 20–50% gradient by reverse phase HPLC and analysed by matrix assisted laser desorption
ionization-time of flight (MALDI-TOF) mass spectrometry. Samples were also processed for sodium
dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) separation of the proteins and stained
with Coomassie blue.

For the antimicrobial activity, fish opportunistic and non-pathogenic bacteria, M. luteus and E. coli,
respectively, and the fungus C. albicans were grown in agar plates at 37 ◦C in tryptic soy agar (TSA).
Then, fresh single colonies of 1–2 mm were diluted in 5 mL of tryptic soy broth (TSB), cultured for 16 h
at their respective optimal temperatures on an orbital incubator at 200–250 rpm and adjusted to 106 cfu.
Aliquots of 30 µL of each of the bacterial dilutions (1/10) were placed in flat-bottomed 96-well plates
and cultured with equal volumes of serially diluted European sea bass gonad samples. Antimicrobial
activity was evidenced by the observation of no turbidity in the well after 24 h of incubation. Samples
without microbial activity were used as blanks (negative control), and samples without sample were
used as positive controls (100% growth or 0% activity).

The SDS-PAGE results pointed to different protein profiles between the male and female gonads
of European sea bass adult specimens, although in both cases the bands were lower than 14 kDa
(Figure 2a), which reflects the low size of AMPs. Interestingly, males presented higher amounts of low
weight proteins than females but both male and female gonad whole extracts had antibacterial activity
against M. luteus (Table 1). After solid phase extraction, only the 40% ACN fraction was positive in both
sexes (Table 1), which underwent to RP-HPLC showing completely different protein profiles between
the fractions from gonads of males and females (Figure 2b), coinciding with the results observed in
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SDS-PAGE gels (Figure 2a). Then, the antibacterial activity was tested with all the different fractions
obtained, resulting in two different positive regions in males and females (Figure 2b). The peaks
corresponding to region 1 eluted at 23% ACN in males and at 32% ACN in females, while the peaks
of region 2 eluted at a similar ACN percentage in both sexes (Figure 2b). However, in female gonads
only one peptide of low weight (5.5 kDa), was found in region 1, as observed using an SDS-PAGE
gel (Figure 2c), while in male gonads both regions 1 and 2 contained low molecular weight peptides
(of about 6 and 2 kDa, in regions 1 and 2 respectively). Region 2 of the testis was observed to develop
the highest antibacterial activity, so this was re-purified, and antimicrobial activity against M. luteus
was confirmed (Figure 2d and Table 1). In this region, a single peptide was found with a weight of
3.316 kDa according to RP-HPLC and MALDI-TOF mass spectrometry (Figure 2d,e). Unfortunately,
this peak has not been unequivocally identified in the fish or European sea bass databases.
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Figure 2. Determination of antimicrobial peptides (AMPs) from adult European sea bass gonads.
(a) for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) of whole testis and
ovary homogenates. (b) Peptidic profile of testis and ovary by reverse phase high-performance liquid
chromatography (RP-HPLC) and bactericidal activity. (c) Low weight SDS-PAGE of ovary and testis
homogenates and peptides purified by RP-HPLC with antibacterial activity. (d) Peak 2 of testis
purified by RP-HPLC with antibacterial activity. (e) Matrix assisted laser desorption ionization-time
of flight (MALDI-TOF) mass spectrometry mass spectrum of peak 2 of testis. Black squares: region
of interest; red squares: region with antibacterial function; ♂: male; ♀: female; ACN: acetonitrile;
AU: absorption units.
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Table 1. Antimicrobial activity against Micrococcus luteus, Escherichia coli, or Candida albicans in ovary
or testis from adult European sea bass healthy specimens. Lowest serial dilution of samples with
antimicrobial activity is shown. RP-HPLC, reverse phase high-performance liquid chromatography;
ACN, acetonitrile; middle script (-), non-detected activity; ND, not determined. To see equivalence of
regions, see Figure 2.

