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Chapter 1

GENERAL INTRODUCTION

Beta-glucans as modulators of innate immunity in carp

Like all vertebrates also fish posses an immune system that is basically combining an innate (natural)
and an acquired (adaptive) arm, each of which have unique features and their selective kinetics.
However, both systems function in collaboration in order to provide the organism with effective
protection against infections with rapid defence and long lasting immune memory. Innate (natural)
immunity does not require prior exposure to an antigen (i.e. memory) to be effective. Thus, it can
respond immediately to an invader. However, it recognizes mainly antigenic molecules that are
broadly distributed rather than specific to one organism or cell. For recognition, the innate immune
system employs receptors based on germline-encoded non-rearranged genes, while the adaptive
immune system uniquely uses receptors based on rearranged receptor genes building T- and B-cell
receptors that are specific for uniquely present epitopes on antigens. By their receptors, T- and
B-cells can sense what kind of pathogen is present and they subsequently promote the development
of the right kind of immune response by upregulation of certain activation markers and production
of the appropriate cytokines. Phagocytic cells (neutrophils and monocytes in blood, macrophages
in tissues) ingest and destroy invading antigens. Attack by phagocytic cells can be facilitated when
antigens are coated with antibody (Ab), which is produced as part of acquired adaptive immunity.
Antigen-presenting cells (macrophages, dendritic cells) present fragments of ingested antigens to
T cells (which are part of acquired immunity). Natural killer cells kill virus-infected cells. Many
molecular components (eg, complement, cytokines, acute phase proteins) participate in both innate
and adaptive immunity.

Novel dietary based immunomodulation approaches can play a crucial role in preventing infections
that cause economic losses in highly intensive aquaculture practices. However, there are still
considerable gaps in our knowledge on how specific dietary components can modulate the immune
system. This knowledge is essential in order to develop food products that modulate the immune
system and confer protection against infections. Immuno-modulating properties of p-glucans
in innate and adaptive immunity have been widely investigated over many years and p-glucans
show their immunological effect by enhancing innate immunity through induction of cytokine
production and phagocytosis.

Central to stimulating the innate immune system of fish are the macrophages with a widespread
tissue distribution and responsiveness to many different stimuli. Macrophages, besides neutrophilic
granulocytes, are phagocytic cells that can be activated after recognition of pathogen-associated
molecular patterns (PAMPs) through pattern-recognition receptors (PRRs) expressed by bacterial,
viral and fungal parasites. Macrophages are important cells in the host resistance to fungal infections,
and fungal recognition by macrophages triggers phagocytosis, intracellular killing, induction of
inflammatory cytokines and chemokines, and initiation of the adaptive immune response [1]. The
cell walls of fungi such as Candida albicans and baker’s yeast Saccharomyces cerevisiae consist, for
a large part, of glucose polymers or B-glucans (Figure 1), which are considered typical PAMPs.
These polysaccharides are comprised of numerous repetitions of 1,3-D and $1,6-D glucans [2] (see
Fig. 1) and can exhibit binding affinities affinities to different receptors. MacroGard® is a branched
1,3/1,6 B-glucan variant frequently used as feed ingredient for farmed animals, including fish [3, 4].

Macrophages of fish, especially salmonids, treated with B-glucans have been repeatedly shown
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Figure 1. Composition and structure of yeast cell wall. The cell wall of yeast and other fungi determines the
cell shape and integrity of the organism during growth and cell division. Three main groups of polysaccharides
form the cell wall: polymers of mannose (mannoproteins around 40% of the cell dry mass), polymers of glucose
(B-glucan around 60% of the cell wall dry mass) and polymers of N-acetylglucosamine (chitin around 2% of
the cell wall dry mass). p-Glucan can be divided into two subtypes following the mode of glucose linkages:
long chains of around 1500 -1,3-glucose units which represents around 85% of total cell wall B-glucan, and
short chain of around 150 B-1,6-glucose units that accounts for around 15% of the B-glucan [5]. Figure was
adjusted from the original (http://www.guwsmedical.info/saccharomyces-cerevisiae/cell-wall-cell-surface-

morphology-and-morphological-variation.html).

to have increased innate immune responses as shown by, for example, increases in respiratory
burst activity and phagocytosis [6-8]. The ability of f-glucans to activate respiratory burst activity
of Atlantic salmon (Salmo salar) macrophages has been shown in vitro [9], but also in vivo, with
beneficial effects of administering B-glucans via feed [10]. In vivo screening models with zebrafish
(Danio rerio) larvae have shown that immersion administration of B-glucan can induce expression
of cytokines such as TNFa along with a temporal increase in resistance against Vibrio anguillarum
[11]. Thus, several studies point at immune-modulating and often immune-activating properties
of B-glucans in fish. Immunomodulatory effects of B-glucans are usually beneficial and thought to
be mediated via the innate immune system and involve leucocytes with their associated -glucan
receptors [12]. B-glucans can not only stimulate and enhance immune function [13] but can even
improve protection against several different pathogens [14, 15]. However, despite all evidence for
immune-stimulating properties of f-glucans, also in fish [16, 17], the receptors on fish cells that can
recognize B-glucans have never been identified.

Common carp (Cyprinus carpio L.) is worldwide the most cultured fish species for food
consumption (FAO, 2009), with koi (Cyprinus carpio koi) as the ornamental variety kept for
decorative purposes. Wageningen University breeds its own specific pathogen-free stock of carp at
the CARUS animal facility, allowing for reliable studies on mature fish with a naive immune status.
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Chapter 1

Few studies have addressed branched 1,3/1,6 p-glucan variants such as MacroGard® as immune
stimulant for common carp.

The overall aim of this thesis is to study the immune-modulating effect of B-glucans, in
particular MacroGard®, on the carp innate immune system, macrophages in particular. The research
described in this thesis comprises an evaluation of how p-glucans affect the innate immune response
of carp. Further, a molecular and functional characterization is made of candidate receptors on carp
leukocytes sensing B-glucans. These studies will contribute to the valorisation and use of f-glucans
as immunostimulants for sustainable aquaculture, aiming for a strategic improvement of fish health.

This aim will be achieved by meeting the following key objectives:

1.  The measurement of modulation of innate immune responses by different forms of p-glucans
including MacroGard® in carp (chapters 2, 3).

2. The characterization of candidate pattern recognition receptors on carp leukocytes that could
sense -glucans and initiate innate immune responses (chapters 4, 5, 6 and 7).

NEMO: a Marie Curie Intra-European Training Network

The intra-European traning network (ITN) on ‘protective immune modulation in warm
water fish by feeding glucans’ (2008-2012) responded to a European and commercial need for
scientists to be trained in scientific and generic skills in the areas of carp genetics, nutrition, health
and immunology. The training network short name NEMO’ (network on immune modulation)
was inspired by the Disney character Nemo, an energetic and happy young clownfish who is eager
to go to school, very curious about everything he sees and quite friendly with anyone he meets.
Central to the network was a group of 15 young European scientists who were trained in scientific
and generic skills relevant for both the public and private sectors. Their scientific aim focused on
the development of a sustainable and cost-effective use of p glucan (MacroGard®) as immune-
stimulant in aquaculture.The use of fish diets supplemented with immune-stimulating compounds
had already shown promising results. One of the most innovative immune-stimulating compounds
used in agriculture is a f-glucan component of baker’s yeast cell wall. f-glucans are produced as
side-products from bioethanol production and their use as immunostimulant in aquaculture is
a clear example of valorisation of ‘waste’ materials and can be produced in sufficient quantities
to be economically used in fish feeding. Optimisation of the production and use of B-glucans as
biotechnical tools could have a direct effect on the innate immune system and thereby improve fish
health. The immune-stimulating effects of B-glucans depend on the position and configuration of
the p-(1,6) side branches, which interact with leukocytes and their f-glucan receptors. A thorough
analysis of the immune-stimulating effects of B-glucans on the innate immune system of fish,
especially warm water species such as common carp, was missing at the start of NEMO. The Network
took an integrated approach to the study of B-glucan receptors and immune-stimulating effects
of B-glucans on leukocytes of common carp as a fish species crucially important for aquaculture
worldwide.

To elucidate the innate immune responses induced by P-glucans a suite of immune
parameters can be measured. Serum, immune organs and leukocytes can be collected to measure
both, humoral and cellular reactions that make up innate immunity. Cellular studies targeting
macrophage activation assess oxygen or nitrogen radical production and induced (cytokine) gene
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expression. Humoral studies can include the measurement of serum immunoglobulin levels, but
also include the measurement of complement levels. Candidate receptors on carp leukocytes that
can sense B-glucans and initiate innate immune responses can be studied in vitro by overexpression
in cell lines transfected with plasmids carrying carp genes. All these measurements were included
in the scientific program of NEMO to help ascertain how p-glucans modulates innate immune
responses in carp. Thereby, the Network established optimum protocols for the use of f-glucans in
the strategic improvement of fish health.

The Network comprised principal investigators from leading European research groups in
common carp breeding, immunology, disease, genetics and nutrition (Keele University, United
Kingdom; Wageningen University, The Netherlands; Denmarks Tekniske Universitet; Denmark;
Tierdrztliche Hochschule Hannover, Germany; Institute of Ichthyobiology and Aquaculture of the
Polish Academy of Sciences, Poland; University of Plymouth, UK), two European companies who
specialise in diet formulation for fish feed (Biomar AS and Tetra GmbH), as well as the leading
company in P glucan production (Biorigin) (see Figure 2). NEMO therefore provided training
‘from producer to user’

g

Figure 2. NEMO members enjoying a progress meeting in Split, Croatia prior to attending the 15" International
Conference of the European Association of Fish Pathologists on Diseases of Fish and Shellfish; 12-16th September

2011.

Receptors that could play a role in the recognition of -glucans

Understanding the innate immune system of fish is expected to lead to a more efficient and
sustainable control of diseases in aquaculture via targeted immunostimulation preferably by feed.
B-glucans are well-known immune stimulators, also applied in aquaculture and it is widely accepted
that the health-promoting effect of B-glucans is based on modulation of the innate immune system,
including macrophages. In this thesis we characterize, in detail, a number of pattern recognition
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receptors (PRRs) considered to be important candidates for mediating the immune-stimulating
effects of p-glucans in carp. Both Toll-like receptors as well as C-type lectin receptors are considered
crucially important for optimal recognition of pathogen-derived molecules such as p-glucans.
These receptors often complement each other when binding ligands and activating subsequent
downstream intracellular responses.

Toll-like receptors (TLRs) are type I transmembrane proteins with an ectodomain containing
interspersed leucine-rich repeat (LRR) motifs involved in recognition of PAMPs. The cytoplasmic
domain is characterized by a Toll/IL-1 receptor (TIR) motif which is involved in signal transduction.
Of the many TLR genes (>10), TLR2 may be the most important TLR for recognition of fungal cell
wall components such as -glucan. In mammals, TLR2 can form heterodimers with TLR1 and TLR6,
whereas also TLR4 has been implicated in stimulations by fungal-derived PAMPs [18] (Figure 3). It
recently became clear that distinct TLR2-containing receptor complexes allow for the accommodation
of structurally diverse TLR2 ligands [19]. The ability of TLR2 to detect a relatively wide array of
PAMPs has been attributed to a functional interaction with a number of other receptors [20, 21].
These not only include TLR1 and TLR6, but also the lipid scavenger receptor CD36 and the CD14
protein. The best described mode of action for TLR2 recognizing p-glucan is mediated by C-type
lectin receptors [18].

C-type lectin receptors (CLRs) comprise a superfamily of proteins that were first characterised
as proteins that possess a Ca**-dependent carbohydrate recognition domain (CRD). Later it was
discovered that other proteins with the same distinctive protein fold could bind non-carbohydrates
in a Ca**-independent manner, and this fold was named C-type lectin domain (CTLD). To date, the
superfamily consists of all proteins that contain one or more structurally-related CTLDs and includes
more than a thousand proteins. The family has been divided into fourteen groups (I-XIV), based on
their domain architecture [22]. However, only five of them include proteins that play important roles
in immunity, these are group: II, Asialoglycoprotein and DC receptors; III, Collectins; IV, Selectins;
V, natural killer (NK) cell receptors; and VI, Multi-CTLD endocytic receptors. Of these groups, group
IT and V share overall structural similarity since they are both type II membrane receptors and have
a singular extracellular CLTD [23]. However, they differ greatly in ligand-binding: group II receptors
are classical C-type lectin receptors that bind carbohydrates in a Ca**-dependent manner, whereas
group V receptors are non-classical C-type lectin receptors that mainly bind proteins independent of
Ca**. Maybe the best-known member of group V is Dectin-1, which is a non-classical natural killer
(NK) receptor as it is not restricted to NK cells. Dectin-1 has specificity for f-1,3 and p-1,6 linked
glucans.

Dectin-1 is frequently referred to as the primary membrane-bound PRR for exogenous
B-glucan [24-28]. Dectin-1 is thought to act in conjunction with Toll-like receptor (TLR) 2, at least
in murine and human dendritic cells [29]. Probably, Dectin-1 and TLR2 are involved in a receptor
collaboration or synergy, enhancing intracellular transcription factor NF-kB-dependent signaling
responses [30, 31]. Phagocytosis of B-glucan particles by for example Dectin-1, would permit
destruction of the internalized particle by reactive oxygen species (ROS), nitric oxide and lytic
enzymes in the acidic environment of the phagolysosome. TLRs are thought to be recruited to the
phagosomes to detect 3-glucan particles and induce the production of pro-inflammatory cytokines,
but are not held responsible for phagocytosis. In general, candidates for phagocytic receptors not
include the CLR superfamily member Dectin-1, but also the complement receptor or members of
the scavanger receptor family. All these phagocytic receptors have been studied in detail in myeloid
cells of humans and mice [32] [33], but the receptors that can phagocytose and/or sense 3-glucan

14



General Introduction

have not been clearly identified in myeloid cells of common carp.

Numerous C-type lectin-like genes have been characterised in teleost species [34-36]. In a full-
genome study of pufferfish (Takifugu rubripes), representatives were found for nearly all the CTLD
groups, except for group V and VII [23]. Although in apparent conflict with the observation in
pufferfish, two studies in cichlid fish identified group V receptors in a multi-gene family that resembles
the mammalian NKC [37, 38]. However, phylogenetic analyses indicated that these receptors are
actually group II receptors [23], which share overall structural similarities with group V receptors.
This indicates that group V receptors may not be present in bony fish, supporting the idea that this
group is probably the youngest and most rapidly evolving CTLD group, as can be seen from the large
differences between rodent and human members of this group [23]. The absence in bony fish of group
V CTLD receptors implies that a typical Dectin-1 receptor would not be present in common carp.

More recently, a multi-gene family of group II immune-related lectin-like receptors (illrs)
was identified in the zebrafish genome [39]. The family consists of four genes: illr1, illr2, illr3, and
illrL, which contain ITIM or ITIM-like sequences in their cytoplasmic tail, which is a key functional
characteristic of group V. CTLD receptors. Furthermore, illr3 also encodes a positively charged residue
in the transmembrane region, which is associated with activating forms of group V NK receptors. A
cytotoxicity experiment confirmed this idea. Based on these results, the authors concluded that Illrs
possess the structure of group II receptors, but the inhibitory/activating features of group V receptors
[39]. All together, it is possible that group II and V share a common predecessor and that the lineage
leading to group V receptors has lost the Ca**-dependent carbohydrate-binding ability, which is
still present in group II receptors. Of this group of CLRs, the Illrs could be candidate receptors for
B-glucan (Figure 3).

As mentioned above, the specificity of TLR signaling is regulated, in part, through the
association of TLRs with cell surface co-receptors that act to bind, concentrate, internalize, and deliver
ligands to TLRs to initiate cell signaling. Both, the scavenger receptors CD36 and SCARF1 (scavenger
receptor class F, member 1), have been implicated as co-receptors in TLR2 signaling (Figure 3).
SCARF], previously known as SREC-1 (scavenger receptor expressed by endothelial cell-1), is type 1
transmembrane protein with an extracellular domain that contains 5 epidermal growth factor (EGF)-
like cysteine-rich repeats, likely important for ligand binding. CD36 also is a cell surface receptor
with broad ligand specificity for endogenous (modified LDL, thrombospondin, apoptotic cells) and
pathogenic (Plasmodium falciparum, mycobacterial lipopeptide, Staphylococcus aureus) ligands. In a
study on the evolutionarily conservation of recognition of fungal pathogens in Caenorhabditis elegans,
two receptors in C. elegans but also their mammalian orthologues CD36 and SCARF1 mediated the
host defense against two prototypic fungal pathogens, Cryptococcus neoformans and Candida albicans.
Both receptors in C. elegans mediated the production of antimicrobial peptides and were necessary
for nematode survival after infection with C. neoformans. Both SCARF1 and CD36 mediated the
production of cytokines and were required for macrophage binding to C. neoformans and control of
the infection in mice. Binding of these pathogens to SCARF1 and CD36 was p-glucan dependent [1,
40]. Thus, the scavanger receptors SCARF1 and CD36 are candidate -glucan binding receptors that
may define an evolutionarily conserved pathway for the innate sensing of fungal pathogens.
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Figure 3. Putative receptors on carp macrophages that can play a role in the phagocytosis and/or signalling of
B-glucans. Adjusted from Means el al. [1].

Outline of the thesis

A thorough analysis of the enhanced immunocompetence by B-glucans, especially in warm-
water fish species such as common carp, was missing at the start of this project. Details of how
immunostimulants such as B-glucans can activate pattern recognition receptors on carp macrophages
were lacking because of limited knowledge on the ligand-receptor interactions in fish macrophages.
In this chapter (chapter 1), the Initial Training Network (ITN) on ‘protective immune modulation
in warm water fish by feeding glucans’ (short name NEMO) is explained. The network formed a
nucleus of young scientists, of which two PhD students (Danilo Pietretti, Inge Rosenbek Fink) and
one post-doc fellow (Anders @stergaard) were appointed at Wageningen University, Cell Biology
and Immunology group. Within NEMO, they worked as a team on a co-ordinated approach to the
study of ligand-receptor interactions in common carp. Together they undertook the molecular and
functional characterization of carp Tlrl and TIr2, in combination with the scavanger receptor Cd36
(Inge R. Fink), scavanger receptor Scarfl and c-type lectin receptors, among which members of the
multi-gene family of immune-related lectin-like receptors (Illrs) (Anders @Ostergaard). The molecular
and functional characterization of carp Tlr4 and the non-mammalian TIr20 are described in this
thesis (Danilo Pietretti). The overall aim of this thesis is to study the immune-modulating effect of
B-glucans, in particular MacroGard®, on the carp innate immune system, macrophages in particular.
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To achieve the overall aim of this thesis, first, the modulation of innate immune responses by
different forms of B-glucans, including MacroGard®, was studied in carp leukocytes, in particular
macrophages (chapters 2, 3). Macrophages are considered important cells in the host resistance
to fungal infections, and fungal recognition by macrophages is thought to trigger phagocytosis,
intracellular killing, induction of inflammatory cytokines and chemokines, and initiation of the
adaptive immune response.

Subsequently, the characterization of receptors on carp leukocytes sensing (-glucans is
described. Thorough descriptions of candidate receptors contributes to the valorization and use of
B-glucans as immunostimulants. The molecular and functional characterization of non-mammalian
carp TIr20 (chapter 4) and of TIr4 (chapter 5) includes a description of their evolutionary conservation,
sub-cellular localization and in vitro responses to different ligands. In vivo experiments provided
additional information where in vitro ligand-binding studies were not always conclusive. We
review (chapter 6) the presence of multiple TLR genes in fish, and summarize changes in their
gene expression profiles induced by molecular patterns or by whole pathogens as part of infections.
We conclude that induced changes of gene expression may provide (in)direct evidence for the
involvement of a particular TLR in the reaction to a particular ligand. New findings with regard
to the required presence of accessory molecules that may act in conjunction with TLR molecules
(chapter 7), are discussed in the last chapter (chapter 8), along with a discussion on some of the
scientific outcomes from the Initial Training Network on ‘protective immune modulation in warm
water fish by feeding glucans. Thereby, the research described in this thesis comprises an evaluation
of how B-glucans affect the innate immune response of carp and will hopefully contribute to the
valorisation and use of B-glucans as immunostimulants for sustainable aquaculture, aiming for a
strategic improvement of fish health.
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Chapter 2

ABSTRACT

The respiratory burst is an important feature of the immune system. The increase in cellular
oxygen uptake that marks the initiation of the respiratory burst is followed by the production of
reactive oxygen species (ROS) such as superoxide anion and hydrogen peroxide which play a role
in the clearance of pathogens and tissue regeneration processes. Therefore, the respiratory burst
and associated ROS constitute important indicators of fish health status. This paper compares two
methods for quantitation of ROS produced during the respiratory burst in common carp: the widely
used, single-point measurement based on the intracellular reduction of nitroblue tetrazolium (NBT)
and a real-time luminol-enhanced assay based on the detection of native chemiluminescence. Both
assays allowed for detection of dose-dependent changes in magnitude of the respiratory burst
response induced by B-glucans in head kidney cells of carp. However, whereas the NBT assay was
shown to detect the production of only superoxide anions, the real-time luminol-enhanced assay could
detect the production of both superoxide anions and hydrogen peroxide. Only the chemiluminescence
assay could reliably record the production of ROS on a real-time scale at frequent and continual
time intervals for time course experiments, providing more detailed information on the respiratory
burst response. The real-time chemiluminescence assay was used to measure respiratory burst
activity in macrophage and neutrophilic granulocyte-enriched head kidney cell fractions and total
head kidney cell suspensions and proved to be a fast, reliable, automated multiwell microplate assay
to quantitate fish health status modulated by B-glucans.