Time Tested Sex Region Micrococcus luteus Escherichia coli Candida albicans

Naïve Testis Complete 1:2 - -
Ovary Complete 1:2 - -

After Sep-Pak purification Testis 10% ACN - - -
40% ACN 1:64 1:8 1:4
80% ACN - - -

Ovary 10% ACN - - -
40% ACN 1:32 1:2 -
80% ACN - - -

After 1st RP-HPLC purification Testis Region 1 1:8 ND ND
Region 2 1:16 ND ND

Ovary Region 1 1:4 ND ND
Region 2 1:16 ND ND

After 2nd RP-HPLC purification Testis Region 1 - ND ND
Region 2 1:1 ND ND

Ovary Region 1 - ND ND
Region 2 - ND ND

The production of specific AMPs has been related with several reproductive issues. For example,
it has been suggested that the reproductive tract of mudskipper synthesizes specific antimicrobial
compounds to clean fertilized eggs before hatching and that Hepcidin-1 and Hepcidin-2 play a key
role in pathogen clearance during the reproductive process [56]. In hermaphroditic orange spotted
grouper, beta-defensin isolated from pituitary is mainly expressed in testis [57]. Furthermore, using
proteomic approaches, a specific protein from testis, ovary, and brain with antimicrobial activity was
identified (IQ motif containing H (IQCH protein)) and found to be greatly stimulated after bacterial
infection with Edwardsiella tarda, afterward appearing in serum and binding to bacteria [86]. All these
data highlight the role of antimicrobial peptides in the reproductive organs of fish and to the need for
further characterization of this activity in the reproductive tract of fish in order to determine potential
therapies in the fight against gonad-colonizing pathogens without disturbing the reproductive process.

4. Infection of the Gonad as a Perfect Way to Evade the Immune Response in Fish

The special immune conditions provided by the gonads seem to be ideal for pathogens to
colonize and evade the systemic immune response. In vertebrates, pathogens that generally spread
through the gonad efficiently infect this tissue. For example, in humans, despite the presence of the
blood-testis barrier, several viruses are able to overcome this limitation and infiltrate the germinal
epithelium, thus developing persistent infections [23]. Several pathogens infect the ovary of vertebrates,
inducing ovarian pathologies that lead to infertility. As mammalian pathogens are transplacental and
transferred through breastfeeding, the transovarian pathway seems not to be highly relevant (see for
review [87–90]). In birds, as in fish, however, gonadal infection of both sexes is used to evade the
immune system and also to assist transmission to the next generation [91–95]. As regards fish, several
pathogens have been found to infect gonads in a few species (see Table 2).

Regarding parasite infections in fish, the little information available suggest that parasites do
not to use the germ cells to be transmitted but produce infertility. In European sea bass, there is
a coelozoic parasite, Sphaerospora testicularis, that colonizes the seminiferous tubules of the testes,
causing myxosporoses [96–98]. Parasitation with S. testicularis provokes an influx of leucocyte, mainly
macrophages, granulocytes, lymphocytes, and plasmacytes [99], leading to the complete destruction
of testis tissue and greatly reducing fish fertility [97–99].
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In the case of bacterial infection, both Brucella pinnipedialis and Flavobacterium psychrophilum have
been detected in the ovary of different species of fish (Table 2). Brucella spp. is the causative agent
of brucellosis in mammals, a zoonosis widely distributed throughout the world [100]. Regarding
fish, the Atlantic cod (Gadus morhua) was infected with B. pinnipedialis isolated from a wild hooded
seal. Its extensive colonization of fish tissues, including the ovary, suggested that the fish could
act as a transmission vector to wild seals [101]. In the case of bacterial cold-water disease (BCWD),
it is produced by F. psychrophilum infection and has been seen to affect gametes of four different
salmon species [102]. This bacterium has been described in testicular and ovarian fluid and inside
the eggs of some species but not of others, which suggests that vertical transmission might be
species-dependent [102–106].

The largest group of pathogens that colonize the gonad are viruses (Table 2). Although their
detection in fish gonads is not a direct correlative factor, such transmission has been demonstrated
in several cases. Indeed, viruses such as viral hemorrhagic septicemia virus (VHSV) and infectious
pancreatic necrotic virus (IPNV) have been detected in gonadal fluids and/or gametes of several fish
species. As regards VHSV, it was located in the ovary and ovarian fluids and was seen to replicate
in the epithelium of the efferent ducts and in testicular interstitial cells [93,107]. Furthermore, the
presence of VHSV genotype IVb in the gonad of different fish species of the Great Lakes has been
confirmed using in situ hybridization techniques [108]. Besides the extensive presence of VHSV in the
gonads of these species (including both somatic and germ cells), no damage was found either in ovary
or testis of the fish species analysed [108]. Unlike VHSV, neither protein nor viral RNA of IPNV has
been detected in rainbow trout ovaries, but IPNV infective particles were isolated from ovarian fluid
cells and in the ovary of immature females previously infected, suggesting that IPNV can colonize
the ovary and display a silent infection while not replicating in the organ [95,107]. These differences
found in the behavior of both viruses in the gonad of rainbow trout were correlated with the immune
response triggered by them. Thus, VHSV sharply up-regulated interferon coding genes in vivo, while
IPNV failed to do so or elicited a marked down-regulations in the immune molecules [107]. In fact,
IPNV is a widely known vertically transmitted virus [109], while there is no firm evidences of this
mode of transmission in the case of VHSV [110].

For its part, spring viremia of carp virus (SVCV) is the pathogen responsible for the highly
infectious spring viremia in many cyprinids, which produces serious injury of tissues in the kidney,
spleen, and liver [119]. Moreover, it has been demonstrated that SVCV is able to infect grass carp
ovary cells through both dependent- and independent-caveola endocytosis [116,120]. However, SVCV
vertical transmission has not been demonstrated to date [110]. As with SVCV, the route of entry into
the cells of the infectious spleen and kidney necrosis virus (ISKNV) is clathrin-mediated endocytosis
via the caveolae [121]. Very recently, the presence of ISKNV was located in the ovarian follicle cells,
but not in oocytes, of farmed Nile tilapia by the in situ hydroxynapthol blue-loop-mediated isothermal
amplification (LAMP) assay [117]. However, vertical transmission of ISKNV has been reported in
tilapia, using an in vitro fertilization experiment, which confirmed that the virus passed through
ovarian fluids to the next generation during spawning [117]. Moreover, other studies performed in
white sturgeon (Acipenser transmontanus) confirmed the transmission of ISKNV from adults to their
progeny, though whether this occurred in the fluids or within the gametes remains unknown [122,123].
On the other hand, some fish viruses have not been detected in any reproductive organ or cell but
are still thought to be transmitted vertically since they have been found in embryos or gonadal fluids.
An example is the infectious salmon anemia virus (ISAV), which was not detected in Atlantic salmon
(Salmo salar) gonads but was detected in ovarian fluids and eggs [124,125].
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Table 2. Etiological agents reported to infect ovarian or testicular cells of several fish species.
NNV, nodavirus; VHSV, viral hemorrhagic septicemia virus; IPNV, infectious pancreatic necrotic virus;
SVCV, spring viremia of carp virus; ISKNV, infectious spleen and kidney necrosis virus; CCV, channel
catfish virus; qPCR, real-time PCR; RTG, rainbow trout gonad; CO, grass carp ovary; CCO, channel
catfish ovary; ND, not determined.