INTRODUCTION

Multicellular organisms mediate their early defence against pathogens based on their innate
immune system, which provides them with the ability to recognize the presence of pathogens and
react rapidly against them [1, 2].The common carp, Cyprinus carpio, has been intensive studied for
many purposes. Common carp is worldwide the most cultured fish species for food consumption.
It represents one of the most important species used in aquaculture and although many studies have
focused on physiological aspects such as nutrition, farming conditions and infectious diseases [3-6],
it is important to develop and improve reliable methods to monitor and control the health status
of carp. The respiratory burst is regarded as one of the most important early defence mechanisms
as it plays a crucial role in pathogen eradication, but has also been shown to be involved in tissue
regeneration. Therefore, the respiratory burst is a significant mechanism that can be used to monitor
health status in fish [7-9].

Several studies have dealt with the ability of phagocytes to recognize pathogens through
the detection of pathogen-associated molecular patterns (PAMPs), which are highly conserved
molecules not generally expressed in higher organisms [10, 11]. Phagocytes have also been related to
the recognition of damage-associated molecular patterns (DAMPs), those being self signals of tissue
damage and cell death [10, 12]. The recognition of all these molecules occurs using special receptors
called pattern-recognition receptors (PRRs), and trigger a series of events including the respiratory
burst [10, 13-15]. The initiation of the respiratory burst is marked by an increase in oxygen cellular
uptake, followed by the one electron reduction of molecular oxygen (O,) to superoxide anions (O,).
This reaction is catalysed by the membrane-associated enzyme nicotinamide adenine dinucleotide
phosphate (NADPH) oxidase, using NADPH as the electron donor [9, 16-19]. Further reduction
of oxygen produces hydrogen peroxide (H,0,), which occurs either as a spontaneous dismutation,
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especially at low pH, or as a catalyzed reaction by a family of enzymes called Superoxide dismutase
(SOD). Additional reactions of O,"and H,O, may lead to the formation of hydroxyl radicals (OH"),
especially in the presence of iron through the Fenton or Haber-Weiss reactions. The interaction of
H,0, with myeloperoxidase (MPO) can produce hypochlorous acid and other toxic metabolites
if H,0, is not dismutated to water and molecular oxygen by the enzyme catalase that can act as
a natural scavenger [16, 20-24] (See Figure 1). Although different techniques for the quantiation
of the respiratory burst have been developed through the years, comparisons of the accuracy and
reliability to evaluate fish health status among those techniques are scarce.

20,
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NADP"* /
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Dismutase (SOD) OH
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+0, T (caty |02

Myeloperoxidase
(MPO)
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Figure 1. Schematic representation of the Respiratory burst main products. The membrane-associated
enzyme nicotinamide adenine dinucleotide phosphate (NADPH) catalyzes the reduction of molecular oxygen
(O,) to superoxide anion (O,’), using NADPH as the electron donor. Further reduction of oxygen produces
hydrogen peroxide (H,O,), which occurs either as a spontaneous dismutation, or as a catalyzed reaction by a
family of enzymes called Superoxide dismutase (SOD). Additional reactions of O,  and H,O, may lead to the
formation of hydroxyl radicals (OH"), especially in the presence of iron through the Fenton or Haber-Weiss
reactions. The interaction of H,O, with the enzyme myeloperoxidase (MPO) can produce hypochlorous acid

and other toxic metabolities H,O, is dismutated to water and molecular oxygen by the enzyme catalase.

To date, several methodologies for the measurement of respiratory burst have been
described. Initially, Babior et al. (1973) assessed extracellular O2- based on its capability to reduce
ferricytochrome ¢, reading absorbance at 550 nm. The main disadvantage of this methodology
was its limitation to follow the kinetics of the reaction. This restrain was overcome by Cohen and
Chovaniec (1978) by introducing the continuous recording of absorbance in a cell suspension,
however both methods require large amounts of cells (=2.5x106 cells/well) and reagents (=950 ul/
well) [19, 25-27]. In parallel, Root et al. (1975) formulated a new methodology for the calculation
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of respiratory burst produced by human granulocytes; in this procedure the loss of fluorescence
of scopoletin (7-OH-6-methoxycoumarin), a natural compound found in the root of plants in the
genus Scopolia), was evaluated after exposure of H,O, in the presence of horseradish peroxidase
(HRP). This technique provided high detection sensitivity (as little as 0.2 nmoles H,O,/ml),
but real-time measurements remained problematic due to the rapid diminution of scopoletin
concentration in the samples. Furthermore, the technique cannot easily be applied to adherent
cells, since it required the establishment of the cultures in flying coverslips which are then placed in
the spectrofluorometer cuvette in a certain standard position [28, 29]. Pick and Keisari (1980) and
Pick and Mizel (1981) established two detection methods based on the HRP-dependent oxidation
of phenol sulfonephthalein (phenol red), and a combination of the phenol red and cytochrome ¢
assay, respectively. These methodologies allowed them to measure respiratory burst in macrophage
cultures of guinea pigs. However, the sensitivity of the H202 detection was reduced to 1 nmoles/
ml [19, 29]. The most successful alternative was developed by Baehner and Nathan (1968) who
introduced the use of nitroblue tetrazolium (NBT) in the detection of respiratory burst [30]. The
NBT assay protocol has been optimized over the years but its principle has remained the same
[17, 31-37]. NBT is a yellow, water soluble substance which is internalized by phagocytes, and
then reduced intracellularly to formazan during the respiratory burst. For quantitation, the cell
membrane is disrupted, the formazan is dissolved in KOH and the absorbance is read from 509
to 690 nm [30, 31, 33, 34, 37]. NBT has perhaps become the most popular method for monitoring
biological responses to various stimuli through their influence on the respiratory burst [38].
However, inconveniences associated with the NBT assay such as the impossibility to measure real-
time during the respiratory burst process and its laborious protocol which increases the risk of
pipetting errors, therefore decreasing accuracy, have remained an issue.

Allen et al. described a different approach for the detection of respiratory burst for human
polymorphonuclear leukocytes already in 1972. In this study, the authors describe the occurrence
of electronically excited states during the production and transformation of free radicals in the
respiratory burst. Furthermore, they observed that after electron relaxation to their initial ground
state, energy was release in form of photons. This process is known now as native chemiluminescence
and can be amplified for its detection using luminol [39, 40]. Different protocols for the luminol
amplification of radical production have been used through the years in different species [41-44].
This paper, for the first time, compares the popular NBT method with the native chemiluminescence
amplification method for use in carp (Cyprinus carpio). Using B-glucans to induce a respiratory burst
response in head kidney leukocytes, the accuracy, sensitivity and adaptability of both methodologies
are examined and compared, and their use to quantitate fish health status is discussed.

MATERIALS AND METHODS

Fish

European Common carp (Cyprinus carpio carpio) were obtained from the central fish facility
‘De Haar-vissen’ (Wageningen, The Netherlands). R3xR8 carp are the offspring of a cross between
fish of Hungarian origin (R8 strain) and the Polish origin (R3) [45]. The fish used ranged between
50 to 100 g and were kept at 23°C (x1°C) with 12:12 h light: dark photoperiod.

Preparation of head kidney cell suspensions
During this study four different head kidney cell suspensions were used, they are referred
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to throughout the paper as: total head kidney cell suspension (t-HK cells), head kidney leukocyte
suspension (HK-Leukocyte), macrophage-enriched fraction cell suspension (MQ-f) and
neutrophilic granulocyte-enriched fraction cell suspension (NG-f). To isolate the cells carps were
euthanized using an overdose of MS-222 (100 mg/l). Fish were bled from the caudal vein, both
head-kidneys were excised and placed in a 100 pm nylon cell strainer (BD Falcon). The purification
processes used to obtain the different cell suspensions are explained below.

Total head-kidney cell suspensions (t-HK cells) were obtained by pressing the head-kidney with
a plunger through the cell strainer, the cells collected were rinsed with phenol red-free Hank’s
balanced salt solution (HBSS, Sigma-Aldrich, Cat nr. H8264).

Head kidney leukocyte (HK-Leukocyte) suspensions were obtained using a non-continuous
percoll (Sigma-Aldrich, Cat nr. P4937) gradient based on the protocol described by Kemenade et al.
[46]. Shortly, percoll layers of 1,02 and 1,08 g/ml were used. After 25 minutes centrifugation at 800g,
the cells present in the 1,02-1,08 interface were collected, washed three times and resuspended with
HBSS. Cell viability was assessed by Trypan Blue exclusion (Sigma-Aldrich, Cat nr. T8154).

Macrophage and granulocyte enriched fractions, were obtained using non-continuous percoll
gradient with percoll layer concentrations of 1.2; 1.06; 1.07 and 1.083 g/ml. Cells present in the 1.06-
1.07 and the 1.07-1.083 interfaces were collected, representing the macrophage-enriched fraction
(MQ-f) and the neutrophilic granulocyte-enriched fraction (NG-f) respectively. According to
Kemenade et al., the expected yield of macrophages (plus some lymphocytes) for MQ-f is 90%. In
addition, the expected yield of granulocytes in the NG-f is 64% [46]. As explained previously, the
cell fractions were washed, resuspended in HBSS and cell viability was assessed.

Preparation of 3-glucans

During this study two different p-glucans were used: MacroGard’, which is a bakers’ yeast
extract containing a 60% purified fraction of 1,3/1,6 p-glucan [47], and Zymosan a glucan molecule
with repeating glucose units connected by p-1,3 glycosidic linkages. Both p-glucans have shown to
trigger respiratory burst in different cell populations and several fish species [48, 49].
Stock solutions of MacroGard' (Biorigin) and Zymosan A (Sigma-Aldrich, Cat nr. Z4250) were
prepared in milliQ water (PURELAB Ultra, Elga) at 20 mg/ml and 10 mg/ml respectively and
sonicated twice during 30 seconds using power 6 of a Brandson sonifier 250. Subsequently, the
sonicated solutions were pasteurized using a thermoblock at 80°C during 20 minutes.

Single point measurement of reactive oxygen species: Nitroblue Tetrazolium
(NBT) assay

NBT is a water soluble yellow powder, when added to the phagocytes it is internalized and
reduced to formazan during the respiratory burst. For quantitation of the respiratory burst, the
formazan is dissolved and its concentration is determined spectrophotometrically. In this study,
the NBT analysis was performed as previously described [36]. Briefly, cells were brought to 10X109
cells/ml in RPMI medium (Sigma-Aldrich, Cat nr. R7509). Cell monolayers were prepared in a 96-
well tissue culture plate (Corning’, Cat nr. 3300) by applying 100pl/well of the cell suspension. Cells
were incubated during 1 hour at 26°C with 5% Co,, after the incubation time, cells were washed
twice with phenol red-free Hank’s balanced salt solution (HBSS) and the respiratory burst was in-
duced and measured. In general, 160pl of RPMI containing NBT (1 mg/ml. Sigma-Aldrich, Cat nr.
N6876) were added to each well in a plate seeded with t-HK cells. To induce respiratory burst 10pl
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of stimulus (either MacroGard' or Zymosan) were used. Plates were incubated at 26°C with 5% CO,
during 60 minutes. After the incubation time was completed, the plates were washed once with 100
ul of RPMI medium and cells were fixated adding 100% methanol during 3 minutes. Subsequently,
two washes in 70% ethanol were made and plates were allowed to air-dry. The reduced formazan was
dissolved in 120 ul KOH (2M), and cells were lysed adding 140 ul dimethyl sulphoxide (DMSO
Sigma-Aldrich, Cat nr. D2650). The reduction of NBT in each well was then measured at 690 nm
with the reference filter 414nm using a multimode microplate reader (Synergy 2, Biotek).

To identify the type of reactive oxygen species measured by the NBT assay, total head kidney
cells were first stimulated with 100 pg/ml MacroGard" and then treated with either catalase (Cat,
300 U/ml, Sigma-Aldrich, Cat nr. C1345) to provoke the dismutation of hydrogen peroxide to water
and oxygen [24]or with superoxide dismutase (SOD, 250 U/ml, Sigma-Aldrich, Cat nr. $5395) to
catalyze the dismutation of superoxide to hydrogen peroxide and oxygen [27].

To monitor the sensitivity and adaptability of the NBT assay to quantitate effects of different
doses of p-glucans and different cell suspensions, monolayers of t-HK cells or HK-Leukocytes were
seeded in 96-well plates. Cells were stimulated with 10, 50 or 100 pg/ml of MacroGard' or Zymosan
and incubated during 30, 45, 90 or 180 minutes at 26°C with 5% CO,. After the incubation time was
completed the dissolution of formazan crystals was measured.

Real-time luminol-enhanced chemiluminescence assay (RT-luminol assay)

The RT-luminol assay is based on a protocol described by Allen et al. and later modified by
Verho et al; this method amplifies the native chemiluminescence produced during the respiratory
burst using luminol [39, 50]. In general, white 96-well plates (Corning®, Cat nr. 3917) were prepared
containing 40 ul of luminol (10mM, Sigma-Aldrich, Cat nr. A8511) in 0.2 M borate buffer (pH
9.0) and 100 pl of stimulus for the induction of respiratory burst (either MacroGard' or Zymosan),
subsequently the volume of the wells was adjusted to 200 pl using HBSS. Head kidney cell suspensions
were added at a concentration of 0.5X10° cells/well in all the experiments performed, the final
volume of each well was always 300 pl. The chemiluminescence emission of the cells was measured
with a luminometer (synergy2, Biotek) every 3 minutes at 26°C. To identify the type of reactive
oxygen species measured by the RT-luminol assay, total head kidney cells were first stimulated
with 100 pg/ml MacroGard’ and then treated with either catalase (Cat, 300 U/ml), to provoke the
dismutation of hydrogen peroxide to water and oxygen, [24] or with superoxide dismutase (SOD,
250 U/ml) to catalyze the dismutation of superoxide to hydrogen peroxide and oxygen [27]. The
chemiluminescence emission of the cells is expressed as the integral of the relative light units (Max
RLU) recorded by the luminometer between 0 and 60 minutes.

To monitor dose-dependent sensitivity of the RT-luminol assay and the adaptability of
this method to different cell suspensions, t-HK cells and HK-Leukocytes were stimulated with
MacroGard®or Zymosan (10, 50 or 100 pg/ml). The chemiluminescence emissions are expressed as
relative light units (RLU) recorded during 210 minutes. To quantitate ROS production by different
phagocyte sub-populations, macrophage-enriched fractions (MQ-f) and neutrophilic granulocyte-
enriched fractions (NG-f) from carp head kidney, were stimulated with MacroGard® or Zymosan
(100 ug/ml). Results are expressed as RLU recorded during 210 minutes.

Statistical analysis
The software GraphPad Prism (version 4.03) was used for statistical work. Statistical comparison
was performed by one-way analysis of variance (ANOVA) and futher Bonferroni post-tests P <0.05 was
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considered to be statistically significant.
RESULTS

The RT-luminol assay detects reactive oxygen species additional to those
detected by the NBT assay

The NBT assay after stimulation of t-HK with MacroGard® showed an increase of oxygen
radicals production. Cells treated with catalase did not indicate major changes to the production of
oxygen radicals. Conversely, treatment with SOD, showed a markedly reduced magnitude of ROS.
As expected, co-treatment with SOD and catalase also decreased of ROS production (see figure 2A).
The RT-luminol assay showed an increase in the oxygen radicals produced by t-HK cells after
stimulation with MacroGard'. Cells treatment with SOD or combination of SOD and catalase
markedly decreased ROS production. In addition, treatment with catalase also showed a significant
reduction of oxygen radical production (see figure 2B).
In conclusion, the NBT assay was shown to detect the production of only superoxide anions, the
RT-luminol assay could detect the production of superoxide anions, hydrogen peroxide and related
radicals.

Dose-effect sensitivity and adaptability of the methods.

The adaptability of the NBT and RT-luminol assays to different cell groups, and their sensitivity
to dose-related changes in the respiratory burst response, were examined following stimulation of t-HK
cells and HK-Leukocytes with different B-glucans doses (10, 50 and 100 pg/ml).

Measurements of the respiratory burst response of t-HK and HK-Leukocytes by NBT are plotted
in figure 3A and 3B respectively. Following stimulation with p-glucans, a higher oxygen radical pro-
duction was elicited in HK-Leukocytes than in t-HK cells. Variations in the magnitude of oxygen
radical production related to changes of the B-glucan doses were detectable using NBT in both cell
groups.

The RT-luminol assay measurements of the respiratory burst response after f-glucan stimulation
of t-HK cells and HK-Leukocytes are plotted in figure 3C and figure 3D respectively. The oxygen radical
production elicited by -glucans in t-HK cells, showed to be higher than the one from HK-Leukocytes.
Differences in oxygen radical production due to the -glucan doses were clearly identified in both
cell groups. Furthermore, since the measurements of this method are made continuously, a peak
of oxygen radical production was determined 36 post-stimulation for t-HK cells, and 57 minutes post-
stimulation for HK-Leukocytes.

Summarizing, both methodologies studied showed the capacity to measure respiratory burst
following stimulation with B-glucan. NBT and RT-luminol assay were responsive to changes of
the B-glucan doses and correlated in the magnitude of the response. However, only RT-luminol
offered measurements at frequent and continual time intervals during the course of the experiments,
providing information on the stimulation peaks and the respiratory burst kinetics.
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Figure 2. Identification of the oxygen radicals measured by NBT and RT-luminol assay. Comparison of the
nitro blue tetrazolium NBT assay (A) and the Real-time luminol assay (B) in relation to the type of oxygen
radicals being produce after stimulation of t-HK cells with MacroGard" (100ug/ml) and co-stimulation with
SOD (250 U/ml) or catalase (300U/ml). The plots show the mean value of four independent studies for NBT
and five for RT-luminol assays. Error bars represent standard error of the mean, a= significant difference to un-
stimulated sample, b= significant difference to SOD, c= significant difference to Cat, d= significant difference to
MacroGard', e= significant difference to MacroGard +SOD, f = significant difference to MacroGard +Cat, g=

significant difference to MacroGard® +SOD = Cat. All the difference a P value <0.05.

RT-luminol assay measurements of respiratory burst response in macrophage
enriched and neutrophilic granulocyte -enriched fractions after B-glucan
stimulation.

To evaluate the adaptability of the RT-luminol assay to further purified head-kidney phagocyte
sub-populations, the respiratory burst response of MQ-f and NG-f was measured after stimulation
with -glucans.

The respiratory burst response of MQ-f and NG-f to -glucans was detectable and is plotted
in figure 4. Higher production of oxygen radicals was recorded from MQ-f than from NG-f after
stimulation with B-glucans. The results also displayed a minor wave present between 15 and 35
minutes for both cell fractions.
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results of (A) t-HK cells and (B) HK-Leukocytes after stimulation with 10, 50 or 100 pg/ml of Zymosan
or MacroGard®. NBT was measured at 30, 45, 90 and 180 minutes. The plots show the mean value of four
independent studies for all the NBT time points, except for HK-Leukocytes 30 minutes where two independent
studies are plotted. Continuous measurements of oxygen radical production by RT-luminol assay are shown
in (C) for t-HK cells and (D) for HK-Leukocytes after stimulation with 10, 50 or 100 pg/ml of Zymosan or
MacroGard®, chemiluminescence was monitored every three minutes during 210 minutes. The plots show the
mean value of four independent RT-luminol assays in t-HK cells and 3 in HK-Leukocytes.
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Figure 4. RT-luminol assay on further purified head kidney fractions. Comparison of the respiratory burst
measurements by RT-luminol assay in two different cell fractions of carp head kidney cells. Macrophage-enriched
fraction (MQ-f) and neutrophil granulocyte-enriched fraction (NG-f) were stimulated with either MacroGard®
100 pg/ml, Zymosan 100 pg/ml or left untreated. Luminescence was continuously monitored for 210 minutes.

The graph shows the mean value of two independent studies.
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DISCUSSION

The present study compares the use of NBT and RT-luminol assays for the assessment of
oxygen radical production in carp after stimulation with B-glucans, a PAMP known to stimulate
the respiratory burst in fish and mammalian systems [48, 51]. Both methods were able to detect
the production of oxygen radicals after stimulation with MacroGard® and Zymosan, and allowed
the detection of dose-dependent changes on the respiratory burst magnitude. On this basis, both
methods can be used not only to study the respiratory burst responses during microbicidal events,
but also to study the effect of immune-stimulants, vaccines and pharmacological agents on the
immune-system [50, 52, 53]. However, one of the major differences between the methods compared
in this study consisted on the possibility to follow the kinetics of the respiratory burst response.
Since the NBT assay is based on the intracellular reduction of the nitroblue tetrazolium salt by the
superoxide anion (O,’) [31], the cells had to be lysed to perform the measurements, becoming a
one time-point measurement method, and expressed by the accumulative value of oxygen radicals
produced intracellularly during a set period of time. On the other hand, the RT luminol assay
amplifies the native chemiluminescence produced during the respiratory burst process at any given
instant, this allows the tracking of the reaction kinetics, making possible the identification of oxygen
radical production peaks. Furthermore, due to its chemical structure luminol can cross biological
membranes, allowing the detection of extracellular and intracellular production of oxygen radicals
[54]. Although in this study several time-points were measured using NBT to produce a kinetic
profile of the respiratory burst, due to the accumulative nature of its data, peaks of oxygen radical
production could not be identified. Besides, the amount of cells required for the experiment was
at least 4 times higher than the one used with the RT-luminol assay, the lab-work was considerable
more time consuming and the increase of sample manipulations increases the risk of pipetting
mistakes.

The reduction in the magnitude of the respiratory burst response after addition of SOD, a
scavenger of superoxide anion (O,’) [27], showed that NBT and RT-luminol assay detect O,. The
use of catalase, an enzyme which catalyses the dismutation of hydrogen peroxide to water and
oxygen [24], evidenced the incapability of NBT to detect other radicals than O, suggesting the
NBT as a semi quantitative method. On the contrary, the RT-luminol assay successfully detected
the variation on the respiratory burst from carp head-kidney cells after the addition of catalase,
therefore detecting hydrogen peroxide and related radicals such as hypochlorous acid and hydroxyl
radical. The type of radicals being measured by this two methods had not been compared using
fish cells, however the results of this study are in agreement with Cheson et al., [55] who postulated
that, the light emitted by human phagocytosing granulocytes came from the oxidative capacity of
any of the oxidizing agents released by the cells, as well as with the work of Schopf et al., [37] in
human monocytes and polymorphonuclear leukocytes, who attributed the luminescence directly
to the oxidizing properties of superoxide, hydrogen peroxide, singlet oxygen and hydroxyl radicals.

Both, the NBT and the RT-luminol assays measured the respiratory burst response triggered by
B-glucans independently of the cell suspension used, indicating the adaptability of the methods to different
degrees of cell purification. However, higher values of respiratory burst response of HK-Leukocytes were
measured by NBT when compared to t-HK cells, such difference in the magnitude of the response might
be related to the activation of the leukocytes due to the purification process. Interestingly the RT-luminol
assay evidenced higher production of oxygen radicals of t-HK cells when compared to HK-Leukocytes,
this augment in the respiratory burst response of t-HK cells might be explained by the presence
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of damage associated molecular patterns (DAMPs). Different studies have examined the ability of
DAMPs to trigger immune responses [40]and their synergism with pathogen-associated molecular
patterns (PAMPs) [56]. Furthermore, non-immune cells such as epithelial cells, fibroblasts and
erythrocytes have been shown to produce reactive oxygen species [57-59], and to interact with
different cell types to enhance the magnitude of the respiratory burst response [60, 61]. Since the
t-HK cell suspensions used in this study did not have any purification process, it contained healthy
head kidney cells (not only leukocytes) mixed with necrotic, damaged cells, and debris from the
tissue. The synergistic effect of PAMPs and DAMPs, added to the collaboration of different cell
types in the cell suspension could cause the higher respiratory burst response evidenced with the
RT-luminol assay. The fact that t-HK cell suspensions did not show an increase of the respiratory
burst response when measured by NBT could be explained by the limitation of this method to
detect hydrogen peroxide. Cell proliferation and tissue regeneration processes have been linked to
the presence of H,O, in mammalian models [62, 63], furthermore a gradient of hydrogen peroxide
has been reported in zebra fish after tissue injure [8]. Therefore, it would be logical to think that
the DAMPs present in the cell suspensions, could trigger the production of messengers for tissue
regeneration such as hydrogen peroxide, which was detected by RT-luminol assay but not by NBT.

Finally, the minor biphasic response evidenced during the oxygen radical production of MQ-f
and NG-f after stimulation with B-glucans, could be associated to the adhesion and ingestion phases
of the phagocytosis. Nikoskelainen et.al [64] described these two phases during the respiratory burst
induced by Aeromonas salmonicida in rainbow trout phagocytes, although they claimed that those
phases cannot be distinguished in rainbow trout when the number of head kidney cells exceeds
5x10* cells/well because the peaks are merged. The fact that a similar response was observed from
carp MQ-f and NG-f even though the cell number used in the experiment was higher (5x10° cells/
well) may be due to the difference in fish species, since it has already been discussed the occurrence
of variations among fish immune responses [1, 65].

CONCLUSIONS

Both of the methods compared during this study, showed the capacity to detect and measure
the respiratory burst response of carp head kidney cells after stimulation with B-glucans, therefore
constitute an indicator of the general fish health status. However, only the RT-luminol assay allowed
the tracking of kinetics during the respiratory burst response, offering information about peaks of
oxygen radical production. Furthermore, only the RT-luminol assay detected the production of
hydrogen peroxide and oxygen related radicals, becoming an important tool to monitor production
of oxygen radicals involved in tissue regeneration processes. The RT-luminol assay also proved
to be a simple and fast protocol which reduces sample manipulation, requires fewer amounts of
cells per experiment, and can be used to evaluate the respiratory burst responses from mixed cell
populations to highly purified subpopulations.
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ABSTRACT

B-glucans are glucose polymers that are found in the cell walls of plants, bacteria, certain
fungi, mushrooms and the cell wall of baker’s yeast. In mammals, myeloid cells express several
receptors capable of recognizing -glucans, with the C-type lectin receptor dectin-1 in conjunction
with Toll-like receptor 2 (TLR2), considered key receptors for recognition of p-glucan. In our
studies to determine the possible involvement of these receptors on carp macrophages a range of
sources of B-glucans were utilised including particulate f-glucan preparations of baker’s yeast such
as zymosan, which is composed of insoluble B-glucan and mannan, and MacroGard®, a -glucan-
based feed ingredient for farmed animals including several fish species. Both preparations were
confirmed TLR2 ligands by measuring activation of HEK293 cells transfected with human TLR2
and CD14, co-transfected with a secreted embryonic alkaline phosphatase (SEAP) reporter gene. In
addition, dectin-1-specific ligands in mammals i.e. zymosan treated to deplete the TLR-stimulating
properties and curdlan, were monitored for their effects on carp macrophages by measuring reactive
oxygen and nitrogen radicals production, as well as cytokine gene expression by real time PCR.
Results clearly show the ability of carp macrophages to strongly react to particulate B-glucans with
an increase in the production of reactive oxygen and nitrogen radicals and increase in cytokine gene
expression, in particular il-14, il-6 and il-11. We identified carp il-6, that was previously unknown. In
addition, carp macrophages are less, but not unresponsive to selective dectin-1 agonists, suggesting
recognition of 3-glucans by multiple pattern recognition receptors that could include TLR but also
non-TLR receptors. Candidate receptors for recognition of B-glucans are discussed.

INTRODUCTION

B-glucans, glucose polymers that are found in the cell walls of fungi such as Candida albicans
and baker’s yeast Saccharomyces cerevisiae, possess differences in molecular weights and in degree of
branching. For example, f-glucan can occur in forms containing different, often repeating branches
with B-D-glucosidic linkages at position three or six. Branched 1,3/1,6 B-glucan variants such as
MacroGard® are frequently used as a feed ingredient for farmed animals including several fish
species [1, 2]. Zymosan, obtained from baker’s yeast cell walls, is composed of insoluble B-glucan
and mannan, and has been utilized in numerous experiments owing to its ability to activate
macrophages [3, 4]. In purified form, exogenous P-glucan can stimulate and enhance immune
function [5] and improve protection against infection with a variety of pathogens [6, 7]. However,
despite clear indications for immune-modulating properties of B-glucans on fish cells [8, 9], the
receptors on fish cells that can recognize the f-glucan have not been identified.

Both Toll-like receptors (TLRs) as well as C-type lectin receptors (CLRs) are considered
crucially important for optimal recognition of pathogen-derived molecules such as p-glucan.
These receptors often complement each other when binding ligands and activating subsequent
downstream intracellular responses. One CLR in particular, known as dectin-1, is the primary
membrane-bound PRR for exogenous B-glucan [10-12] acting in conjunction with TLR2, at least
in murine and human dendritic cells [13]. Phagocytosis of particles such as zymosan by for example
dectin-1, induces the activation of different mechanisms including reactive oxygen species, nitric
oxide and lytic enzymes in the acidic enviroment of the phagolysosome in order to destroy the
phagocytosed particles. TLRs which are thought to be recruited to the phagosomes detect zymosan
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and induce the production of pro-inflammatory cytokines, but are not thought to be responsible
for phagocytosis of zymosan particles. Treatment of zymosan with hot alkali or organic solvents
abrogates the TLR-dependent response leaving ‘depleted zymosan’ that activates cells via dectin-1
but not TLR2. Similarly, curdlan, a high molecular weight linear polymer consisting of -1,3-linked
glucose residues, is a water-insoluble polysaccharide recognized in mammals by the dectin-1
receptor only [14]. The interplay between phagocytic receptors such as the CLR superfamily
member dectin-1, the complement receptor or members of the scavanger receptor family, and
sensing receptors such as TLRs has been studied in detail in myeloid cells of humans and mice
[15, 16], but not fish. Not only is the presence of the Dectin-1 receptor limited to mammalian
genomes [17], there is a general lack of knowledge on the receptors on myeloid cells of fish that can
phagocytose and/or sense 3-glucans.

We used head kidney leukocytes and head kidney-derived carp macrophages to study
induction of reactive oxygen species (ROS), nitric oxide (NO) and modulation of cytokine gene
expression on exposure to different preparations of f-glucan. Zymosan depleted of TLR-stimulating
activity and curdlan, both dectin-1-specific ligands, were compared to stimulation induced by
untreated zymosan and branched 1,3/1,6 B-glucan (MacroGard®). The specificity of the applied
ligands was confirmed by measuring activation of HEK293 cells transfected with human TLR2 and
CD14, co-transfected with a secreted embryonic alkaline phosphatase (SEAP) reporter gene. Both
zymosan and MacroGard®, but not alkali-depleted zymosan nor curdlan activated the transfected
HEK?293 cells. In addition, carp macrophages reacted with a higher oxidative burst and nitric
oxide response to the particulate f-glucans zymosan and MacroGard® than to the selective dectin-1
agonists i.e. depleted-zymosan and curdlan. Furthermore, zymosan induced a higher il-16, il-6
and il-11 cytokine gene expression in carp macrophages than did depleted-zymosan. Also curdlan
induced a high gene expression of il-1f and il-11, which suggests that these cytokines may be good
indicators of macrophage activation by B-glucans. Our data suggest recognition of B-glucans by
multiple pattern recognition receptors on carp macrophages.

MATERIALS AND METHODS

Fish

European common carp (Cyprinus carpio carpio) were reared in the central fish facility
of Wageningen University, The Netherlands, at 23+2°C in recirculating UV-treated tap water
and fed pelleted dry food devoid of additional -glucans (Ssniff, Soest, Germany) daily. R3 x R8
heterozygous carp are the offspring of a cross between fish of Hungarian origin (R8 strain) and of
Polish origin (R3 strain) [18]. Carp were between 9 and 11 months old at sampling. All studies were
performed with approval from the Animal Experimental Committee of Wageningen University.

B-glucan preparations

Zymosan (insoluble cell wall of Saccharomyces cerevisae; tlrl-zyn), depleted-zymosan (hot
alkali treated cell wall from Saccharomyces cerevisae, tlrl-dzn) and curdlan (a high molecular weight
linear polymer consisting of -1-3-linked glucose residues from Alcaligenes feacalis, tlrl-cura) were all
purchased from InvivoGen (Cayla SAS, France) and dissolved in milliQ water as per manufacturer’s
instructions. Laminarin, alinear B-glucan from Laminaria digitata, was purchased from Sigma- Aldrich
(St. Louis, MO, USA) and dissolved in milliQ water as per manufacturer’s instructions. MacroGard®,
a cell wall preparation of Saccharomyces cerevisae comprising 60% [-glucan, was purchased from
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Biorigin (Séo Paulo, Brazil). MacroGard® was suspended in milliQ water, sonicated twice for 30 sec
at power 6 with a Branson sonifier 250 (Danbury, CT, USA), and then pasteurized at 80°C for 20
minutes.

Isolation of head kidney leukocytes (HKL)

Fish were euthanized with 0.3 g/l Tricaine Methane Sulfonate (TMS) (Crescent Research
Chemicals, Phoenix, USA) in aquarium water buffered with 0.6 g/l sodium bicarbonate and
exsanguinated via the caudal vein. Head kidneys were removed aseptically, gently disrupted through
a 100 pm sterile nylon mesh and the cell suspension washed with RPMI 1640 medium (Invitrogen,
CA, USA) adjusted to 280 mOsmol/kg and supplemented with 1.5% (v/v) heat inactivated-pooled
carp serum, 2 mM L-glutamine, 100 U/ml penicillin G and 50 mg/ml streptomycin sulphate
(cRPMI). Cell separation was performed with a non-continuous Percoll (Amersham Pharmacia
Biotech AB, Uppsala, Sweden) gradient as described previously [19]. Briefly, to obtain the Head
Kidney Leucocytes (HKL) suspension, Percoll layers of 1,02 and 1,08 g/ml were first collected as
two separate layers and then mixed, washed three times and resuspended in cRPMI. Cell viability
was assessed by Trypan blue exclusion.

Head kidney-derived macrophages

Carp head kidney-derived macrophages were cultured as described previously [20]. Head
kidneys were gently disrupted through a 100 pm sterile nylon mesh and rinsed with homogenization
buffer comprising incomplete-NMGFL-15 medium containing 50 U/ml penicillin, 50 pg/ml
streptomycin, and 20 U/ml heparin (Leo Pharma BV, Breda, The Netherlands) [21].

Cell suspensions were layered on a 1.071 g/ml Percoll suspension and centrifuged at 450x g
for 25 min at 4°C without brakes. Cells at the medium/Percoll interface were removed and washed
twice. Cell cultures were initiated by seeding 1.75x107 cells in a 75 cm? culture flask containing
20 ml complete-NMGFL-15 medium comprising incomplete-NMGFL-15 medium supplemented
with 5% heat-inactivated pooled carp serum and 10% bovine calf serum (Invitrogen, Breda,
The Netherlands). Cells were incubated at 27°C and head kidney-derived macrophages, named
macrophages throughout the manuscript, were harvested after 6 days by placing the flask on ice for
10 min and collecting adherent cells by gentle scraping.

Real time luminol-enhanced chemiluminescence (RT-luminol assay)

To detect the native chemiluminescence produced during activation of cells a real time luminol-
enhanced chemiluminescence assay was performed as described before [22-24]. Briefly, white 96-well
plates (Corning®, Cat nr. 3917) were prepared with 40 pl luminol (10 mM, Sigma-Aldrich, Cat nr.
A8511) in 0.2 M borate buffer (pH 9.0) and 100 pl volume of -glucan stimulus. Cell suspensions
were added at concentration of 1.0x10° cells/well for HKL and 0.5x10¢ cells/well for macrophages up
to a final volume of 300 ul. Chemiluminescence emission was measured with a multimode microplate
reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA, USA) every 3 minutes at 27°C and
expressed as integral of relative light units (Max RLU) recorded between 0 and 150 minutes.

NitroBlue Tetrazolium (NBT) assay

To measure oxygen radical production due to the respiratory burst in cells activated by
B-glucan, a NitroBlue Tetrazolium (NBT, Sigma-Aldrich, Cat nr. N6876) assay was performed as
previously described for carp leukocytes [19]. HKL or macrophages were seeded at concentration
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of 1.0x10° cells/well and 0.5x10° cells/well respectively in 96-well tissue culture plates (Corning®,
Cat nr. 3300), and incubated for 1 h at 27°C with 5% CO,. Subsequently, cells were stimulated with
B-glucan in presence of NBT at concentration of 1 mg/ml and incubated at 27°C with 5% CO, for 90
minutes. Reduced formazan was dissolved in KOH (2M) and 140 pl dimethyl sulphoxide (DMSO,
Sigma-Aldrich, Cat nr. D2650). The reduction of NBT in each well was measured at 690 nm with the
reference filter 414 nm using a multimode microplate reader (SpectraMax M5, Molecular Devices).

Nitric oxide assay

Nitrite production by carp HKL or macrophages after stimulation with f-glucans was measured
as described before [25]. A volume of 75 pl of cell culture supernatant, 100 pl of 1% sulphanilamide
in 2.5% (v/v) phosphoric acid and 100 pl of 0.1% (w/v) N-naphthly-ethylenediamine in 2.5% (v/v)
phosphoric acid were added in a 96-well flat bottom plate. The absorbance was read at 540 nm (with
690 nm as a reference) and nitrite concentration (uM) was calculated by comparison with a sodium
nitrite standard curve.

RNA isolation and cDNA synthesis

Total RNA was isolated from carp macrophages using the RNeasy Mini Kit according to the
Manufacturer’s (Qiagen) instructions, including on-column treatment with RNAse-free DNase and
stored at -80°C. Prior to cDNA synthesis from 0.25-1 pg total RNA, a second DNase treatment was
performed using DNase I, Amplification Grade (Invitrogen). Synthesis of cDNA was performed
using random primers (300 ng) and Superscript™ II First Strand Synthesis for RT-PCR (Invitrogen).
A non-reverse transcriptase control was included for each sample. cDNA samples were further
diluted in nuclease-free water prior to real time PCR analysis.

Gene expression analysis by real-time quantitative PCR (RT-qPCR)

Immune gene expression in carp macrophages following stimulation with different p-glucan
preparations was analysed with a Rotor-Gene™ 6000 (Corbett Research) using Brilliant® SYBR®
Green (Stratagene) as detection chemistry for real time quantitative PCR analysis, as previously
described [26]. Primers used for RT-qPCR (see Table 1) were designed with Primer Express
software.

Fluorescence data from RT-qPCR experiments were analysed using Rotor-Gene Analysis
software version 1.7. The cycle threshold C, for each sample and the reaction efficiencies (E) for
each primer set were obtained upon Comparative Quantitation Analisys from Rotor Gene software.
The relative expression ratio (R) of a target gene was calculated based on the E and the C, deviation
of sample versus control, and expressed relative to the S11 protein of the 40S subunit as reference
gene.

Activating properties of 3-glucan preparations for human TLR2

All B-glucan preparations were tested for their TLR-activating properties by measuring
activation of HEK293 cells transfected with human TLR2 and CD14, co-transfected with a secreted
embryonic alkaline phosphatase (SEAP) reporter gene (HEK-Blue™-hTLR2; InvivoGen, Cayla SAS,
France). HEK-Blue™-hTLR2 stably express an optimized alkaline phosphatase gene engineered to
be secreted and placed under the control of a promoter inducible by several transcription factors,
such as NF-«xB and alkaline phosphatase-1. HEK-Blue™-hTLR2 were seeded at a concentration of 2
x 10° cells/ml in 96-well flat-bottom tissue culture plates and incubated with Dulbecco’s modified
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Eagle’s medium (DMEM) containing 10% fetal bovine serum (FBS) at 37°C in an atmosphere of 5%
CO2 for 3 days. Cells were stimulated with different 3-glucan preparations at a concentration of 100
pg/ml, using as positive control purified lipotheichoic acid from Staphylococcus aureus (tlrl-psLTA;
InvivoGen). After 24 h, activation was measured by determining the levels of SEAP in the supernatant
using QUANTI-Blue™ (InvivoGen), according to the manufacturer’s instructions.

Table 1. Primers used for Real-Time quantitative PCR

Primer Sequence (5’-3’) GenBank Accession No.
Il-1B Fw AAGGAGGCCAGTGGCTCTGT AJ245635
II-18 Ry CCTGAAGAAGAGGAGGAGGCTGTCA

Il-6a Fw CAGATAGCGGACGGAGGGGC KC858890
Il-6a Rv GCGGGTCTCTTCGTGTCTT

11-6b Fw GGCGTATGAAGGAGCGAAGA KC858889
11-6b Ry ATCTGACCGATAGAGGAGCG

cxcl8_12 Fw TCACTTCACTGGTGTTGCTC AB470924
cxcl8_I2 Rv GGAATTGCTGGCTCTGAATG

Il-10 Fw CGCCAGCATAAAGAACTCGT AB110780
II-10 Rv TGCCAAATACTGCTCGATGT

Il-11 Fw CAGCAGCACAGCTCAGTACCA AJ632159
Il-11 Rv AGCCTCTGCTCGGGTCATCT

I112-p35 Fw TGCTTCTCTGTCTCTGTGATGGA AJ580354
Il12-p35 Ry CACAGCTGCAGTCGTTCTTGA

Il12-p40a Fw  GAGCGCATCAACCTGACCAT AJ621425
Il12-p40a Rv.  AGGATCGTGGATATGTGACCTCTAC

Il12-p40b Fw  TCTTGCACCGCAAGAAACTATG AJ628699
Il12-p40bRv.  TGCAGTTGATGAGACTAGAGTTTCG

I12-p40c Fw  TGGTGATAAGGTTCACCCTTCTC AJ628700
Il12-p40cRv. TATCTGTTACAGGTCAGGGTAACG

tnf-al Fw GAGCTTCACGAGGACTAATAGACAGT AJ311800
tnf-al Ry CTGCGGTAAGGGCAGCAATC

tnf-a2 Fw CGGCACGAGGAAGAAACCGAGC AJ311801
tnf-a2 Ry CATCGTTGTGTCTGTTAGTAAGTTC

ifnyl Fw TGCACTTGTCAGTCTCTGCT AM261214
ifnyl RV TGTACTTGTCCCTCAGTATTT

40s Fw CCGTGGGTGACATCGTTACA AB012087
40s Rv TCAGGACATTGAACCTCACTGTCT

Bioinformatics interleukin (il)-6
Interleukin-1 (IL-1), IL-6, and tumor necrosis factor alpa (TNFa) are typical examples of
multifunctional cytokines involved in the regulation of immune responses with overlapping
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functions but also with their own characteristic properties. Previous to our study, the sequence
of the IL-6 gene had not been described for common carp. Carp il-6 (accession numbers il-6a
KC858890 and il-6b KC858889) was identified blasting the zebrafish il-6 sequence [27] against
the draft carp genome (Bioproject PRINA73579) [28]. The nucleotide sequence was translated
using the ExPASy translate tool (http://us.expasy.org/tools/dna.html) and aligned with ClustalW2
(http://www.ebi.ac.uk/Tools/msa/clustalw2/). The signal peptide cleavage site was predicted with
SignallP 4.0 (http://www.cbs.dtu.dk/services/SignalP/) [29]. Known protein domains were defined
using Interpro (http://www.ebi.ac.uk/interpro/) and SMART (http://smart.embl-heidelberg.de/).
The secondary structure of the protein was predicted using PSIPRED Server (http://bioinf.cs.ucl.
ac.uk/psipred/) [30]. A multiple sequence alignment with other IL-6 sequences Homo sapiens
(NP_000591), Mus musculus (NP_112445), Oncorhynchus mykiss (NP_001118129) and Danio rerio
(IN698962) was generated using ClustalW2.