Etiological Agent Fish Species Tissue Location Detection Method Reference

Parasites

Sphaerospora
testicularis

European sea bass
(Dicentrarchus labrax) Testis

Extracellular:
Interstitial and

seminiferous tubules

Transmission electron
and light microscopy [96,111]

Bacteria

Brucella
pinnipedialis

Atlantic cod
(Gadus morhua) Ovary ND Bacterial growth culture [101]

Flavobacterium
psychrophilum

Coho salmon
(Oncorhynchus

kisutch)
Ovary Gametes Conventional PCR

[102]

Chinook salmon
(Oncorhynchus

tshawytscha)
Ovary Gametes Conventional PCR

Shum salmon
(Oncorhynchus keta) Ovary Gametes Conventional PCR

Rainbow trout
(Oncorhynchus

mykiss)
Ovary Gametes Conventional PCR

Baltic salmon
(Salmo salar) Ovary Gametes Bacterial growth culture [104]

Virus

NNV

Pacific cod (Gadus
macrocephalus) Gonad ND qPCR [112]

European sea bass Testis
Sertoli

in situ PCR and
re-isolation in cell

culture
[113]

Sperm Conventional PCR
[114]

Ovary ND Conventional PCR

Shi drum
(Umbrina cirrosa)

Testis Sperm Conventional PCR
[114]

Ovary ND Conventional PCR

Gilthead seabream
(Sparus aurata) Testis

Tunica albuginea,
Sertoli and germ

cells Tunica
albuginea Germ cells

in situ PCR,
immunohistochemistry
and re-isolation in cell

culture

[113]

Striped jack
(Pseudocaranx

dentex)

Ovary ND Conventional PCR
[115]

Testis ND Conventional PCR

VHSV Rainbow trout Ovary
Efferent duct’s
epithelial and

interstitial cells

qPCR and
immunohistochemistry [108]

IPNV Rainbow trout Ovary RTG-2 cell line Ovarian cell line [107]

SVCV
Grass carp

(Ctenopharyngodon
idella)

Ovary CO cell line Grass carp ovary cell line [116]

ISKNV
Nile tilapia

(Oreochromis
niloticus)

Ovary Follicle cells
in situ hydroxynapthol

blue-loop-mediated
isothermal amplification

[117]

CCV Channel catfish
(Ictalurus punctatus) Ovary CCO cell line Ovarian cell line [118]

5. Nodavirus as a Viral Model to Unravel Fish Immuno-Endocrine Interactions

As with all the previously described viruses, NNV colonizes fish gonads (Table 2) but also
influences the endocrine and reproductive physiology of infected fish. This behavior, together with the
high number of species that it is able to infect, makes NNV a good model to study immune-endocrine
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interactions in fish [126]. Nodavirus has been detected in the male and female gonad of several
species in different reproductive stages, including European sea bass, gilthead seabream, Pacific cod
(Gadus microcephalus), shi drum (Umbrina cirrosa), and striped jack (Pseudocaranx dentex) [112–115].
The cellular localization of the virus in the male gonad has recently been reported for the first time [113].
Thus, the gene coding for the capsid protein of NNV was located in Sertoli cells of European sea
bass and gilthead seabream, and also in tunica albuginea and germ cells of gilthead seabream testis.
Those data suggested that NNV can be vertically transmitted to the offspring through the germ
cells or gonadal fluids in both species [113]. Although infective particles of NNV were recovered
from the testes of both species, only in the testes of gilthead seabream were viral proteins (the
capsid and B2 protein) detected by immunohistochemistry techniques [113]. Several studies about the
transmission mechanisms of NNV point to both horizontal and vertical transmission modes [92,94,127–131].
Furthermore, in orange-spotted grouper, NNV was detected into the embryos, in which the virus
continues replicating during the early stages of development, demonstrating that it is able to be
vertically transmitted [130].