Statistical Analysis

Significant (P<0.05) differences in the production of oxygen, nitrogen radicals or gene
expression induced by different B-glucan preparations were determined by a two-way ANOVA,
followed by Bonferroni post-hoc tests. For the gene expression analysis, relative expression ratios
were first transformed to LN(R) values. Statistical analysis was performed using GraphPad Prism
(version 5.03) software.

RESULTS

TLR-activating properties of the different f-glucan preparations

We used a human cell line stably transfected with TLR2 (HEK-Blue-TLR2) to study the
ligand specifity of our B-glucan preparations. Whilst HEK-Blue-TLR2 cells were activated with
MacroGard® and with zymosan, as shown by spectrophotometric analysis of a blue colour linked
with alkaline phosphatase activity (Figure 1), they were not affected by treatment with depleted
zymosan (DPZ), curdlan or laminarin. This confirmed the assumption that treatment of zymosan
with hot alkali or organic solvents abrogates the TLR2-dependent response. It also highlighted that
the high molecular weightlinear polymer curdlan, an assumed ligand for the dectin-1 receptor, could
not activate HEK-Blue cells via TLR2. Neither could the soluble f-glucan laminarin activate HEK-
Blue cells via TLR2. These data show that depleted zymosan and curdlan as -glucan preparations
are particularly valuable for studies on the specificity of receptors on fish cells. MacroGard® clearly
activated HEK-Blue-TLR?2 cells, indicating this branched 1,3/1,6 B-glucan could be recognized by
at least human TLR2.

Particulate -glucans induce the production of oxygen and nitrogen radicals in
head kidney leukocytes

Carp head kidney leukocytes (HKL) could be activated by -glucans to produce reactive oxygen
species detected by both, the RT-luminol assay (Figure 2A) and reduction of the tetrazolium salt
NBT (Figure 2B). Whereas the NBT assay detects the production of only superoxide anions, the
real-time luminol-enhanced assay detects the production of both superoxide anions and hydrogen
peroxide [22]. The greatest increase in the production of oxygen radicals was observed after
stimulation with MacroGard® and zymosan. The maximum response, expressed as relative light
units in the RT-luminol assay, was observed approximately 30 min after application of the f-glucan
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Figure 1. Activation of a human cell line stably transfected with TLR2 by different B-glucan preparations.
HEK-Blue-TLR2 cells were stimulated with the TLR2 ligand lipoteichoic acid LTA (50 pg/ml) as positive
control or with different preparations of B-glucans, including MacroGard®, zymosan, depleted-zymosan
(DPZ), curdlan and laminarin (all 100 pg/ml). Cells were seeded at 2x10° cells/well and optical density was
read at 655 nm after 24 h. Values represent mean +/- S.D. of triplicate wells of one representative experiment
out of three independent experiments with similar

results

preparations. This response falls well within the total period of 90 minutes allowed for NBT reduction.
The soluble B-glucan, laminarin, induced a much lower response in head kidney leukocytes, and
the dectin-1 specific ligands i.e. depleted zymosan and curdlan, also induced lower production of
oxygen radicals. Interestingly, MacroGard® and zymosan also induced the greatest production of
nitric oxide as determined by measuring nitrite, in comparison with the other f-glucan preparations
(Figure 2C). For example, depleted zymosan induced a lower nitric oxide response than untreated
zymosan, and curdlan and laminarin induced the lowest NO response (Figure 2C). This suggests
that carp leukocytes can be activated by the particulate f-glucans MacroGard® and zymosan and are
less responsive to selective dectin-1 agonists.

44



Oxidative burst and nitric oxide responses in carp - induced by zymosan, MacroGard®
and selective dectin-1 agonists - recognition by multiple pattern recognition receptors

a)

10000 - —Ctrl

-&MacroGard®
9000 4 =kZymosan

8000 -8-Depleted-zymosan

<FCurdlan
7000 P
=#-Laminarin

6000

Relative Light Unit
) w
] 2
=] =3
8 38
N i

3000

2000

1000

0 6 12 18 24 30 36 42 48 54 60 66 72 78 84 90 96 102 108 114 120 126 132 138 144 150
Time (minutes)

b) 03

o
N

Optical Density (690 nm)
=]
=

Laminarin

Soluble B-glucan

C) 20

-
N

Nitric oxide production (pM)
2
1)

MacroGard® Zymosan Depleted-zymosan Curdlan Laminarin

Particulate B-glucans Dectin-1 agonist Soluble B-glucan

Hg/ml
Figure 2. B-glucans induce production of oxygen radicals and nitric oxide in total head kidney
leukocytes (HKL) of carp. HKL suspensions were seeded at 1x106 cells/well, in triplicate, and stimulated
with different concentrations (1, 10, 50 and 100 pg/ml) of MacroGard®, zymosan, depleted-zymosan,
curdlan or laminarin. Oxygen radicals were measured by RT-luminol (A) or reduction of nitroblue
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tetrazolium (NBT) (B). Nitrogen radicals were measured by determining nitrite (C). Assays were performed
on at least n=3 fish. Bars show mean * S.D. Statistical analysis was performed by two-way ANOVA and
Bonferroni post-hoc tests. *** = significant difference to control sample with P < 0.0001, **= significant
difference to control sample with P < 0.001, *= significant difference to control sample with P < 0.05.
A) RT-luminol assay to determine oxygen radicals. Values are expressed as Relative Light Units (RLU).
This is one representative experiment out of three independent experiments.
B) Reduction of NBT to determine oxygen radicals. Values are expressed as Optical Density values at
690 nm.
C) Nitric oxide assay to determine nitrite. Nitrite concentrations were measured in cell culture
supernatants after 72 hours. Concentration of nitrite in pM was calculated using a sodium nitrite

standard curve.

Particulate -glucans induce the production of oxygen and nitrogen radicals in
carp macrophages

Head kidney-derived macrophages were activated by different preparations of -glucans.
Similar to our observations on HKL, both MacroGard® and zymosan induced the greatest production
of oxygen radicals and nitrogen radicals. The maximum response, expressed as relative light units in
the RT-luminol assay (Figure 3A), was seen approximately 40 min after application of the 3-glucan
preparations, slightly later than observed for HKL but well within the total period of 90 minutes
allowed for NBT reduction (Figure 3B). Overall responses were much higher than those noted with
HKL suspensions perhaps reflecting the purity of cultures of head kidney-derived macrophages in
comparison with the former (cf. Figure 2 and Figure 3). Depleted zymosan also induced a lower
response than untreated zymosan, whereas curdlan in comparison to HKL was able to induce a
relatively high production of NO in macrophages (Figure 3C). The soluble -glucan, laminarin,
however did not stimulate macrophages. Our data therefore suggests that carp macrophages are
more sensitive to f-glucans than the HKL suspension, although both cell preparations are activated
by the particulate -glucans such as MacroGard® and zymosan, and less stimulated by dectin-1
agonists.

Interleukin-6 in common carp

IL-6 is a typical example of a multifunctional cytokine involved in the regulation of
inflammatory immune responses, but had not been described for carp. There are several cytokines
that belong to the IL-6 family, including IL-6, IL-11, oncostatin M (OSM), cardiotrophin-1 (CT-1),
ciliary neurotrophic factor (CNTF) and leukemia inhibitory factor (LIF). MI17 is one member of
the IL-6 family that has been identified previously in, amongst others, carp [31], goldfish [32] and
zebrafish [33] with highest sequence identity with CNTFs. But we realized M-17 is not IL-6. Using
a predicted sequence for il-6 from zebrafish (JN698962) we identified two putative il-6 molecules
(il-6a, il-6b) in the draft genome of common carp [28]. We obtained full-length sequences from
scaffolds 126953, 153956 and 82770 (il-6a) and scaffolds 132438, 132934 and 119195 (il-6b), with a
predicted open reading frame of 699 bp for both carp il-6a and il-6b, encoding for a protein of 232
aa with a predicted molecular weight of 30.44 and 30.29 KDa for IL-6a and I1-6b, respectively. Carp
il-6 has the same genomic organization as il-6 from other fish species, containing five exons and
four introns (Figure 4). The intron-exon splicing consensus (GT/AG) was found to be conserved.
Carp IL-6 has a signal peptide, an IL-6 domain a core domain with 4 helices and 4 predicted
glycosylation sites (Figure 5a and 5b). A multiple alignment of carp IL-6 with carp M-17 and other
IL-6 sequences confirms conservation of the structural features in IL-6, but not M-17 (Figure 6).
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Figure 3. B-glucans induce production of oxygen radicals and nitric oxide in head kidney derived
macrophages. Head kidney derived macrophages suspensions were seeded at 0.5x10° cells/well, in triplicate,
and stimulated with different concentrations (1, 10, 50 and 100 pug/ml) of MacroGard®, zymosan, depleted-
zymosan, curdlan or laminarin. Oxygen radicals were measured by RT-luminol (A) or reduction of nitroblue
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tetrazolium (NBT) (B). Nitrogen radicals were measured by determining nitrite (C). Assays were performed
on at least n=3 fish. Bars show mean + S.D. Statistical comparison was performed by two-way ANOVA. *** =
significant difference to control sample with P < 0.0001, **= significant difference to control sample with P <
0.001, *= significant difference to control sample with P < 0.05.
A) RT-luminol assay to determine oxygen radicals. Values are expressed as Relative Light Units (RLU).
This is one representative experiment out of three independent experiments.
B) Reduction of NBT to determine oxygen radicals. Values are expressed as Optical Density values at
690 nm.
C) Nitric oxide assay to determine nitrite. Nitrite concentrations were measured in cell culture
supernatants after 72 hours. Concentration of nitrite in pM was calculated using a sodium nitrite
standard curve.

Cytokine gene expression upon stimulation with particulate B-glucan in carp
macrophages

Recognition of pathogen-associated patterns, such as B-glucans, by pattern recognition
receptors (PRRs) generally lead to the upregulation of transcription of genes involved in
inflammatory responses. These genes can include (pro)-inflammatory cytokines but also
chemokines and other antimicrobial proteins. Induced expression patterns of these genes may
differ among activated PRRs and thus may represent ‘typical’ profiles of activation. We measured
cytokine gene expression in carp head kidney-derived macrophages, induced by stimulation with
different -glucan preparations. We examined the existence of profiles ‘typical’ for stimulation with
B-glucans presumed to be preferentially recognized by TLRs and CLRs (MacroGard® and zymosan)
and B-glucans presumed to be preferentially recognized by CLRs only, such as dectin-1 (depleted
zymosan and curdlan). To this end, changes in gene expression of il-1, il-6, il-8, il-10, il-11, il-12,
tnfa and ifn-y were measured (Table 2).

In general, both MacroGard® and zymosan, as well as dectin-1 specific ligands, were able to
induce gene expression of several cytokines, with up-regulation of il-1f3, il-6 and il-11 forming
good markers for macrophage activation by -glucans. Our data indicate that ‘typical’ profiles of
modulated cytokine gene expression may exist for p-glucan-stimulated carp macrophages and
could include upregulation of il-1f, il-6 and il-11. Whereas il-1/3 belongs to the IL-1 cytokine family,
both il-6 and il-11 are members of the IL-6 family. “Typical profiles for stimulation with B-glucans
presumed to be preferentially recognized by TLRs and CLRs (MacroGard® and zymosan) on one
hand and B-glucans presumed to be preferentially recognized by CLRs such as dectin-1 (depleted
zymosan and curdlan) on the other hand, could not be distinguished, however. Although it does
not seem possible to assign cytokine profiles to a particular group of PRR, our data does suggest
that expression patterns of cytokine genes can indeed differ depending on the ligand.
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Figure 5. Nucleotide and predicted amino acid sequences of carp il-6. Nucleotide sequences for carp il-6a (A)
and carp il-6b (B) were derived from the draft carp genome [28]. The predicted signal peptide is underlined
with a dashed line. The IL-6 domain is indicated with a grey shade. The IL-6 family signature (C-X(9)-C-

X(6)-G-L-X(2)-Y-X(3)-L) is indicated with boxes. Predicted N-glycosylation sites are underlined in bold.
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Figure 6. Multiple alignment of IL-6 sequences with M-17. Multiple alignment of carp II-6a and carp II-6b with
IL-6 from Homo sapiens (NP_000591), Mus musculus (NP_112445), Oncorhynchus mykiss (NP_001118129),
Danio rerio (JN698962) and with carp M17 (Cyprinus carpio; AAM52338). The signal peptide is highlighted
in black. Alpha-helices are indicated with a dashed line underlining the sequence. The IL-6 family signature is
indicated with bold letters and shaded in grey, whereas arrows indicate cysteine residues involved in disulfide

formation.
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Table 2. B-glucans induce gene expression of cytokines in carp macrophages. Gene expression was
measured in control (unstimulated macrophages) and macrophages stimulated for 6 h with MacroGard®,
zymosan, depleted-zymosan (DPZ) or curdlan at concentrations of 100 and 10 pg/ml. mRNA levels of the
analysed genes were first normalized against the house keeping gene. Fold change was determined by real-
time quantitative PCR and values (mean values of n=2 fish) expressed relative to the values in control cells.
Statistical analysis was performed by two-way ANOVA and post-hoc Bonferroni. *Significant difference
compared to control (P <0.05).

Gene MacroGard® Zymosan DpPZ Curdlan
10 pg/ 100 pug/ 10ug/ 100 ug/ 10 pg/ 100 ug/ 10 pg/ 100 pg/
ml ml ml ml ml ml ml ml
il-1p 22 7.9 142 10.9* 25 5.3 122 13.6*
il-6 2.0 2.6 6.8% 8.5* 2.6 1.6 24 3.2
il-8° 0.8 0.4 1.0 0.5 1.1 0.5 0.9 0.6
il-10 1.1 0.7 0.9 5.4 0.7 1.1 0.7 0.7
il-11 1.6 3.5 8.8* 12.7% 1.7 8.9 13.7*  21.2%
il-12 p35 1.0 1.1 1.3 1.6 0.7 0.7 1.1 1.2
il-12 p40° 1.4 3.3 1.8 1.3 1.3 2.3 2.4 2.1
tnfad 1.8 4.6 2.3 1.7 1.7 4.7 3.8 4.9
ifn-y* 0.9 1.0 1.6 1.9 1.0 0.8 1.4 1.6

a Only values for il-6a are shown. Both il-6a and il-6b show the same trend.

b il-8 = cxcl8 [34]

¢ Only values for il-12p40b are shown. il-12p40a and il-12p40c [35] were not induced
d Only values for tnfa2 are shown. tnfal and tnfa2 [36] showed the same trend

e Only values for ifnyl are shown. ifny2 [37] was not included
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Figure 4. Predicted genomic organization of IL-6 genes. Comparison of the intron-exon organization of carp
il-6a and il-6b with other IL-6 genes of Homo sapiens (NP_000591), Mus musculus (NP_112445), Takifugu
rubripes (NP_001027894) and Paralichtys olivaceus (ABJ53333).

DISCUSSION

In the present study we examined the activation of carp macrophages by different 3-glucan
preparations including MacroGard® and zymosan as particulate stimulants and depleted
zymosan and curdlan as dectin-1-specific ligands. Our results show that -glucans stimulate carp
macrophages to increase the production of reactive oxygen and nitrogen radicals and affect the
expression patterns of cytokine genes that can differ among activated pattern recognition receptors.
Carp macrophages although less responsive to selective dectin-1 agonists than other forms of
B-glucans utilised were stimulated by curdlan and depleted zymosan despite the presumed absence
of the dectin-1 receptor from fish genomes. It is therefore suggested that recognition of -glucans
occurs by multiple pattern recognition receptors on carp macrophages that could include both
phagocytic receptors and TLRs as sensing receptors.

Our observations support previous reports on immune modulatory effects of p-glucans
on the fish immune system [38]. The ability of -glucans to activate respiratory burst activity of
Atlantic salmon (Salmo salar) macrophages in vitro is well-known [39]. In vivo studies have shown
beneficial effects of administering pB-glucans via feed, on disease resistance of Atlantic salmon
[40] and sea bass (Dicentrarchus labrax) [41]. Also for carp, several immunomodulatory effects of
B-glucans have been shown. In vivo injection of common carp with zymosan induces peritonitis with
associated up-regulation of several cytokines [42]. Dietary p-glucan or microbial-derived levan, a
natural polymer of fructose, showed positive effects on the immune response and disease resistance
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of carp to Aeromonas hydrophila. In these studies blood parameters such as total red or white blood
cell counts, neutrophil NBT activity and serum lysozyme activity were measured [43], [44] but also
phagocytic capacity and NBT respiratory burst activity of head kidney phagocytes [45]. Although
in one study intraperitoneal injection, but not dietary p-glucan or bath administration of 3-glucan,
had a positive effect on resistance of carp to A. hydrophila, recent studies indicate p-glucans can
promote wound healing in vitro [46] but also in vivo after bath application [47]. f-glucans seems
to help protect carp neutrophil extracellular traps against degradation by A. hydrophila [48], which
could maybe explain positive effects of p-glucans on disease resistance. In vivo screening models
with zebrafish (Danio rerio) larvae have shown that immersion administration of B-glucan can
induce expression of cytokines such as tnf-a along with a temporal increase in resistance against
Vibrio anguillarum [49]. In conclusion, most in vitro and several in vivo studies in fish, including
common carp, point at immune-modulating and often immune-activating properties of B-glucans,
including positive effects on disease resistance. None of these studies, however, made any attempt
at studying the receptors on myeloid cells important for -glucan recognition.

Recognition of B-glucans can lead to the upregulation of transcription of genes involved in
inflammatory responses. We examined changes in gene expression of il-1f, il-6, il-8, il-10, il-11, il-
12, tnfa and ifn-y following stimulation with different preparations of f-glucans. Both MacroGard®
and zymosan, as well as dectin-1 specific ligands, were able to induce up-regulation of gene
expression of il-1f, il-6 and il-11. Until present, il-6 had not been identified in carp and, instead,
gene expression of the IL-6 family member M-17 has been measured [31, 50, 51]. M-17 is one of
several cytokines that belong to the interleukin-6 family that includes besides IL-6, IL-11, oncostatin
M (OSM), cardiotrophin-1 (CT-1), ciliary neurotrophic factor (CNTF) and leukemia inhibitory
factor (LIF). M17 has been identified in, amongst others, carp [31], goldfish [32] and zebrafish [33]
with highest sequence identity with CNTFs, at least in goldfish [32]. As may be clear from our data,
m-17 should not be mistaken for carp il-6. Carp macrophages showed a clear immune response to
several B-glucan preparations by up-regulated gene expression of il-14, il-6 and il-11. Interleukin-11
has previously been cloned in carp [52] but its function in fish is not well described. In humans,
IL-11 plays a significant role in the synthesis and maturation of hematopoietic cells, amongst others
[53], which could maybe explain its upregulation in our study. The cytokine IL-1f is well-known
for its involvement in pro-inflammatory immune responses, including those of carp [54]. Overall,
up-regulation of IL-1p, IL-6 and IL-11 seem to form good markers for macrophage activation by
B-glucans.

Professional phagocytes play an important role in the clearance of microbial pathogens, for
example via the production of oxygen and nitrogen radicals. TLRs are thought to influence the
phagosome maturation associated with this process. It is the interplay between phagocytic receptors
such as dectin-1, or other phagocytic receptors, and TLRs as sensing receptors that is thought to
result in the recruitment of TLRs to the phagosomes where they detect f-glucans and induce the
production of pro-inflammatory cytokines. However, the presence of sequences in genomes, of
receptors which can be considered clear orthologs to specific sequence receptors of the dectin-1
cluster, seem to be limited to mammalian genomes [17, 55]. This would suggest that fish may not
express dectin-1 receptors and indeed, a search for dectin-1 in the genome of common carp [28]
did not identify a clear ortholog (Pietretti, data not shown). Of course, there are additional pattern
recognition receptors beside dectin-1 that could play a key role in the recognition of B-glucans,
either or not in conjunction with TLR2. Phagocytic receptors in mammals can include i) members
of the C-type lectin superfamily, ii) receptors involved in the uptake of opsonised pathogens such
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as the FcyR [56] or the complement receptor 3 (CD11b/CD18), and iii) members of the scavanger

receptor (SR) family. The possibility that these receptors could be B-glucans receptors in fish is

shortly discussed below.

(i) The C-type lectin superfamily comprises a large group of functionally diverse proteins
characterised by the presence of one or more C-type lectin-like domains (CTLDs). DC
specific ICAM grabbing non-integrin (DC-SIGN, CD209) is a group II receptor recognising
mannose, SIGNRI is a homologue of DC-SIGN that captures C. albicans and zymosan and
increase TLR2-dependent TNF-a production in mice [57]. Studies on zebrafish DC-SIGN
showed no participation in phagocytosis of keyhole limpet haemocyanin [58], however.
Dectin-1, the major 83-glucan receptor in mammals [10], is a group V member of the C-type
lectin superfamily absent from fish genomes. Functional evidence on the group VI mannose
receptor in fish is based only on mannan-inhibitable uptake [59]. Overall, considering the
activating properties of depleted zymosan and curdlan on carp macrophages, C-type lectin
superfamily members are likely candidate receptors for phagocytosis of particulate B-glucans
by fish macrophages.