Gilthead seabream is an asymptomatic carrier of the traditional strains of NNV and does not
suffer signs of infection or mortalities when it is infected with NNV (RGNNV genotype) [113,132].
However, European sea bass is an especially susceptible species to this virus and is known to suffer
mortalities of up to 100%, mainly in larvae and juveniles stages [127], which exhibit the typical signs
of infection [113,132,133]. Taking all this into account, we have used these two species to reveal
the behavior of NNV in the gonad and to discover whether the virus might take advantage of the
alterations that occur in the immune and reproductive systems upon infection. It was found that the
immune response triggered by NNV in the testis of both species is completely different both in brain,
the target tissue for NNV, and immune tissues themselves. Thus, the testis of the European sea bass
showed strong up-regulation of genes coding for pro-inflammatory cytokines, immunoglobulin M,
type I IFN pathway molecules (including sensors, intermediaries and effectors), AMPs (including
defensin, hepcidin, lysozyme or histones), and acute-phase proteins such as haptoglobin, while their
transcription was mainly unaltered or down-regulated in the brain [75,113,134–136]. Furthermore,
some antimicrobial peptides seem to be locally regulated by the gonad since their pattern of expression
coincides after in vivo and in vitro infection with NNV [75]. By contrast, in the gilthead seabream most
immune-related genes were down-regulated in testis upon in vivo and in vitro infection but greatly
up-regulated in the brain [75,113,134,135].

Although the immune-reproductive interaction in fish has been studied for several decades,
our knowledge of how pathogens profit from this complex interrelationship is still scarce. Our data
showed that NNV modifies the sex hormonal status in juvenile males of European sea bass and
gilthead seabream, although the modification observed was dependent on the species and associated
with the different degrees of susceptibility the virus of both species [113]. Thus, in European sea
bass, the E2 levels decreased in the serum of infected specimens as the infection proceeded [113],
whereas in gilthead seabream, the E2 serum levels increased from day 1 post-infection. On the other
hand, 11-ketotestosterone (11KT) decreased at the beginning of the infection in both species [113].
The pattern of estrogens and androgens observed in European sea bass resembles the pattern found in
other infections reported in very susceptible fish species. Thus, silver seabream specimens undergoing
a vibriosis outbreak showed gradually increasing testosterone serum levels, whereas serum estradiol
levels significantly decreased early upon infection and remained low until death [8].

The reproductive system is regulated by the brain-pituitary-gonad (BPG) axis which is known to
share a complex set of molecules with the immune system such as signaling proteins and receptors
(see for review [15,137]). In addition to altering sex hormone levels, NNV also seemed to alter the
sensitivity of brain and testis to estrogens, modifying the expression levels of nuclear estrogen receptor
(ER)-coding genes [113]. Our data showed that NNV modulates the gene expression of genes coding
for molecules involved in estrogen signaling and production in the gonad but also in the brain in both
species. Thus, in European sea bass testis the ER beta-coding genes (erb1-2) were up-regulated whilst
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in brain they were down regulated, as was neural aromatase coding gene (cyp19a2) [113]. By contrast,
in gilthead seabream gonad, all estrogen receptor genes (era, erb1 and erb2) were down-regulated,
while the gonadal aromatase coding gene (cyp19a1a) was up-regulated, as was era gene expression in
the brain [113].

The fact that estrogen signaling and production was differently affected in both species, together
with the fact that both species showed differences in susceptibility and immune responses upon NNV
infection, prompted us to wonder whether the modification observed on the gene expression levels
of several immune response molecules and estrogen receptors were statistically related and could
have any physiological relevance. For this reason, we performed non-parametric Pearson correlation
tests with the data obtained in in vivo infections and reported previously [75,113,135]. A statistically
significant correlation was indeed found between the gene expression of sensors, intermediates and
effectors of the type I IFN pathway and the erb2 gene in the NNV infected-testis of European sea
bass and era gene in the infected-testis of gilthead seabream (Table 3). As regards AMPs, a positive
correlation between the expression of era gene and several genes encoding for antimicrobial peptides
in the gonad of gilthead seabream was also observed (Table 4).