(ii) Both, the Fc receptor of immunoglobulin (Ig) FcyR and the complement receptor 3 (CR3),
are involved in the uptake of opsonised pathogens. Although a soluble FcRI of catfish binds
linear epitopes on Ig heavy and light chains [60], and a homolog of the polymeric Ig receptor
has been identified in carp [61], and maybe can transport secretory Ig [62], true FcyRs able
to bind Ig-opsonised particles have not been conclusively identified in fish. In mammals,
CR3 is composed of a common [ subunit (CD18) and a unique but most prevalent a subunit
(CD11) B2 integrin. CD11b-like/CD18 integrins have been identified in common carp [63]
and rainbow trout [64]. Despite the presence of potential opsonising factors in carp serum
in our assays, the absence of a true FcyR and the absence of CR3-mediated induction of
respiratory burst activity [65], makes it unlikely that opsonising phagocytic receptors play a
major role in the uptake by carp macrophages of particulate f-glucans.

(iii) Scavanger receptors (SCAR) can act as phagocytic receptors or as co-receptors to TLRs, in
particular TLR2 [66]. Most of the eight (A-H) classes display low-affinity and bind many
polyanionic and modified substances [67]. In mammals, MARCO (macrophage receptor with
collageneous structure), a member of the SCAR-A class, is constitutively expressed only on
macrophage subpopulations but can be upregulated in a TLR-dependent manner. Although
gene ontology frequently identifies MARCO-like transcripts in fish studies [68], functional
studies on SCAR-A receptors are scarce [69]. CD36 is a SCAR-B receptor also expressed on
macrophages that can act as a co-receptor for TLR2. Although SCAR-B receptors may bind
anjonic §3-glucan, they are not considered involved in 8-glucan binding and internalization, at
least in mammal [70]. Yet, CD36 was recently shown involved in antifungal defence binding
B-glucan in Caenorhabditis elegans [71], and thus CD36 should not be ruled out for 3-glucan
recognition.

B-glucan activation of carp macrophages induced both oxygen and nitrogen radicals as well as
increased cytokine gene expression. In mammals, the production of reactive oxygen species is
triggered by phagocytic receptors, whereas TLRs induce the production of pro-inflammatory
cytokines, especially. It thus seems likely that {3-glucans activate carp macrophages via both
phagocytic and sensing, Toll-like receptors. Future studies on pattern recognition receptors in, for
example, knock-out studies zebrafish lines or cell lines overexpressing these molecules could help
identify the pattern recognition receptors crucial to recognition of 3-glucan in fish.
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ABSTRACT

Alike other vertebrate TLRs, the Toll-like receptors of teleost fish can be subdivided into
six major families, each of which recognize a general class of molecular patterns. However, there
also are a number of Tlrs with unknown function which presence seems unique to the modern
bony fish, among which is T1r20. We identified full-length cDNA sequences for t[r20 of zebrafish
and common carp, two closely-related cyprinid fish species. Zebrafish has six copies of tlr20,
whereas carp express only a single copy. Both zebrafish Tlr20 (at least Tlr20-a, Tlr20-b, Tlr20-c
and TIr20-d) and carp Tlr20 have 26 discernible leucine-rich repeats (LRR). Three-dimensional
modelling indicates a best fit to the crystal of human TLRS. Although phylogenetic analyses place
TIr20 in the TLR11 family closest to TIr11 and Tlr12, two TLRs that sense ligands from protozoan
parasites in the mouse, analysis of the genes adjacent to zebrafish lr20 do not indicate conserved
synteny between TIr20 and murine members of the TLR11 family. Confocal microscopy suggests a
sub-cellular localization of T1r20 at the endoplasmatic reticulum. Although in vitro reporter assays
could not identify a ligand unique to T1r20, in vivo infection experiments indicate a role for T1r20 in
the immune response of carp to protozoan parasites (Trypanoplasma borreli). Carp tIr20 is mainly
expressed in peripheral blood leukocytes (PBL) with B lymphocytes, in particular, expressing
relatively high levels of TIr20. In vitro stimulation of PBL with T. borreli induces an upregulation of
tlr20, confirming a role for T1r20 in the immune response to protozoan parasites.

INTRODUCTION

Toll-Like receptors (TLRs) play an important role in innate immune mechanisms that form
the first line of defense against invading pathogens. TLRs are a group of Pattern-Recognition
Receptors (PRRs) recognizing conserved molecular motifs also named pathogen-associated
molecular patterns (PAMPs). Recognition of PAMPs by TLRs not only activates the innate immune
system but also activates pathways important for acquired immunity [1]. TLRs typically are type
I transmembrane proteins composed of three different domains; an extracellular domain (ECD)
characterized by a horseshoe shape based on a large number of leucin-rich repeats (LRRs) of 20-30
amino acids important for the recognition of PAMPs, a transmembrane domain and an intracellular
Toll/interleukin-1 receptor (TIR) domain that initiates intracellular signalling [2].

Most vertebrate genomes have at least one gene representing each of six major TLR families
(TLR1, TLR3, TLR4, TLR5, TLR7 and TLR11), each of which recognize a general class of molecular
patterns (Roach et al., 2005). The ECD of TLRs, important for ligand recognition, can consist of
16-28 LRRs; the total number of LRRs can often be linked with one of the six major families [3].
Although most vertebrate genomes have TLR genes for each of six major families, not all vertebrates
express the exact same repertoire. For example, the human genome contains 10 functional TLRs
whereas the mouse genome contains 12 Tlrs, with t/r10 being a pseudogene and Tlr11, Tlr12 and
Tlr13 being mouse-specific (Ariflin and Sweet, 2013). Murine TIr11 and TIr12 sense profillin from
Toxoplasma gondii [4, 5], whereas Tlr13 was recently described as a sensor of bacterial 23S rRNA
[6]. The latter Tlrs (Tlr11, Tlr12 and TIr13) are the best-described members of the TLR11 family
which also includes a number of non-mammalian TLRs, among which TIr20 the subject of the
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present study.

To date, a total number of 26 Tlrs have been identified across different vertebrate species
based on teleost, amphibian and avian genomes [7-11]. At present, the TLR11 family not only
contains TIr11-13 from the mouse but also non-mammalian TIr15, TIr16, Tlr17, Tlr19, Tlr20,
TIr21, TIr22, Tlr23 and TIr24 [11, 12]. Of these TLR11 family members, full sequences have been
reported for Tlr15 and TIr16 in chicken [13, 14];, TIr19 and TIr20 in zebrafish and channel catfish
[11, 15]; Tlr21 in several fish species and in chicken [11, 15-17]; TIr22 in several fish species [7, 11,
15, 16, 18] and TIr23 in pufferfish and Atlantic cod [7, 18]. Ligand recognition and exact function
of the non-mammalian TLR11 family members remain undefined, with the one exception of Tlr22
that has been reported to sense long-sized dsRNA on the cell surface [19]. With regard to T1r20,
already in one of the first studies on teleost TLRs, multiple but partial TIr20 sequences (t/r20a-f)
were identified in the zebrafish genome [15], followed by partial sequences for Tlr20 in rainbow
trout [20] and channel catfish [21]. Only very recently, a full-length #/r20 sequence was described
in channel catfish [11]. Nevertheless, functional studies on teleost TLR20 have not been reported
so far.

We characterize for the first time in detail Tlr20 of zebrafish and common carp, two cyprinid
fish species that are closely related [22]. Teleost Tlr20 has the conserved features of mammalian TLRs
with an ECD containing 24-26 LRRs, a conserved intracellular TIR domain and an N-terminal LRR
(LRRNT) and C-terminal LRR (LRRCT). Leucine-rich repeats are often flanked by N-terminal and
C-terminal cysteine-rich domains (LRRNT and LRRCT) [23]. Teleost T1r20s cluster with mouse
TIr11 and TIr12, both members of the TLR11 family. We used a three-dimensional modelling
approach to find a best fit for teleost TIr20 to known TLR crystal structures and used a synteny
approach to examine the conservation of genomic organization of the genes adjacent to zebrafish
TIr20. Confocal microscopy was used to study sub-cellular localization in human and fish cell
lines transfected with carp Tlr20. In vitro reporter assays based on NF-«B activation following
stimulation of a human cell line overexpressing carp T1r20 were used to identify putative ligands of
TIr20. In vivo infection experiments allowed for an investigation of t/r20 gene expression induced
by protozoan parasites (Trypanoplasma borreli) of carp. Screening of a cDNA library of carp tissues
and leukocyte subtypes indicated that carp #r20 is highly expressed in peripheral blood leukocytes
(PBL), in particular B lymphocytes, relative to other leukocyte cell types. In vitro stimulation of
carp PBL and re-stimulation of PBL from fish that survived a T. borreli infection with parasite lysate
induced an upregulation of tIr20, suggesting a role for TIr20 in the immune response of carp to
protozoan parasites.

MATERIALS AND METHODS
Animals

European common carp (Cyprinus carpio carpio) were reared in the central fish facility of
Wageningen University at 23+2°C in recirculating UV-treated water and fed pelleted dry food
(Sniff, Soest, Germany) daily. R3xR8 heterozygous carp (9-11 months old) were the offspring of
a cross between fish of Hungarian (R8 strain) and of Polish (R3 strain) origin [24]. All studies
on carp were performed with approval from the animal experimental committee of Wageningen
University. Zebrafish (Danio rerio) were reared in the central fish facility of Leiden University at 28+
2°C in compliance with the local animal welfare regulations and maintained according to standard
protocols (zfin.org) in recirculating UV-treated water and fed flakes (Tetra, Melle, Germany) daily.
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Isolation of immune organs and purification of leukocyte sub-types

Total RNA was isolated from different carp organs [25], and from different leukocyte sub-
types purified by magnetic cell sorting using specific antibodies as described before for head
kidney-derived macrophages [26], thrombocytes [27], thymocytes [28], granulocytes [29] and B
cells [30, 31].

Peripheral blood leukocytes (PBL) were obtained from carp blood first centrifuged for 5 min
at 100 x ¢ and then for 10 min at 600 x g to obtain the buffy coat. The buffy coat was layered on
3 ml Ficoll-Paque™ Plus (Amersham Biosciences) and centrifuged at 800 x g for 25 min. PBL
were collected, washed three times in culture medium (RPMI 1640 adjusted to 270 mOsmol kg™)
(Cambrex) and counted. For stimulation assays, PBL were seeded at a concentration of 0.5x10° cells/
well in 96-well culture plates and stimulated with T. borreli lysate (equivalent of 1:2 parasites:cells)
or with culture medium alone as negative control for 3, 6 and 24 hours. After incubation, cells were
collected for RNA isolation.

RNA isolation and cDNA synthesis

RNA was isolated using Trizol® (Invitrogen, Breda, The Netherlands) according to the
manufacturer’s protocol and stored a -80°C until use. RNA concentration was measured
spectophotometrically (GeneQuant, Pharmacia Biotech) at OD,  and the purity determined as
the OD, /OD,  ratio with expected values between 1.8 and 2.0. The integrity of RNA was
determined by gel electrophoresis on 1% agarose gel containing 0.1% of SYBR® Safe DNA Gel Stain
(Invitrogen™). cDNA synthesis was performed with 1 pg total RNA using DNase I amplification
grade (Invitrogen) according to the manufacturer’s instructions. Synthesis of cDNA was performed
with Invitrogen’s SuperScript™ III First Strand Synthesis Systems for RT-PCR, according to the
manufacturer’s instructions. A non-reverse transcriptase control was included for each sample.
Before use as template in real time-quantitative PCR (RT-qPCR) analysis, the cDNA was further
diluted 25-50 times in nuclease-free water.

Molecular cloning of zebrafish tIr20

The initial in silico prediction of six zebrafish t/r20 genes in the genome of zebrafish [15]
was used to detect tIr20 in the most recent zebrafish genome assembly Zv9 (GCA_000002035.2)
using Genomics Workbench version 4.9 (CLC Bio, Aarhus, Denmark). The putative coding regions
within the genomic DNA were identified using FGENESH and the predicted amino acid sequences
were confirmed by using these sequences as template in BLAST [32] and FAST [33].

Molecular cloning of carp tir20

Carp tIr20 was first identified in the draft genome of common carp (Bioproject PRINA73579)
[22] using zebrafish t/r20a (accession number AAI63786) as reference sequence for the BLAST
search. We identified one contig within the carp genome (scaffold 28896) with a region coding
for a single TIr20 sequence. Gene-specific primers to amplify the full-length coding sequence
(CDS) were designed using the Primer3 program (http://bioinfo.ut.ee/primer3-0.4.0/primer3/). As
template we used cDNA synthesized using a LongRange 2Step RT-PCR kit (Qiagen) from RNA
collected from head kidney tissue taken from carp three weeks after infection with the parasite
Trypanosoma carassii [26]. A first PCR to obtain the full-length carp tlr20 CDS was performed
using the Expand High Fidelity Plus PCR System (Roche) followed by a second PCR using tlr20Fw-
and tlr20Rv-specific primers (see Table 1). The product was cloned in JM109 competent E. coli cells
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using the pGEM-TEasy kit (Promega) and both strands of eight positive clones were sequenced
using the ABI Prism-Bigdye Terminator Cycle Sequencing Ready Reaction kit, and analysed using
an ABI 3730 sequencer. Nucleotide sequence data were analysed for identity to other sequences
using the GenBank database [34].

Bioinformatics and synteny analysis

Nucleotide sequences of tlr20 were translated using the ExPASy Translate tool (http://
us.expasy.org/tolls/dna.html) [35] and aligned with Multiple Sequence Alignment by CLUSTALW
(http://www.genome.jp/tools/clustalw/). The predicted amino acid sequences were examined for
the presence of a signal peptide using the SignalP (http://www.cbs.dtu.dk/services/SignalP-2.0/),
Predisi (http://www.predisi.de/) [36] and TMHMM?2.0 programs (http://www.cbs.dtu.dk/services/
TMHMM-2.0/). Identification of protein domains was done with SMART [37] (http://smart.
embl-heidelberg.de/) and LRRfinder (http://www.lrrfinder.com/), whereas individual LRRs were
identified manually according to prior definitions [3, 38] and three-dimensional modelling. A
phylogenetic tree based on the TIR intracellular domains was constructed using the Neighbor-
Joining method [39] using MEGAS software [40]. Evolutionary distances were computed using the
Poisson correction method [41], all positions containing gaps and missing data were eliminated
from the dataset (complete deletion option). Phylogenetic analyses were done with 10,000 bootstrap
replicates. Genome synteny of the loci harbouring #/r20 was examined by comparing the genomes
of mouse (GCA_000001635.3), carp (PRJNA73579) and zebrafish (GCA_000002035.2) retrieved
from the Ensemble Genome Browser [42] (http://www.ensembl.org/index.html).

Three-dimensional modelling

Structural models were obtained using the amino acid sequence alignment of carp Tlr20
and human TLRS, and the available dimer structure of human TLR8 (PDB-id: 3w3g) as template
using the Modeller program (version 9.12) [43]. In addition, the N-acetylglucosamine (NAG),
B-D-mannose (BMA) and water molecules present in the crystal structure were included in the
modelling procedure. Thirty comparative models were generated, after which the model with
lowest corresponding DOPE score [44] was selected for image generation with Pymol, an OpenGL
based molecular visualization system.

HA-TI1r20-GFP expression plasmid

The PCR product amplifying the complete t/r20 CDS was used as template for a PCR using the
cyca-tlr20-HA-Fwl in combination with cyca-tlr20-XhoI-Rv1 (primers listed in Table 1) followed
by a second PCR using the cyca-HA-tlr20-BamHI-Fw2 in combination with cyca-tlr20-XhoI-Rv1.
The PCR products were purified and used as template for a final PCR using cyca-tlr20-BamHI-Fw3
and cyca-tlr20-XhoI-Rvl. Primers were designed to add a BamHI site at the 5end, upstream of the
signal peptide and the hemagglutinin (HA)-tag sequence, and an Xhol site at the 3" end, excluding
the tIr20 stop codon. Subsequently, this product was ligated into the BamHI and Xhol sites of a
pcDNA3.1 plasmid (Promega) in frame with the sequence of the Green Fluorescent Protein (GFP)
that was already inserted in the vector, to obtain the HA-T1r20-GFP fusion product.
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Table 1. Primers used

Primer Sequence (5-3’) Used
tlr20Fw ATTGAAGATGGTGCCTCTGTTC Cloning
tlr20Rv TAGAGAAATGAAGTTTAGTTGG Cloning
q40SFw CCGTGGGTGACATCGTTACA RT-gPCR
q40SRv TCAGGACATTGAACCTCACTGTCT RT-qPCR
qtlr20Fw ATTATGTGACCGTTGAGGGCTGC RT-qPCR
qtLR20Rv TCCAGATTGACGACCGATCTTAC RT-qPCR

cyca-tlr20-HA-Fwl  TTGTTCTTGGCTTGCTTACCCATACGATGTTC HA-TIr20-GFP
CAGATTACGCTGATAAATGCCTTTTCTACAGT

GATG
cyca-HA-tIr20- TGAGGGATCCAACATGGTGCCTCTGTTCTCG  HA-TIr20-GFP
BamHI-Fw2 CTCTTCATACTGTTTCTGAAGACTTCATGCAT

TTGTTCTTGGCTTGCTTACCCATACGATGTTC
CAGATTACGCTGATAAATGCCTTTTCTACAGT
GATG
cyca-tlr20-BamHI-  TGAGGGATCCAACATGGTGCCTCTGTTCTCG  HA-TIr20-GFP
Fw3 CTCT

cyca-tlr20-Xhol-Rvl  GGAACTATACAATATAGAGAAATGACTCGAG  HA-TIr20-GFP

GTTGGT
Highlighted sequence indicates the HA tag (TACCCATACGATGTTCCAGATTACGCT); underlined
sequence indicates the BamHI restriction site (GGATCC); double underlined sequence indicates the Xhol
restrictio site (CTCGAG).

Sub-cellular localization of T1r20

Computational prediction of the subcellular localization of zebrafish and carp TIr20
was performed with the TargetP program (http://www.cbs.dtu.dk/services/TargetP/) ([36].
Experimental determination of the sub-cellular localization was performed using the carp HA-
TIr20-GFP construct. To this end, a human cell line (human embryonic kidney cells, HEK 293)
and three fish cell lines; EPC (epithelioma papulosum cyprini) [45]; CLC (carp leukocyte culture)
[46] and ZF4 (zebrafish embryonic fibroblast 4) [47] were used. Both HEK 293 and ZF4 cells were
cultured in DMEM F12 (Gibco®) medium supplemented with 10% Fetal Bovine Serum (FBS), 1%
L-glutamin and 1% streptomycin/penicillin at 37°C, or at 27°C with 5% CO,. Both EPC and CLC
cells were cultured in RPMI 1640 (Cambrex) supplemented with 10% FBS, 1% L-glutamin and 1%
streptomycin/penicillin at 27°C with 5% CO,.

HEK 293, EPC and CLC cells were seeded in 6-well plates (0.5 x 10° cells/well [HEK 293] and
1 x 10° cells/well [EPC and CLC]) 24 h prior to transfection. Cells were transfected with 2 pg of
carp HA-TIr20-GFP plasmid using jetPRIME (Polyplus; HEK 293) or FuGENE 6 (Roche Molecular
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Biochemicals; EPC or CLC) all according to the manufacturer’s instructions.

ZF4 cells were seeded 24 hours prior to transfection on glass bottom culture dishes (P35G-
0-14-C, MatTek corporation Ashland) at 2 x 10* cells/dish in a volume of 500 ul medium. ZF4 cells
were (co)-transfected using jetPRIME with 0.3 ug HA-T1r20-GFP plasmid and 0.2 pg red fluorescent
protein Vector-Endoplasmic Reticulum (ER) plasmid (RFP-KDEL, catalog number 558725 BD
Pharmingen™); the latter containing a KDEL sequence that specifically targets the endoplasmic
reticulum (ER). For ER localization ZF4 cells were used because they are particularly suitable for
live imaging of cell compartments, becuase they adhere by stretching, allowing for a good view on
the intracellular compartment.

Four hours post-transfection, medium was replaced with 3 ml complete medium. Sub-cellular
localization was determined two-three days after transfection with the help of a Zeiss LSM-510 laser
scanning microscope. Green fluorescent signal (rhodamine or green-fluorescent protein) was excited
with a 488 nm argon laser and detected using a band-pass filter (505-530 nm). Red-fluorescent signal
(propidium iodide) was excited with a 543 nm helium-neon laser and detected using a long-pass filter
(560 nm).

To distinguish between intra- and extracellular localization of carp HA-TIr20-GFP, cells
(HEK 293, EPC, CLC) were harvested 72 h post-transfection and fixed with 4% paraformaldehyde
(PFA) for 15 min at room temperature (RT), followed by a washing step with PBS containing 1%
(w/v) bovine serum albumin (PBS-BSA). Cells were incubated with mouse anti-HA antibody (Cell
Signaling Technology ™) for 1h at RT and washed with PBS-BSA followed by incubation with donkey
anti-mouse-Cy3 antibody (Merck Millipore) for 1 h at RT in the dark and a washing-step. For
intracellular localization, prior to incubation with the anti-HA antibody, cells were permeabilized
by re-suspension in 100 pl of 0.05% (v/v) Triton X-100 in PBS-BSA and incubation for 20 min at
RT followed by a washing step with PBS-BSA. Nuclei were stained with VECTASHIELD® Mounting
Media containing propidium iodide (Vector Laboratories) after overnight incubation.

In vitro ligand studies

HEK 293 cells were transfected with 3.5 ug of pNiFty-Luc, a plasmid encoding for the
luciferase reporter gene under the control of the NF-kB-inducible ELAM-1 composite promoter
(InvivoGen). Stably transfected cells (HEK-NF«B-Luc) were selected using 250 pg/ml Zeocin
(Life technologies™). For transient transfection of the HA-TIr20-GFP vector, stably-transfected
HEK-NF«B-Luc cells were first plated at 5 x 10* cells/well in a 96 well plate and incubated for 24
h, followed by transfection with 0.125 pg of carp HA-TIr20-GFP vector. Alternatively, cells were
transfected with the same amount of a pcDNA3-GFP plasmid as negative control, or with pcDNA3-
TLR2-YFP (Addgene plasmid 13016 encoding for human TLR?2) as positive control and incubated
for 72 h. After this incubation period, cells were stimulated with different ligands for 5 h, medium
was replaced with Bright glow (Promega), the suspension transferred to a white 96 well plate with
opaque bottom (Corning®, Cat nr. 3300) and luminescence measured (Filtermax 5, Molecular
Devices).

Cells were stimulated with recombinant human tumour necrosis factor alpha (rhTNFa) or
with one of the following TLR ligands (all InvivoGen); synthetic diacylated lipopeptide Pam,CSK,
(tlrl-pm2s), ultra-pure LPS from Escherichia coli O111:B4 (tlrl-eblps), ultrapure lipopolysaccharide
from Porphyromonas gingivalis (tlrl-pgLPS), purified lipoteichoic acid from Staphylococcus aureus
(tlrl-psLTA), ultrapure endotoxin-free single-stranded DNA from E. coli (tlrl-ssec), CpG ODNs
1668 (tlrl-1668), polyinosinic-polycytidylic acid (tlrl-pic), flagellin from S. typhimurium (tlrl-stfla),
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23S rRNA (ORN Sal9) from S. aureus (tlrl-orn19). Parasite lysates of Trypanoplasma borreli were
made by washing column-purified parasites (1x10® parasites/ml) [48] in carp RPMI, and lysing by
sonication. Lysates were stored at —80 °C until use. Profillin from Toxoplasma gondii (ALX-522-
093-C010) was purchased from Enzo® Life Sciences.

Real-time quantitative polymerase chain reaction (RT-qPCR)

To investigate gene expression of #r20, RT-qPCR was performed using ABsolute QPCR
SYBR Green Mix (no Rox) (Thermoscientific) with a Rotor-Gene™ 6000 (Corbett Reasearch) as
previously described [49]. Primers used for RT-qPCR were designed to amplify the S11 protein of
the 40S subunit (40S) as a reference gene or carp tlr20 (see Table 1) using OligoAnalyser 3.1 IDT
(Integrated DNA Technologies) (http://eu.idtdna.com/analyzer/applications/oligoanalyzer/default.
aspx). To 7 pl SYBR Green master mix containing forward and reverse primers (300 nM each), 5
ul of 50 times-diluted cDNA, was added. The following cycling conditions were used: one holding
step of 15 min at 95°C; followed by 40 cycles of 15 sec at 95°C for denaturation, 20 sec at 60°C for
annealing and 20 sec at 72°C for elongation, followed by a final holding step of 1 min at 60°C. A
melting curve was then created with continuous fluorescence acquisition starting at 60°C with a
rate of 0.5°C/5 sec up to 90°C to determine the amplification specificity. In all cases, amplification
was specific and no amplification was observed in negative control samples (non-template control
and non-reverse transcriptase control). Fluorescence data from RT-qPCR experiments were
analysed using Rotor-Gene software version 1.7 (built 87) and exported to Microsoft Excel. Relative
expression ratios were obtained using the Pfaffl method [50], using average efficiencies per run,
per gene. Gene expression of the house keeping gene was highly constant as determined by the
BestKeeper software [51] and used to normalize the data. Each PCR product was checked at least
once by sequencing.

In vivo infection with Trypanoplasma borreli

Infections with extracellular blood parasites Trypanoplasma borreli were performed as
described previously [52]. Briefly, T. borreli was maintained by syringe passage through carp
following intra-peritoneal (i.p.) injections with 1x10* parasites per fish. Before infection with T.
borreli, carp were anaesthetised in 0.3 g/l TricaineMethane Sulfonate (TMS, Crescent Research
Chemicals, Phoenix, USA) and i.p. injected with T. borreli or with PBS as non-infected control. At
various time points after infection, fish were euthanized with an overdose of anaesthetic.

Statistical analysis

Relative expression ratios (R) were calculated as described above. Transformed (LN(R))
values were used for statistical analysis in GraphPad prism version 5. For all tests, homogeneity
of variance was assessed using Levene’s test. Significant differences (P<0.05) were determined by
two-way ANOVA followed by Sidak test. In case of unequal variances between groups, a two-way
ANOVA was performed followed by a Games-Howell test for the infection studies with parasites.
For studies on constitutive gene expression levels, significance of differences were determined by
one-way ANOVA in comparison with values in organs or cells with lowest expressed values.
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RESULTS

Identification of multiple zebrafish Toll-like receptors 20 genes

In an earlier genome analysis of the Toll-like receptor families of zebrafish, the presence of
six zebrafish tIr20 genes was predicted in silico [15]. More detailed analysis of the latest zebrafish
genome assembly Zv9 confirmed the presence of six tIr20 genes. Zebrafish tlr20b, tlr20a, tIr20c
and tIr20d are located (in this order) adjacent to each other on one part of chromosome 9 (region:
28388211-28414876), whereas tlr20f and tlr20e are also located next to each other but on a different
part (region: 31239519-31278948) of chromosome 9, distant from the other #/r20 genes (see also
Figure 4). However, the latter two copies ([r20f and t/r20e) contain mutations in the reading frame
that are not leading to the expected products, in one case leading to a premature stop codon. This
further supports the prediction that two of the six copies of zebrafish #/r20 are pseudogenes. The
full-length sequences (tr20b, tlr20a, tIr20c and tlr20d) have open reading frames ranging from
2826-2853 bp encoding for proteins of 942-951 aa (Figure 1) with predicted molecular weights of
124.7-126.0 kDa. Leucine-rich repeats are often flanked by N-terminal and C-terminal cysteine-rich
domains (LRRNT and LRRCT). The four full-length zebrafish T1r20 molecules have an N-terminal
leucine rich repeat (LRRNT) (Cx,,Cx,C or Cx,,C), a C-terminal LRR (LRRCT) (CxC,,Cx ,C) and
26 additional LRR, a transmembrane domain and Toll/IL-1R domain (TIR) (see also Tables 2 and
3). Zebrafish TIr20 molecules (t/r20a-d) have a signal peptide of 19-25 aa indicating that they are

targeted to the secretory pathway.

LRR1
———————— MVPLFSLFILFLKTSCICSWLADK;;FYSDVQEFPVAT?;AGKTNIAE:;HV

Tlr20_C.carpio 52
Tlr20a_D.rerio  -------- MGLFFAFFILFLKTSYVCSWLAGEIHIESDGEEFSFSTSSPRKRNTTzIRSV 52
Tlr20b D.rerio  -------- MLLLFGFVILFLKTSCVCSWLNEKERVYSDGEEFPVKASSASKLNITVERSV 52
Tlr20c_D.rerio MKIPEKLKMVLLFALFILCPKTCYVCSWLAEEIHFFSDVEGLNIASFYHGKTSIAE LSV 60
Tlr20d_D.rerio ---MAMLKRVLLFALLLLFLKTYFVCSWLAG FVYGDVKEFPLTTYIPGNINGAD KHV 57
Tlr20-1_TI.punct. -------- MQFFSFVVFKNLLTCVLCWVSEKIFVYEDYLDVKLVGDIPKSNLTGYIRGV 51
sk : Lk *x * . . . * *
LRR2 LRR3
Tlr20 C.carpio TNIKEDLRGLPSNLLNLCIQOMERDFHGALAPDSFSRFASLEYLEIVGCFSEIPPEAFNEL 112
Tlr20a_D.rerio TDMKEDLRGLPANLONLIVOQTDLGYHGVLAPNSFLRFGSLENLEIVGCLSEVPPEAFNGL 112
Tlr20b_D.rerio TDIKEDLQGLPANLLNLFVHMDGGCHGVLAPNSFSSFASLEQLTISGCFSEIPPEAFNGL 112
Tlr20c_D.rerio TDIKEDLRGLPTNLLNLLVOMDLHFHGVLAPNSFSRFGSLENLKIAGCFSEIPPEAFNGL 120
Tlr20d_D.rerio TDIKEDLRGLPSSLOSVCIQMDGGSDGVLAPNSFSSFASLKOLTIAGCFSQIPPEAFNGL 117
Tlr20-1_TI.punct. SNVALDLAGIPPHLEVLCVDLMKDSS--LHPYSFSRFQKLMKLKIFGEISTIHPGAFKNL 109
. *k k.k % . . * *x k% *  * * Kk Kk L% * kk . ok
LRR4 LRR5 LRR6
Tlr20 C.carpio TNVTSLKLSFLSTAICCEVALDFSRLSSLNHLSLSQYSLSSLAPNVFEMIPQLOKLKILN 172
Tlr20a_D.rerio TNVTTLTLSCS--QQCTEVAFDFSRLTSLTSLSLSDYSLSLLPSNVFEKI PQLRWLHLCS 170
Tlr20b_D.rerio TNVTSLTISYNFSENCSKVALDFSHLPSLTSLSISDYSLSLLASNVFETIPLLONLILAN 172
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Figure 1. Multiple amino acid alignment of Tlr20 shows conservation of leucine rich repeat (LRR), trans-
membrane (TM) and toll/interleukin-1 (TIR) domains. Multiple alignment of amino acid sequences from
common carp (Cyprinus carpio) Tlr20 (KF482527), zebrafish (Danio rerio) Tlr20a (ENSDARG00000094411),
TIr20b (ENSDARGO00000092668), TIr20c (ENSDARG00000041164), TIr20d (ENSDARG00000088701) and
channel catfish (Ictalurus punctatus) Tlr20-1 (AEI59676). Alignment was performed using ClustalW v2.0. The
putative signal peptide is underlined. Predicted leucine rich repeat domains are highlighted in grey and num-
bered LRR1-LRR26. Conserved cysteine residues important for the LRRNT and LRRCT domains are indicated
by arrows above the sequence alignment. The transmembrane region is underlined, whereas the TIR domain is
highlighted in black. Asterisks (*) indicate identities, double dots (:) indicate conserved substitutions, single dots
(.) indicate semi-conserved substitutions and dashes (-) denote gaps used to maximize the alignment. A pre-
dicted, but not yet confirmed Tlr20 (AGKD01003001) from the genome of Atlantic salmon (Salmo salar) and an
incomplete Tlr20-2 (AEI59677) from channel catfish [11] were not included in the alignment.

Identification of a single Toll-like receptor 20 (tlr20) in carp

A putative tr20 sequence was identified in the draft genome of common carp based on ORF
prediction and BLAST alignment with zebrafish tIr20a. A single exon containing carp tIr20 was
predicted from scaffold 28896 and this sequence was used to clone the full-length carp tIr20 cDNA
(GenBank accession number KF482527). We obtained a complete cDNA sequence with open read-
ing frame of 2841 bp, encoding for a protein of 946 aa with a predicted molecular weight of 124.97
kDa. Carp TIr20 is predicted to contain a signal peptide of 22 aa, an N-terminal and a C-terminal
leucine rich repeat (LRRNT, LRRCT) and 26 additional LRRs, a transmembrane domain and a
TIR domain (see Figure 1). Multiple sequence alignments of carp Tlr20 with the four full-length
zebrafish Tlr20 and with channel catfish (Ictalurus punctatus) Tlr20-1 showed a high degree of
conservation.
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Table 2. Comparison of amino acid identity of extracellular and TIR domains of Tlr20

Name C.car. D.rerio Lpun. M.musculus
TIr20 | TIr20 TIr20 TIr20 TIr20 | TIr20 | Tlrll  TIrl2  TIrl3
a b c d -1

C.car. TIr20 63.7 63.9 63.9 64.7 38.4 14.9 16.3 14.3
TIr20a 86.0 72.2 76.9 71.8 344 18.3 14.9 16.6
TIr20b 84.9 95.5 71.9 71.6 37.1 16.5 17.5 13.9

D.rerio
TIr20c 84.5 96 92.5 74.4 34.4 15.3 16.3 14.0
TIr20d 86.0 97 64.0 97.0 36.4 17.4 14.2 17.1

Lpun. TIr20-1 64.1 65.7 66.7 64.1 59.1 21.2 19.2 19.9
TIr11 32.5 33.5 33.7 33.0 21.1 35.3 33.0 17.0

M.mus. TIr12 44.9 45.6 44.9 44.2 29.2 47.6 51.0 18.7
TIr13 44.0 45.3 44.6 44.6 26.4 42.8 32.7 40.1

Numbers (top right triangle) indicate percentage identity of the extracellular domains (ECD). Highlighted

numbers (lower left triangle) indicate percentage identity of the intracellular TIR domain. Abbreviations: C.car

= Cyprinus carpio; D.rerio = Danio rerio; I.pun.= Ictalurus punctatus; M.mus.=Mus musculus.

T1r20 three-dimensional modelling and phylogeny

The three-dimensional structure of carp Tlr20 was modelled using as best fit the crystal
structure of human TLR8 (PDB-id: 3w3g). Carp TIr20 fit well the dimer structure of human TLR8
composed of two copies arranged in a symmetrical fashion (Figure 2). Mammalian TLR8 is known
to contain 27 LRRs; a characteristic of the TLR7 family that includes TLR7, TLR8 and TLR9.
Although T1r20 has (only) 26 LRR, the human TLR8 model showed the best possible fit. TLRs from
the TLR7 family have a 58-73 residue loop between LRR15 and LRR16 [3], whereas carp T1r20 has
a shorter, 13 residue loop between LRR15 and LRR16. The biological consequence, if any, of these
slight differences is unknown.

Phylogenetic analysis was conducted based on the amino acid sequences of the TIR domain
of known Tlrs from common carp, zebrafish and channel catfish in comparison with Tlrs from the
mouse (Figure 3). Phylogenetic analysis supported previous observations that the fish species have
at least one gene representing each of six major TLR families (TLR1, TLR3, TLR4, TLR5, TLR7 and
TLR11). The TLR11 family presently includes Tlr11, Tlr12 and Tlr13 (mouse) and Tlr19, T1r20,
TIr21, T1r22 and TIr26 (non-mammalian Tlrs). Within the TIr11 family, Tlr19, but also Tlr21 and
TIr22 branched off close to TIr13 from the mouse. T1r20 and T1r26 (catfish) branched off close to
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TIr11 and TIr12 (mouse), suggesting that teleost T1r20 may share a common ancestor with Tlr11/
TIr12.

Figure 2. Three-dimensional structure of TIr20 shows a best fit to human TLRS. a) Frontal view and b) top
view of carp TIr20 (green) and human TLR8 (red). Three-dimensional model for carp TIr20 based on the
crystal structure of human TLR8 (PDB-id: 3w3g). Carp TIr20 is shown as a homodimer on the left panels
(bright and dark green for each monomer); human TLR8 as a homodimer on the right panels (bright
and dark red for each monomer). The loop between LLR15 and LRR16 is indicatedwith black arrow.

Sequence and synteny analysis of T1lr20

In general, sequence similarity was high comparing carp and zebrafish, especially between
TIR domains (Table 2), but lower comparing carp or zebrafish with channel catfish. Sequence
analysis confirmed conservation of structural features of TLR20s including (the number of) n=26
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Figure 3. Phylogenetic analysis of Tlr20 shows clustering with Tlr11 family members Tlr11 and Tlr12. Neighbor-
Joining tree based on amino acid identities in the TIR domains of Tlrs from carp, zebrafish, channel catfish
and mouse. Phylogenetic analysis was conducted with 10,000 bootstrap replicates; bootstrap values at major
branching points are shown as percentages. The sequences were derived from Cyprinus carpio (T1r2: ACP20793,
TIr3: ABL11473, Tlr4a: ADC45015, Tlrdb: ADY76945, Tlr5: AGH15501, Tlr7: BAJ19518, TIr9: ADC45018,
TIr20: KF482527, Tlr22: ADR66025); Danio rerio (Tlrl: AAI63271, Tlr2: AAQ90474, TIr3: NP_001013287,
Tlrdba: ACE74929, Tlr4bb: NP_997978, Tlr5a: XP_001919052, Tlr5b: NP_001124067, T1r7: XP_003199309,
TlIr8a: XP_001920594, Tlr8b: XP_001340186, T1r9: NP_001124066, Tlr18: AA163840, TIr19: XP_002664892,
TIr20a: ENSDARG00000094411; Tlr20b: ENSDARG00000092668; Tlr20c: ENSDARG00000041164; T1r20d:
ENSDARG00000088701; Tlr21: NP_001186264, TLR22: AA163527); Ictalurus punctatus (Tlr1: AEI59662, Tlr2:
AFEI59663, Tlr3: AEI59664, Tlr4-1: AEI59665, TLR5S: AEI59667, Tlr5-1: AEI59668, Tlr5-2: AEI59669, Tlr7:
AEI59670, Tlr8-1: AEI59671, Tlr8-2: AEI59672, TIr9: AEI59673, TIr18: AEI59674, Tlr19: AEI59675, TIr20-1:
AEI59676, T1r20-2: AEI59677, Tlr21: AEI59678, TIr22: AEI59679, Tlr25: AEI59680, TIr26: AEI59681); Mus
musculus (Tlr1: NP_001263374, Tlr2: AAD46481, Tlr3: NP_569054, Tlr4: AAD29272, Tlr5: NP_058624, Tlr7:
AAL73191, TIr8: AAK62677, Tlr9: AAK28488, Tlr11: AAS37672, Tlr12: AAS37673, Tlr13: AAS37674).

LRRs, presence of LRRNT and LRRCT, transmembrane domain and, in particular, the intracellular
TIR domain (aa identity > 60%) (Table 2). Comparison of aa identity between fish #[r20 and
mouse tirll, tirl12 and tlr13 generally showed a low degree of conservation. The extracellular
domain of TLRs, important for the recognition of PAMPs, can consist of 16-28 LRRs. The TLR11
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family members have 20-28 LRR [3]. LRRs are sometimes difficult to predict using programs
such as SMART or LRR-finder; therefore we predicted LRRs manually and by three-dimensional
modelling of carp TIr20. The number of LRRs for teleost TIr20 and murine Tlr11-13, including
LRRNT and LRRCT, are listed in Table 3. All Tlr20 molecules from carp, zebrafish and catfish
except the channel catfish Tlr4-2 have an identical number of 26 LRRs. In mouse, TIr11, Tlr12 and
TIr13 have 25, 24 or 27 LRRs, respectively. The Cx,,Cx,C LRRNT motif is shared among teleost
TIr20, with the exceptions of zebrafish TIr20b and Tlr20c (Cx,,C). The LRRCT motif of the TIr20
molecules is comparable among the different teleosts (CxCx, ,Cx, C (catfish) or CxCx,,Cx,.C (carp)
or CxCx,,Cx,,C (zebrafish)), but different from the LRRCT motifs of mouse Tlr11-13 (CxCx,,Cx,
O).

Conservation of synteny was investigated by comparing the genomic regions immediately
up-and down-stream of mouse tIr11 on chromosome 14, mouse tlr12 on chromosome 4 and mouse
tlr13 on the x chromosome with the genomic regions up- and down-stream of the zebrafish #r20
genes on two regions of chromosome 9. In catfish, genome information on the immediate areas
around tlr20 is scarce [53] and could not be used to investigate synteny. In carp, although limited
in length, genomic regions up-and down-stream of #r20 (scaffold 28896; size 20020 bp) confirmed
conservation of synteny with two genes (genes slc10a2 and gtpbp8) in the region upstream of zebrafish
tlr20. Synteny analysis of zebrafish t/r20 did not reveal any conservation with genes flanking mouse
tlr11, tir12 or tir13 (Figure 4). Moreover, the two genes found in close proximity of zebrafish and
carp tlr20; slc10a2 and gtbp8, in mouse are located on two different chromosomes, slc10a2 is located
on chromosome 16 (region 44736768-44746363) and gtbp8 is located on chromosome 8 (region
5085623-5105232). Thus, analysis of the genes adjacent to zebrafish #/r20 do not indicate conserved
synteny between teleost TIr20 and murine members of the TLR11 family.

19

Table 3. Molecular characteristics of teleost TIr20 and mouse Tlr1ll, Tlr12 and TIr13. List of open
reading frame (aa length), signal peptide, number of leucine rich repeats (LRR) and signature of leucine rich
N-terminal (LRRNT) and C-terminal (LRRCT) domains in common carp (Cyprinus carpio), zebrafish (Danio
rerio) and channel catfish (Ictalurus punctatus) Tlr20 and mouse (Mus musculus) Tlr11, Tlr12 and Tlr13.
Predicted Atalntic salmon (Salmo salar) Tlr20 was not include.

Name aa lenght psggggle LRR LRRNT LRRCT
CcTIr20 946 22 26 Cx,,Cx,C CxCx,,Cx,,C
DrTir20a 942 19 26 Cx,,Cx,C CxCx,Cx, .C
DrTIr20b 943 19 26 Cx,,C CxCx,Cx,,C
DrTlr20c 951 25 26 Cx,,C CxCx,Cx, .C
DrTIr20d 949 24 26 Cx,,Cx,C CxCx,,Cx,,C
IpTIr20-1 933 18 26 Cx,,Cx,C CxCx,,Cx, .C
IpTIr20-2 351 NA 4 NA CxCx,,Cx C
MmTIr11 931 35 25 Cx,.Cx,,C CxCx,,Cx,,C
MmTIr12 906 19 24 Cx,.Cx,C CxCx,,Cx,,C
MmTlIr13 991 NA 27 Cx,C CxCx,,Cx,,C

Abbreviation: Tlr, Toll-like receptor; Cc, Cyprinus carpio; Dr: Danio rerio, Ip: Ictalurus punctatus, Mm:
Mus musculus. NA= not applicable.
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Figure 4. Comparison of genomic regions between mouse Tlr11 family members Tlr11, Tlr12 and TIr13 and
teleost TIr20 does not show conservation of synteny. Comparative maps of the regions locating Tlr11, Tlr12
and TIr13 genes on mouse chromosomes (genome GRCm38), Tlr20 genes on zebrafish chromosome 9
(genome assembly GCA_000002035) and TIr20 on carp scaffold 28896 (genome assembly PRJNA73579).