Table 3. Correlations observed between the gene expression of erb2 in European sea bass or era
in gilthead seabream testis and interferon (IFN)-related genes after in vivo infection with NNV.
The first line corresponds to the Pearson coefficient of correlation and the second to the p value.
Written in bold are the correlated parameters. mda5, melanoma differentiation-associated gene 5;
lgp2, laboratory of genetics and physiology 2; mavs, mitochondrial antiviral signaling; traf3, tumor
necrosis factor (TNF) receptor-associated factor 3; tank, TRAF3, family member-associated NF-kB
activator 3; tbk1, TANK-binding kinase 1; irf, IFN regulatory factor; mx, myxovirus (influenza) resistance
protein; pkr, dsRNA-dependent protein kinase receptor; er, estrogen receptor.

mda5 lgp2 mavs traf3 tank tbk1 irf3 irf7 ifn mx pkr

Sea bass erb2
- 0.73 0.58 0.60 0.46 0.69 0.69 0.59 0.67 0.75 0.67
- 0.00 0.02 0.01 0.07 0.00 0.00 0.01 0.00 0.01 0.00

Gilthead seabream era
0.89 - - - - 0.77 0.80 - 0.88 0.82 0.82
0.00 - - - - 0.00 0.00 - 0.00 0.00 0.00

Table 4. Correlations observed between the gene expression of era gene and several AMP-coding genes
in gilthead seabream testis after in vivo infection with NNV. The first line corresponds to Pearson
coefficient of correlation and the second to the p value. Written in bolds are the parameters correlated.
c3, complement component 3; lyz, lysozyme; hamp, hepcidin; bdef, β-defensin; pis, piscidin; h1, histone 1;
h2b, histone 2B; era, estrogen receptor a.

c3 lyz hamp bdef pis h1 h2b

Gilthead
seabream era

0.79 0.67 0.42 0.85 0.88 0.77 0.79
0.00 0.00 0.04 0.00 0.00 0.00 0.00

Interestingly, ER activity has been shown to modulate innate immune signaling pathways in
dendritic cells and macrophages in humans and fish [138–141]. The positive correlation observed
between ERs and several molecules of the IFN pathway suggested that the modulation of the expression
of ERs, together with the changes observed in the E2 serum levels influence the ability of the immune
system to react upon NNV infection. Similarly, the activation of ERα by physiological adult levels of
E2 promotes the production of type I IFN in mammals [139]. It is of note that antibacterial functions in
er2b mutant zebrafish (Danio rerio) seemed not be affected, while antiviral functions were impaired
during SVCV infections [142].

Regarding gilthead seabream, high levels of estrogenic compound in serum triggered a
post-spawning season and the infiltration of several types of leucocytes into the testis [65,66]. However,
and even though E2 serum levels increased upon NNV infection, the down-regulation of estrogen
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receptors observed in the testis was sufficient to avoid the estrogen-dependent inflammatory effect
and the up-regulation of the immune response based on IFN pathways and antimicrobial peptides,
thus allowing normal testicular functionality during the infection and, in turn, allowing the virus to
spread. In European sea bass, however, their great susceptibility to infection and the high levels of
NNV found in those specimens seem to lead to the activation of the immune response in all tissues,
including the testis. Thus, the up-regulation of the erb2 gene observed will tend to up-regulate the
induction of IFN pathway. Interestingly, an though the functionality of the testis is not a priority for
moribund fish, no alteration of the testicular morphology of infected fish was observed [113].