Sub-cellular localization of Tlr20

To investigate the sub-cellular localization of TIr20, we transfected human HEK 293 and
fish EPC and CLC cell lines with HA-tagged carp Tlr20-GFP (HA-TIr20-GFP; Figure 5). Only
in permeabilized cells the presence of the HA-TIr20 could be visualized (Figure 5b), suggesting a
preferential expression of TIr20 in intracellular compartments in all three cell lines studied. To further
investigate the sub-cellular localization of TIr20, we co-transfected HA-TIr20-GFP-transfected
zebrafish ZF4 cells with a plasmid encoding for KDEL-RFP protein for specific localization to the
ER (Figure 5¢). Co-localization of KDEL-RFP with Tlr20-GFP confirmed a preferential expression
of Tlr20 in intracellular compartments and suggested a sub-cellular localization to the ER.

In vitro ligand binding of T1r20

To investigate the putative ligands of Tlr20 we developed a reporter assay based on a human
(HEK 293) cell line stably transfected with a NF-«B luciferase reporter construct (HEK-pNiFty-
Luc) and transiently transfected with carp TIr20. We used transient transfection with human
TLR2 as positive control. Successful transfection was confirmed by microscopy, evaluating the
percentage of fluorescent cells (40-50% approximately) by visualizing GFP for carp TIr20 or YFP
for human TLR2. Responses to ligands were measured as luminescence and expressed as relative
light units. Stimulation with human TNFa induced a very high response in HEK-NF«B-Luc cells,
either transiently transfected with empty plasmid, human TLR2 or carp TIr20. Overexpression of
human TLR2 and stimulation with a prototypical TLR2 ligand, Pam CSK, induced a very high and
specific luminescence response. However, stimulation with profillin (Toxoplasma gondii-derived
ligand of murine TIr11l and TIr12) did not lead to activation of the NFkB promotor (Figure 6).
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Stimulation with other prototypical TLR ligands (LPS-PG, LPS-EB, LTA, E. coli ssDNA, CpG, Poly
(I:C), flagellin and 23S rRNA (ORN Sal9) also did not lead to cell activation (data not shown).

In vivo modulation of tlr20 gene expression after parasitic infection

In vitro studies could not clearly identify a ligand for carp TIr20 therefore we examined
biological sample collections from both zebrafish and carp for tr20 gene expression during
infection with bacterum, virus or parasite. Using existing biological sample collections [54, 55] we
mapped the reads of RNAseq experiments on the zebrafish #/r20 transcripts. Zebrafish t/r20a-d are
transcribed during both larval and adult stages but at very low levels, close to the detection limit.
Based on reads linked to the polymorphic regions we can conclude that all full length copies have
a detectable, although low transcription level. Since the tIr20 copies are extremely similar to each
other, a majority of the mapped reads could not be assigned to a particular #/r20 transcript and
thus a specific induction of one of the copies of t/r20 could not be discerned and is technically
not possible with the current standards of sequencing depth. We could not obtain evidence for an
induction of any of the t/r20 copies by infection with Mycobacterium marinum nor Staphylococcus
epidermis bacterial infection (data not shown). TIr20 was also not significantly modulated in
biological sample collections taken after viral infection of carp with spring viraemia of carp virus
(SVCV) [52]. In contrast, infection of carp with the blood parasite T. borreli [29], induced a clear
2-6 fold upregulation of t/r20 gene expression 6 weeks after infection (late stage of infection),

a) TLR20-GFP Anti-HA-Cy3 Overlay
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EPC
Anti-HA-Cy3

CLC

77




Chapter 4

b) Tir20-GFP Anti-HA-Cy3 Overlay
HEK

EPC

CLC

C) Tir20-GFP RFP-KDEL

Figure 5. TIr20 preferentially locates intracellularly at the endoplasmatic reticulum (ER). a) non-permeabilized
cells, b) permeabilized cells, c) cell co-transfected with KDEL-RFP for localization to the ER. A and B:
Confocal microscopy of HEK 293, EPC, CLC cells overexpressing carp Tlr20. Cells were seeded 24 h prior
to transfection with HA-TIr20-GFP. Three days later, cells were either permeabilized or not and stained for
microscopy using mouse anti-HA and donkey anti-mouse Cy3 antibodies. Left panels: TIr20-GFP (green);
middle panels: recognition of HA-tagged proteins (red); right panels: overlay (yellow-orange).

C: Confocal microscopy of ZF4 cells overexpressing carp TIr20. Sub-cellular localization to the ER was
examined in live cells 2 days after transfection with KDEL-RFP. Left: Tlr20-GFP (green); middle: KDEL-RFP
(red); right: overlay (yellow-orange). Bar= 10um.
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at least in head kidney, spleen and in peripheral blood leukocytes (PBL) (Figure 7). Similarly,
infection with Trypanosoma carassii [26] a related blood parasite of carp, induced a clear 2-4 fold
upregulation of tlr20 gene expression at 6-8 weeks after infection (data not shown). Altogether,
these data suggest that tIr20 plays a in the immune response to parasitic rather than bacterial or
viral infections.
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Figure 6. In vitro ligand-binding studies do not clearly identify a ligand for Tlr20. Reporter HEK-NF«B-Luc cells
were transiently transfected with empty plasmid (pcDNA3-GFP) or with plasmid coding for human TLR2-YFP
or carp HA-TIr20-GFP. After 72 h, transiently transfected cells were stimulated with PBS, human TNF (200
ng/ml), Pam,CSK, (20 ug/ml) or profillin (10, 1, 0.1 pg/ml) from Toxoplasma gondii for 5 h. After stimulation,
luminescence was measured in cell lysates and expressed as relative light units. Values represent mean + S.D. of
triplicate wells of one representative experiment out of three independent experiments. Significant differences

with respect the control (empty plasmid) are indicated with an asterisk (***) (P<0.001).
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Figure 7. In vivo infection with parasites induces upregulation of t/r20 gene expression in carp. Gene expression
profiles after infection with T. borreli in a) head kidney, b) spleen and c) peripheral blood leukocytes (PBL). Carp
were injected with 1 x 10* Trypanoplasma borreli parasites per fish, or with PBS (negative control). Organs
were collected from n=5 infected and n=3 non-infected fish at each time point, over a period of 6 weeks.
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Parasitaemia (T. borreli/ml blood) is shown as a line graph. Relative gene expression was normalized to
the reference gene and the non-infected controls at time point zero and is shown as bar graphs. White bars
represent non-infected control and black bars represent T. borreli-infected carp. Values represent mean + S.D.
of n=3-5 fish. Significant differences to the time point control are indicated with an asterisk (***) (P<0.001).

Modulation of tIr20 gene expression by parasite lysate

Induced gene expression of t/r20 was high in head kidney, spleen and PBL. Constitutive gene
expression on tIr20 was examined in a tissue and leukocyte cDNA library of naive carp. A relatively
high basal gene expression level of carp #r20 was observed in several organs, especially in gut and
PBL (Figure 8a). Further, basal gene expression of carp #r20 was particularly high in B lymphocytes
sorted from PBL (Figure 8b). Although in vitro stimulation of HEK-pNiFty-Luc cells transiently
transfected with carp TIr20 with parasite (T. borreli) lysate did not lead to cell activation (data not
shown), in vitro stimulation of PBL from naive fish with T. borreli lysate induced a clear (3-fold)
upregulation of t/r20 (Figure 8c). In addition, in vitro re-stimulation of PBL from carp that survived
a T.borreli infection with T.borreli lysate also induced a clear (3-fold) upregulation of t/r20 (data not
shown).

DISCUSSION

The complexity of the Toll-like receptor families still is increasing, owing to the continuous
discovery of additional members that do not seem to have clear homologues to mammalian TLRs.
Apparently, there are several Tlrs that have been lost during evolution but are present in reptiles,
amphibians and/or fish [8, 11, 12, 56]. TIr20 is a non-mammalian Tlr without clear homology to
any of the known mammalian Tlrs, which presence seems unique to the modern bony fish. The
function of Tlr20 has remained unknown. We identified full-length cDNA sequences for r20 of
both, zebrafish and common carp, two closely-related cyprinid fish species. Previously, full-length
cDNA sequences for #r20 had only been described for channel catfish [11], a fish species that is
among the closest living relatives to the cyprinids. Catfish Tlr20 is found in two copies as a close
proximity tandem duplication in the catfish genome. At present it is not clear if the second, shorter
gene (tlr20-2) encodes a functional protein [11]. Although salmonid fish also appear to express
TIr20; at least in rainbow trout a partial #[r20 EST has been identified [20] and a tIr20 sequence has
been retrieved from a whole genome shotgun sequencing of Atlantic salmon [11], so far attempts
to retrieve t/r20 from other teleost groups have failed.

In silico analysis of an early version of the zebrafish genome (ZV2) predicted six tIr20
sequences with some found as close proximity tandem duplications on chromosome 9 [15]. The
first expression studies with reverse transcriptase PCR suggested that at least two tIr20 genes in
zebrafish were expressed, whereas also modulation by mycobacterium infection was reported [15].
Indeed, we confirmed the presence of six zebrafish t/r20 genes in the latest assembly of the zebrafish
genome (ZV9), but found that two copies (t/r20e and tIr20f) in the genome contain mutations in
the reading frame that are not leading to the expected products, in one case leading to a premature
stop codon. The four full-length zebrafish #r20 all have a signal peptide. Zebrafish tr20 displayed a
low constitutive gene expression level which was not significantly modulated upon infection with
M. marinum or S. epidermis, at least not to an extent detectable by RNAseq.

Surprisingly, in common carp, which is a very close relative of zebrafish, we could detect only
a single tIr20 sequence in the genome. This is surprising because usually in the tetraploid carp genes
are found as duplicated copies of those found in diploid zebrafish [22]. Although it cannot
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Figure 8. Peripheral blood leukocytes (PBL) of carp express relatively high basal tIr20 gene expression levels that
can be induced by parasites. Gene expression profiles in a) organs from naive fish, b) leukocyte cell populations
from naive fish and c) PBL stimulated in vitro with parasite lysate. Constitutive mRNA levels of #Ir20 in different
organs and different leukocyte cell populations of carp (a and b). Induced mRNA levels of #/r20 in PBL of
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naive fish stimulated in vitro with T. borreli parasite lysate (equivalent of 1:2 parasites:cells) (c). Relative gene
expression was normalized to the reference gene and is shown as bar graphs. Significant differences were
calculated in comparison with the lowest expressed values in thymus (a) or thymocytes (b). Bars represent
mean * S.D. of n=3-5 healthy carp (a and b, respectively) or triplicate wells of one representative experiment
out of three independent experiments. Significant differences were calculated using one-way ANOVA and are
indicated by asterisks (*) (P <0.01) and (***) (P <0.001).

be excluded that some mistakes are present in the current assembly of the carp genome it is
highly unlikely that up to a number of 11 possible copies of the carp t/r20 genes would have been
missed during the assembly.

Sequence analyses place teleost T1r20 in the TLR11 family which also comprises three Tlrs
unique to mouse: Tlr11, Tlr12 and Tlr13, characterized by 25, 26 or 27 LRRs, respectively [3].
Assumed important for the recognition of PAMPs, the extracellular domain of TIr20 molecules
from carp, zebrafish and catfish (T1r20-1) all have an identical number of 26 LRRs. Assumed
important for protection of the hydrophobic core of the first LRR [23], the Cx,Cx,C LRRNT
motif is the same among the teleost Tlr20 molecules, but different from the LRRNT motifs found
in mouse Tlr11-13. Assumed important for protection of the hydrophobic core of the last LRR,
the CxCx,,Cx,, ,C LRRCT motif is similar, although not exactly the same, in the teleost Tlr20
molecules and comparable to the LRRCT motifs found in mouse TIr11-13 (CxCx, Cx, ,C).
These molecular characteristics suggest that TIr20 fits well the TLR11 family but also point at clear
differences between teleost TIr20 and TIr11 family members found in the mouse.

Synteny analysis of the zebrafish genome showed that T1r20 is not orthologous to any of the
mouse members of the Tlr11 family because no conservation of synteny was found with genes
neighboring tlr11, tir12 or tlr13. However, conserved synteny was observed between the region
downstream of the zebrafish tlr20-f gene and carp #r/20. The region upstream of the carp tlr20 gene
could not be analyzed due to the limited length of the relevant contig.

Three-dimensional modelling based on the crystal structure of human TLRS, an intracellular
TLR that senses RNA, showed a similar structure for all teleost T1r20 molecules characterized by a
slightly distorted horseshoe shape the effect of which, if any, is unknown. TLRs can be expressed in
different compartments of the cell; on the cell surface, in intracellular vesicles such as endosomes,
or as part of the endoplasmatic reticulum (ER). TLRs can also translocate from one compartment to
another. Our confocal microscopic analysis of TIr20 suggested a possible sub-cellular localization
of T1r20 in the ER. This could correspond with the best three-dimensional fit to intracellular TLR8.

In vitro reporter assays based on NF-kB activation following overexpression of carp TIr20
in human cell lines, or fish cell lines (EPC and CLC, data not shown), could not identify a ligand
unique to T1r20. It could be that the cell lines used, represent cell types that could not fully support
natural sub-cellular localization, ligand binding and/or TIr20 signalling. Such an observation has
been made for salmon TIr9 which, when overexpressed in salmonid cell lines, failed to translocate
to CpG-containing endosomes. Apparently, only specific immune cell types in salmon have the
ability to relocate the T1r9 receptor to the appropriate cellular compartments where it may become
activated by its ligand [57]. UNC93B1 is a transmembrane protein required for TLR3, TLR7, TLRY,
TLR11, TLR12, and TLR13 function, which controls trafficking from the ER to endolysosomes.
UNC93B1 remains associated with TLRs through post-Golgi sorting steps, but these steps are
different among endosomal TLRs. For example, TLR9 requires UNC93B1-mediated recruitment
of adaptor protein complex 2 (AP-2) for delivery to endolysosomes whereas TLR7, TLR11, TLR12,
and TLR13 utilize alternative trafficking pathways. Thus, endosomal TLRs are differentially sorted
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by UNC93B1 [58]. Despite the identification of a sequence encoding for a unc93b1 homologue in
teleosts [59], it cannot be excluded that this molecule, or other accessory molecules [60], crucial
to the natural function of T1r20 could be too different, or absent, in the (human or fish) cell lines
used. Indeed, a preliminary investigation of the transcriptome of the EPC fish cell line suggests
these cells do not express unc93b1 (Pietretti, unpublished data). The apparent absence of unc93b1
from the EPC transcriptome could maybe have affected the functional characterization of T1r20
overexpressed in this particular cell line.

Phylogenetic analyses place T1r20 closest to Tlr11 and Tlr12 of the TLR11 family, two TLRs
that sense ligands from protozoan parasites (Toxoplasma gondii) in the mouse. Only few studies
have looked at the expression of Tlr20 in vivo after infections. Initial studies in whole zebrafish
embryos infected with M. marinum [15] suggested increased expression of t/r20a 8 weeks after
intraperitoneal injection of bacteria. In adult channel catfish, infection with E. ictaluri led to
increased expression of t/r20 six hours after injection [61]. We re-examined biological sample
collections from both zebrafish and carp for tr20 gene expression. Infection of zebrafish with
S.epidermis [55] and with M.marinum [54] did not clearly modulate ¢/r20 gene expression. Infection
of carp with spring viraemia of carp virus (SVCV) [52] did not significantly modulate t/r20 gene
expression after bath challenge with this virus. In contrast, infection of carp with the blood parasite
Trypanoplasma borreli [29], induced a clear upregulation of tr20 gene expression after the peak of
parasitaemia, at 6 weeks after infection. Moreover, we observed a similar upregulation of tIr20 at
6-8 weeks post infection with another carp blood parasite Trypanosoma carassii (data not shown).
Subsequent analysis of constitutive gene expression in different organs and leukocyte cell types
confirmed a high constitutive expression of TIr20 in PBL and in B lymphocytes sorted from PBL.
We looked in more detail at ¢lr20 gene expression induced by T. borreli. Stimulation of PBL from
naive fish with T. borreli lysate induced a clear upregulation of TIr20. Also re-stimulation of PBL
from fish that had survived a T. borreli infection induced a clear upregulation of Tlr20. In humans,
immature transitional B cells and naive B cells exhibit some responses to Tlr ligands, in particular
CpG-containing oligodinucleotides, but exhibit strong responses when simultaneously stimulated
via the B cell receptor and CD40. Also IgM-positive memory B cells exhibit strong responses to
TIr ligands [62]. In future experiments, it would be of interest to study the role of TIr20 in fish
B lymphocytes and putative effect of B cell receptor co-stimulation. Although our data indicate
that TIr20 plays a role in the immune response to trypanosomes, it is difficult to define a clear
ligand for T1r20 based on our in vivo studies. In general, the sub-cellular localization of TLRs often
corresponds to the place at which recognition of particular PAMPs occurs; TLRs expressed at
the cell surface generally recognize outer membrane components of microbes such as lipids and
(lipo)proteins, whereas TLRs expressed intracellularly recognize microbial nucleic acids [63]. The
intracellular localization of T1r20 could point at a nucleic acid type of ligand or pathogen-derived
protein produced by the host. Our in vitro reporter assays could not clearly identify a ligand for
TIr20. Future studies could take into account accessory proteins present or absent in cell lines used
for in vitro studies. Such accessory molecules can be divided based on their functions as: mediators
of ligands delivery and/or recognition, chaperones, trafficking and TLR processing factors [60].
The identification of several, although not all of the accessory molecules in fish [59] will allow for
combinations of studies on TIr molecules and accessory molecules and may shed further light on
the function of fish-specific TLRs such as T1r20.
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ABSTRACT

It has been long established that TLR4 senses Gram-negative bacterial lipopolysaccharide
(LPS), at least in mammalian vertebrates. Fish have been shown relatively resistant to the toxic
effects of LPS and the receptor remains elusive. In fish the tir4 gene seems present particularly
in members of the cyprinid and silurid families, which include species such as zebrafish (Danio
rerio), grass carp (Ctenopharyngodon idella), common carp (Cyprinus carpio) and channel catfish
(Ictalurus punctatus). The presence, however, of tIr4 genes in these fish species does not necessarily
lead to recognition of LPS, possibly due to the apparent absence of essential co-stimulatory
molecules such as MD-2 and CD14. To understand the role of tIr4 in vivo, zebrafish larvae lacking
the tirdba and tlr4bb genes were infected with Salmonella typhymurium. Adult carp were infected
with Spring Viraemia of Carp Virus (SVCV) and tir4 gene expression measured. No difference in
fish survival after bacterial infection could be observed between knockout and wild-type zebrafish,
suggesting the presence of Tlr4 is not crucial for protection against S.typhimurium. Carp infected
with SVCV showed an upregulation of tlr4 gene expression at 4 days post-infection, possibly
suggesting a role for carp Tlr4 in the immune response to viruses. Preliminary results from in vitro
reporter assays indicated that carp Tlr4 alone is not able to directly bind the surface glycoprotein of
SVCV and activate NFkB. Further investigations revealed the presence of three novel t/r4 genes in
common carp (preliminary referred to as tlr4bc, tlr4bd and tlr4be), among which trl4be leading to
the expression of a soluble protein. We discuss, based on three-dimensional modelling of carp Tlr4,
the possibility that fish TIr4 could sense LPS in the presence of the MD-2 co-receptor.

INTRODUCTION

Toll-like receptor 4 (TLR4) is a protein that in humans, together with the co-receptor myeloid
differentiation protein-2 (MD-2) senses lipopolysaccharides (LPS), a major component of the
outer membrane of Gram-negative bacteria. LPS-binding protein (LBP) and CD14 are two proteins
whose coordinate actions assist delivery of LPS to the TLR4-MD-2 complex [1]. In contrast to
humans, fish tolerate relatively high concentrations of LPS [2] and the absence of md-2, cd14, and
a prototypical Ibp from fish genomes [3, 4] could help explain this phenomenon of high tolerance
to LPS. Although initial genome studies on pufferfish suggested that fish might not express the
tlr4 gene [5], by now it has become clear that at least Cypriniform and Siluriform fish species do
express tlr4 genes. To date, tlr4 genes have been cloned and characterized in zebrafish (Danio
rerio) [6, 7], rare minnow (Gobiocypris rarus)[8], common carp (Cyprinus carpio) [9], grass carp
(Ctenopharyngodon idella)[10] and channel catfish (Ictalurus punctatus)[11].