In order to be transmitted through the gonad, the production of gametes has to be induced or at
least not blocked. Bearing this in mind we also analysed the expression of several genes of the kiss
peptide signaling pathway in the brain of European sea bass, the most susceptible species, using the
samples obtained in previous infection experiments [113]. This pathway has been described in all
vertebrate groups as being an essential upstream regulatory element of the BPG axis which regulates
reproduction. The kisspeptins pathway activation is involved in the release of gonadotropin-releasing
hormone (GnRH) in the brain, which is subsequently involved in the release of the gonadotropin
hormones (luteinizing and follicle-stimulating hormones) in the pituitary, and, in turn, acts in the
regulation of the steroidogenesis and gametogenesis in the gonad (see for review [143]). In European
sea bass, two forms of kisspeptin genes—kisspeptin 1 (kiss1) and kisspeptin 2 (kiss2)—have been
described, as have two forms of G-coupled protein receptor for kisspeptins—gpr54-1b and gpr54-2b—all
of them with a role in the seasonal control of reproduction [144,145]. We analysed the gene expression
patterns of the two kisspeptins (kiss1 and kiss2; acc. numbers FJ008914 and FJ008915, respectively), two
G-protein coupled receptors (gpr541b and gpr542b; acc. numbers FJ202446 and FJ202447, respectively),
and three gonadotrophin-releasing hormones (gnrh1, gnrh2, and gnrh3; acc. numbers AF224279,
AF224281, and AF224280, respectively) by real-time PCR [135].

After NNV infection, several coding genes involved in the kisspeptin pathway were affected
(Figure 3) but not others (data not shown). Thus, NNV increased the expression of kiss2 in the brain of
infected animals 7 days after infection (Figure 3a), while the expression of one receptor, the gnr541b
was completely blocked at all time points assayed (Figure 3b). By contrast, only gnrh1 transcription
was affected, showing an increase in its expression 1 and 7 days after infection (Figure 3c). This
virus is known to decrease E2 and 11KT serum levels concomitantly with the down-regulation of the
expression levels of some estrogen receptors in the brain and neural aromatase gene expression [113].
Our data also pointed to the blockage of a kiss peptide receptor gene expression (gpr541b) at all time
points during the infection. Whether this effect is due to cell death induced by NNV infection or
whether gpr541b-expressing neurons are more susceptible to NNV infection than others needs further
study. However, increasing levels of kiss2 and gnrh1 expression were also observed at day 7 of infection.
Recently, a study performed in European sea bass related the gene-expressing levels of the kisspeptin
pathway genes with seasonal reproductive stages and gonadal functions [144], suggesting that the
alterations observed in this pathway upon infection might affect the reproduction capabilities of the
specimens. Our data do not support the idea that NNV triggered the production of gametes, but it is
clear that NNV infection modifies several reproductive parameters in brain and gonad. Whether or
not this influences the efficiency of reproduction in asymptomatic species or in surviving specimens
also deserves to be studied in greater depth.
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NNV infection in vivo in European sea bass brain. Control group was intramuscularly injected with
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6. Conclusions

This review has focused on the special immune characteristics and regulation of the fish gonad
and the ability of some pathogens to colonize this organ and how they elude both systemic and local
immune responses to survive and spread. We first described how gonad immunity manifests itself
and presented some preliminary data about the cellular innate immune functions present in both
testis and ovary from the European sea bass, as well as the presence of antibacterial and antifungal
activities, probably due to the existence of specific locally produced AMPs, since one small peptide
with antibacterial activity was isolated from the testis. Interestingly, both gonad structure and sex
hormones have relevant roles upon local infection in the fish gonad. These infections are produced
mainly by a wide range of viruses, although there are also several bacteria and parasites able to hide
in the tissue, sometimes giving rise to a severe degree of infertility. For its part, NNV is a virus that
colonizes the testis of European sea bass and gilthead seabream, altering the immune response of
the gonad itself, triggering changes in serum levels of androgens and estrogens, and affecting the
expression pattern of kisspeptins in the brain. All these data, together with the correlations between
ERs and immune-related gene expression, suggest that NNV alters the immune-endocrine interaction
in the host. The evidence suggests that pathogens influence immune-endocrine regulation and gonad
physiology to produce a more efficient infection for their transmission. Whatever the case, it is clear
that further research is needed to develop new strategies to prevent or at least attenuate the vertical
spread of pathogens.
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