Only limited functional studies have been performed and mostly on zebrafish Tlr4. Dual-
luciferase reporter assays were used to study NF-kB activation in whole zebrafish embryos,
suggesting that LPS signals via a TLR4- and MyD88-independent manner but also indicating
that zebrafish Tlr4 negatively regulates the Myd88-dependent signalling pathway [12]. Additional
functional studies used chimeric molecules combining zebrafish Tlr4 extracellular leucine rich
repeat (LRR) domains with mouse intracellular Tlr4 Toll/interleukin-1 receptor (TIR) domains,
demonstrating a lack of responsiveness to LPS [13]. To date, overall consensus seems to be that fish
TIr4 molecules do not play a major role in the sensing of LPS [14]. Most likely fish Tlr4 molecules
have evolved to sense ligands alternative to LPS. Human TLR4 does not only sense LPS from Gram
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negative bacteria but also, for example, viral envelope proteins. However, these proteins (at least
Respiratory Syncytial Virus (RSV) F protein) may also require the presence of CD14 and MD-2
for signalling [15]. Also in mouse, TIr4 signaling has been shown to play an important role in
controlling infection with paramyxovirus [16] or RSV [17], again linking Tlr4 to viral infections.
Of interest, in fish, PCR-based gene expression studies showed upregulation of t/r4 in cyprinid fish
after infection with grass carp reovirus [8, 10], whereas the first detection of common carp tlr4 was
in cDNA pools of viral (KHV)-infected carp [9]. Alternative to LPS and viral ligands; human TLR4
can also sense fungal cell wall components such as p-glucans: although of the many TLR genes
TLR2 may be the most important TLR for recognition of f-glucans, also TLR4 has been implicated
in stimulations by fungal-derived PAMPs [18]. In the present study we provide a molecular and
functional characterization of Tlr4 from zebrafish and common carp, two cyprinid fish species.
We investigated the role of Tlr4 in vivo in zebrafish larvae lacking the previously described tir4ba
and tlr4bb genes (knockouts) following infection with Gram negative Salmonella thyphimurium
bacteria. We also investigated the role of t/r4 in carp following in vivo infection of adults with Spring
Viraemia of Carp Virus (SVCV). Analysis of constitutive tlr4 gene expression was performed in
organs and leukocytes from healthy carp. Confocal microscopy was applied to study sub-cellular
localization of carp Tlr4 whereas in vitro reporter assays were used to study candidate ligands for
TIr4, including viral proteins and $3-glucans. We did not only identify several additional copies of
tlr4 in the genome of common carp but we also further characterized the phylogenetic origin of a
third copy of a tir4 gene present in the genome of zebrafish and recently reported in the databse but
not yet fully characterized. We discuss, based on our three-dimensional modeling of carp Tlr4, the
possibility that fish TIr4 could sense LPS in the presence of the MD-2 co-receptor.

MATERIALS AND METHODS

Animals

European common carp (Cyprinus carpio carpio) were reared in the central fish facility of
Wageningen University at 23+2°C in recirculating UV-treated water and fed pelleted dry food
(Snift, Soest, Germany) daily. R3xR8 heterozygous carp are the offspring of a cross between fish of
Hungarian (R8 strain) and of Polish (R3 strain) origin [19]. Carp were between 9 and 11 months
old. All studies on carp were performed with approval from the animal experimental committee
of Wageningen University. Wild-type zebrafish (Danio rerio) were obtained from the Zebrafish
International Resource Center (ZIRC) and maintained as described in the zebrafish handbook
[20] and in a 12 h light/dark cycle at 28.5°C. The knock-out zebrafish tir4ba-/- and tlr4bb-/- were
obtained from the Moens lab TILLING project for unrec_tlrdba and unrec_tlr4bb. All animal
studies on zebrafish were carried out in accordance with the European Union regulations for animal
experimentation.

In vivo infection in zebrafish and carp

Zebrafish larvae 72 hours post fertilization were microinjected with Salmonella typhymurium
strain SL 1027. Bacteria were taken from a -80°C glycerol stock, plated on fresh LB agar plates and
incubated overnight at 37°C. Individual colonies were resuspended in sterile phosphate-buffered sa-
line (PBS) and directly used as fresh suspension for the injections. Bacterial suspension was mixed
in microinjection buffer (0.5x Tango buffer and 0.05% phenol red solution) and 50 bacteria/larvae
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microinjected (0.5-1 nl) into the yolk sac of zebrafish embryos using a Narishige IM300 microin-
jector. Zebrafish larvae were monitored for 8 days after injection. SVCV strain CAPM V 539 [21]
was propagated in EPC cells (Epithelioma Papulosum Cyprini, [22]) at 15°C. Cells were grown in
Eagle’s Minimal Essential Medium (MEM) containing 2% fetal bovine serum (FBS) and standard
concentration of antibiotics. Virus titers are given as tissue culture infective dose (TCID50/ml; [23].
Fish were exposed, by immersion, to 10° TCID, /ml for 2 h [24]. Briefly, ten-month-old carp were
raised at 15°C, the temperature optimal for SVCV infectivity [25], to an average weight of 30-40
g. Fish were sampled at Oh, 2, 4 and 7 days-post-infection. At each time point the level of viral N
gene expression was determined in samples from mid kidney (primers used: SVCV-N_Fw TGAG-
GTGAGTGCTGAGGATG and SVCV-N_Rv CCATCAGCAAAGTCCGGTAT).

Molecular cloning of carp tir4

Oligonucleotide primers for carp tlr4ba and carp tlr4bb were designed based on known par-
tial carp tlr4 and full length zebrafish tIr4aa and tIr4bb sequences from GenBank (accession number:
carp tlrdba GU321982.2 and tlr4bb HQ229652.1; zebrafish tlrdba NM_001131051.1 and zebrafish
tlr4bb NM_212813.1). Gene-specific primers were designed using Primer3 program (http://bioinfo.
ut.ee/primer3-0.4.0/primer3/) primers and are listed in Table 1. Primers to complete the 3" end of
carp tlr4ba and tlr4bb were: tlrdbaFW1 and tlr4baRV1 and tlr4baFW2 and tlr4baRV2; tlr4dbbFW1
and tlr4bbRV1 and tlrdbbFW?2 and tlr4bbRV?2. Primers to complete the 5” end of carp tlr4ba and
tlr4bb were: tlrdbaFW3 and tlr4baRV3 and tlr4baFW4 and tlr4baRV4; tlr4bbFW3 and tlr4bbRV3
and tlr4bbFW4 and tlr4bbRV4. The full length coding sequence was amplified using as template
RNA isolated from head kidney tissue of carp three weeks after infection with the parasite Try-
panoplasma carassii [26] using a LongRange 2Step-RT-PCR kit (Qiagen) and gene specific primers
tlrdbaFw5 in combination with Ttlr4baRv5 or tlr4bbFw5 in combination with Ttlr4bbRv5 (Table
1). A second PCR was performed using the same gene specific primers and Expand High Fidelity
Plus PCR System (Roche). The products were cloned in JM109 competent E. coli using pPGEM-Teasy
kit (Promega) and both strands of eight positive clones were sequenced using ABI Prism-Bigdye
Terminator Cycle Sequencing Ready Reaction kit and analysed using ABI 3730 sequencer. Nucleotide
sequence data were analysed for identity to other sequences using the GenBank database [27].
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Table 1. Primers used

Primer Sequence (5'-3') Used

tir4baFwl ACTTGATTCCCTTGAGATTC Cloning

tlr4baRvl TAGGTGGAACACCGTTCTCTAG Cloning

tlr4baFw2 CTAGAGAACGGTGTTCCACCTA Cloning

tlr4baRv2 TTTAATCAGAATACACACAATGA Cloning

tir4bbFwl GCACTTGTTCCGTTGTATG Cloning

tlr4bbRv1 ATCTGTCTGGGAGCAGGAG Cloning

tlr4bbFw2 ATTTGTCCTCTAACCCCATC Cloning

tlr4bbRv2 AAAAGCTGCTATGAAAATGTAA Cloning

tlr4baFw3 ATGAATGAAGGGAGAGACAT Cloning

tlr4baRv3 TAGTCTTGATGTAGGAGGATTTGAT Cloning

tlr4baFw4 GAGTACTCATGTTCTGG Cloning

tlr4baRv4 ATGTCTCTCCCTTCATTCAT Cloning

tlr4bbFw3 CTTAGAGTCGGGACAAATAAC Cloning

tlr4bbRv3 GACTAGTTTTGTATGGTGGAG Cloning

tlr4bbFw4 TGATATAAATTGAAACAGATTGTAG Cloning

tlr4bbRv4 ATGAATGAAGGGAGAGACAT Cloning

tlrdbaFw5 CCAGCAGTCTTCCCTTCACTGT Cloning

tlr4baRv5 TGTAACATGACTGGAAAACCATACTGA Cloning

tlr4bbFw5 TTGCTGTAGGATGTAGAATCTCCTG Cloning

tlr4bbRv5 GCTGCTATGAAAATGTAACATGACTGG Cloning

q40SFw CCGTGGGTGACATCGTTACA Cloning

q40SRv TCAGGACATTGAACCTCACTGTCT gPCR

qtlr4baFw ATTGATGAGATGGAGTATGTATTT gqPCR

qtlr4baRv TAGTTTTTCTAAAGTATGGAGA gqPCR

qtlr4bbFw AGCCCCCACTTTATTATCTG gPCR

qtlr4bbRv GAACAACAGTCCTTCAAAA gqPCR

cycatlr4bbFW1 ~ CTGGACAAGGAGATTACAAGGATGACGATGAC Tlr4bb-GFP construct
AAGCAGGAATGTACCACGATAATCAAG

cycatlr4bbFW2 ~ TGATTTTTCTAGGCTCAGTCTTATTTTTGGCGA TIr4bb-GFP construct
GTTCTGGACAAGGAGATTACA

cycatlr4bb ACGTACGGATCCAACATGGTCATGTCATATGGG Tlr4bb-GFP construct

BamHIFW3 GAATGGATGATTTTTCTAGGCT

cycatlr4bb ACGTACCTCGAGTTGGTTTGTGGCAAAAATAG Tlr4bb-GFP construct

XholIRv1 CTTTCCTGAG

Highlighted sequence indicate Flag tag (GATTACAAGGATGACGATGACAAG); underlined sequence
indicated the BamHI restriction site (GGATCC); double underlined sequence indicate Xhol restriction site

(CTCGAG).
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RNA isolation and cDNA synthesis

For real-time quantitative polymerase chain reaction (RT-qPCR), total RNA was isolated
from different different cell types, as previously described: monocytes [28], macrophages [26],
granulocytes [29], thrombocytes ([30], thymocytes [31], B lymphocytes [29] and endothelial cells
[32].

RNA was isolated from different carp organs using Trizol® (Invitrogen, Breda, The Netherlands)
according to the manufacturer’s protocol and stored a -80°C until use. RNA concentration was
measured by spectophotometry (GeneQuant, Pharmacia Biotech) at OD,  nm and the purity
determined as the OD,, /OD,,
of RNA was determined by gel electrophoresis on 1% agarose gel containing 0.1% of SYBR® Safe
DNA Gel Stain (Invitrogen™). For cDNA synthesis 1 pg total RNA was used and a DNase treatment
was performed using DNase I amplification grade (Invitrogen) according to the manufacturer’s

ratio with expected values between 1.8 and 2.0. The integrity

instructions. Synthesis of cDNA was performed with Invitrogen’s SuperScript™ III First Strand
Synthesis Systems for RT-PCR using random primers, according to the manufacturer’s instructions.
A non-reverse transcriptase control was included for each sample. Before use as template in RT-
qPCR analysis, the cDNA was further diluted 25-50 times in nuclease-free water.

Real-time quantitative polymerase chain reaction (RT-qPCR)

To investigate gene expression of tlr4ba and tlr4bb from carp, RT-qPCR using ABsolute
QPCR SYBR Green Mix (no Rox) (Thermoscientific) was performed with a Rotor-Gene™ 6000
(Corbett Reasearch) as previously described [33]. Primers used for RT-qPCR were designed to
amplify the S11 protein of the 40S subunit as a reference gene (Table 1). Primers were designed
using OligoAnalyser 3.1 IDT (Integrated DNA Technologies) (http://eu.idtdna.com/analyzer/
applications/oligoanalyzer/default.aspx). To 5 pl of 50 times-diluted cDNA, 7 ul Master SYBR Green
mix, forward and reverse primer (300 nM each) and MilliQ water up to 14 pl was added. Following
cycling conditions were used: one holding step of 15 min at 95°C; followed by 40 cycles of 15 sec at
95°C for denaturation, 20 sec at 60°C for annealing and 20 sec at 72°C for elongation, followed by a
final holding step of 1 min at 60°C. A melting curve was then created with continuous fluorescence
acquisition starting at 60°C with a rate of 0.5°C/5 sec up to 90°C to determine the amplification
specificity. In all cases, amplification was specific and no amplification was observed in negative
control samples (non-template control and non-reverse transcriptase control). Fluorescence data

from RT-qPCR experiments were analysed using Rotor-Gene software version 1.7 (built 87) and
exported to Microsoft Excel. Relative expression ratios were obtained using the Pfafll method [34],
using average efficiencies per run, per genes. Gene expression of the house keeping gene was highly
constant as determined by the BestKeeper software [35] and used to normalize the data. Products
were checked at least once by sequencing.

Generation of carp Tlr4bb-GFP construct

The PCR product amplifying the complete carp tir4bb coding sequence was used as template
for a PCR using the cyca-FLAG-tlr4bbFW1 in combination with cyca-tlr4bbXhoIRv1 (Table 1)
followed by a second PCR using the cyca-tlrdbbPFW2 in combination with cyca-tlr4bbXholIRv1.
The PCR products were purified and used as template for a final PCR using cyca-tlr4bbBamHIFW 3
and cyca-tlr20-XhoI-Rv1. Primers were designed to add a BamHI site at the 5end upstream of the
leader pepetide and a FLAG tag and an Xhol site at the 3’ end, excluding the tlr4bb stop codon.
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Subsequently, this product was ligated into the BamHI and XholI sites of a pcDNA3.1 plasmid
(Promega) in frame with the sequence of the Green Fluorescent Protein (GFP) that was already
inserted in the vector, to obtain the Tlr4bb-GFP fusion product.

In vitro ligand studies

HEK 293 (human embryonic kidney) cells were transfected with 3.5 pg of pNiFty-Luc, a
plasmid encoding for the luciferase reporter gene under the control of the NF-«kB-inducible ELAM-
1 composite promoter (Invivogen). HEK293 cells were cultured in DMEM F12 (Gibco®) medium
supplemented with 10% Fetal Bovine Serum (FBS), 1% L-glutamin and 1% streptomycin/penicillin
at 37°C, or 27°C with 5% CO,. Stably transfected cells (HEK-NFxB-Luc) were selected using 250
pg/ml Zeocin (Life technologies™).

For transient transfection of the Tlr4bb-GFP vector, stably-transfected HEK-NF«B-Luc cells
were first plated at 5 x 10* cells/well in 96 well plate and incubated for 24 h, followed by transfection
with JetPRIME™ (Polyplus) with 0.125 pg of carp Tlr4bb-GFP vector alone or in combination
with 0,125 pg of the pcDNA3-SVCV-G plasmid encoding for the Glycoprotein of SVCV (kindly
provided by Dr. Niels Lorenzen). Alternatively, cells were transfected with the same amount of
a pcDNA3-GFP plasmid as negative control, or with pcDNA3-TLR2-YFP (Addgene plasmid
13016 encoding for human TLR2) as positive control and incubated for 72 h. After this incubation
period, cells were stimulated with different ligands for 5 h, medium was replaced with Bright glow
luciferase (Promega), the suspension transferred to a white 96 well plate with opaque bottom
(Corning®, Cat nr. 3300) and luminescence measured (Filtermax 5, Molecular Devices). In parallel,
as additional source of SVCV-G protein EPC cells (epithelioma papulosum cyprini [22]) were
used. EPCs were cultured in RPMI 1640 (Cambrex) supplemented with 10% Foetal Bovine Serum
(EBS), 1% L-glutamin and 1% streptomycin/penicillin at 27°C with 5% CO,. Cells were seeded in
6-well plates (1 x 10° cells/well) 24 h prior to transfection and subsequently transfected with 2 pg
of pcDNA3-SVCV-G plasmid using FuGENE 6 (Roche Molecular Biochemicals) according to the
manufacturer’s instructions.

Cells were stimulated with one of the following TLR ligands: ultra-pure LPS from Escherichia coli
O111:B4 (LPS-EB), ultrapure lipopolysaccharide from Porphyromonas gingivalis (LPS-PG), purified
lipoteichoic acid from Staphylococcus aureus (LTA), ultrapure endotoxin-free single-stranded DNA
from E. coli (tlrl-ssec), CpG ODNs 1668 (tlrl-1668), polyinosinic-polycytidylic acid poly(I:C) (tlrl-
pic), flagellin from S. typhimurium (tlrl-stfla), 23S rRNA (ORN Sal9) from S. aureus (tlrl-orn19),
all purchased from InvivoGen.

Immunofluorescence analysis

Experimental determination of the sub-cellular localization was performed using the carp
Tlr4bb-GFP construct. To this end, a human cell line (HEK 293) and a fish cell line (EPC) were
used. Cells were cultured as described above, seeded in 6-well plates (0.5 x 10° cells/well [HEK 293]
and 1 x 10° cells/well [EPC]) 24 h prior to transfection and transfected with 2 ug of carp Tlr4bb-GFP
plasmid. For detection of intracellular or cell surface localization of carp Tlr4bb-GFP, cells were
harvested 72 h post-transfection and fixed with 4% paraformaldehyde (PFA) for 15 min at room
temperature (RT), followed by a washing step with PBS containing 1% (w/v) bovine serum albumin
(PBS-BSA). Nuclei were stained with VECTASHIELD® Mounting Media containing propidium
iodide (Vector Laboratories) after overnight incubation. Sub-cellular localization of Tlr4bb-GFP
was determined with the help of a Zeiss LSM-510 laser scanning microscope. Green fluorescent
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signal was excited with a 488 nm argon laser and detected using a band-pass filter (505-530 nm).

Three-dimensional modelling

Structural models were obtained using the amino acid sequence alignment of carp Tlr4ba,
Tlr4bb and human TLR4, and dimer structure of human TLR4 (PDB-id: 3fxi) as template using
the Modeller program (version 9.12) [36]. In addition, the N-acetylglucosamine (NAG) and
water molecules present in the crystal structure were included in the modelling procedure. Thirty
comparative models were generated, after which the model with lowest corresponding DOPE score
[37] was selected for image generation with Pymol (Pymol).

Identification of novel Tlr4 sequences: bioinformatic, phylogenetic and
synteny analyses

Novel carp tlr4 genes were identified in the draft genome of common carp Bioproject
PRJNA73579 [38] blasting the known carp tir4 sequences (tlr4ba and tIr4bb) using the program CLC
bio Genomics Workbench version 4.9 (CLC bio, Aarhus, Denmark). The putative coding regions
within the genomic DNA were identified with FGENESH (http://linux1.softberry.com/berry.pht
ml?topic=fgenesh&group=programs&subgroup=gfind) and GENSCAN (http://genes.mit.edu/
GENSCAN.html), the predicted amino acid sequences were confirmed by using these sequences
as template in BLAST [39] and FAST [40] to compare with the most similar hits of previously
annotated genes. A number of 5 contigs within the carp genome (scaffold_63298, scaffold 52039,
scaffold_140, scaffold_37770 and scaffold_26868) with regions coding for tIr4 homologs were
identified. Nucleotide sequences of carp tlr4 genes were translated using the ExPASy translate tool
program (http://us.expasy.org/tolls/dna.html)[41] and aligned with Multiple Sequence Alignment
by CLUSTALW v2.0 (http://www.genome.jp/tools/clustalw/). The predicted amino acid sequences
were examined for the presence of a signal peptide using the SignalP program (http://www.cbs.
dtu.dk/services/SignalP-2.0/) [42] and the TMHMM?2.0 program (http://www.cbs.dtu.dk/services/
TMHMM-2.0/). Identification of protein domains was done with SMART [43] (http://smart.
embl-heidelberg.de/) and LRRfinder (http://www.rrfinder.com/), individual LRRs were identified
manually annotated according to the definitions from previous studies [44, 45].

A multiple alignment was performed using ClustalW v2.0 and a phylogenetic tree based on
the LRR extracellular domains was constructed using the Neighbor-Joining method [46] in MEGA5
software [47]. The tree was built using LRRs domains only, to have possibility to include the Tlr4
soluble form fish. Evolutionary distances were computed using the Poisson correction method [48],
all positions containing gaps and missing data were eliminated from the dataset (complete deletion
option). Phylogenetic analyses were done with 10,000 bootstrap replicates.

Genome synteny of the loci harbouring the tIr4 gene was undertaken by analysis of human
(genome assembly GRCh37, project number GCA_000001405.12), mouse (genome assembly
GRCm38, project number GCA_000001635.3), chicken (genome assembly Galgal4, project number
GCA_000002315.2), lizard (genome assembly AnoCar2.0 project number GCA_000090745.1)
zebrafish (genome assembly Zv9, project number GCA_000002035.2), pufferfish (Genome
assembly FUGU4) genomes that were retrieved from the Ensemble Genome Browser [49] (http://
www.ensembl.org/index.html) and carp Bioproject PRINA73579 [38].

Statistical analysis
Relative expression ratios (R) were calculated as described above. Transformed (LN(R))
values were used for statistical analysis in GraphPad prism version 5. For all tests, homogeneity
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of variance was assessed using Levene’s test. Significant differences (P<0.05) were determined by
two-way ANOVA followed by Sidak test. In case of unequal variances between groups, a two-way
ANOVA was performed followed by a Games-Howell test.

RESULT

Identification of Toll-like receptor 4 (tlr4) in carp

For zebrafish tIr4, it has been argued that the origin of the gene(s) raises questions regarding
nomenclature. The names tir4 and TLR4 would suggest misleading orthology, which can be avoided
by calling the zebrafish genes tlr4ba and tlr4bb. This has been suggested based on the hypothesis
that two ancestral TLR4 genes (referred as TLR4a and TLR4b) were present in the common
ancestor of teleosts and mammals but that during evolution the TLR4b was lost from the human
lineage while it is still present in (some) teleosts’ genomes. In zebrafish (as in other cyprinids and
siluriform fish) the tlr4b gene duplicated, leading to tir4ba and tlr4bb. Vice versa, the TLR4a gene
was lost from the teleosts’ lineage and retained in the mammalian one and is currently known as
TLR4 [13]. We adopted this proposal and nomenclature for zebrafish and carp tlr4 genes. Using
the information from zebrafish tir4ba and tir4bb and partial sequences for carp tirda (accession
number GU321982.2) and tlr4b (HQ229652.1) we cloned two full-length cDNA sequences for carp
tlr4 (accession numbers: tir4ba KF582561, tlr4bb KF582562). The carp tlr4ba and trl4bb genes have
open reading frames of 2325 and 2466 bp, encoding for proteins of 774 and 821 aa and predicted
molecular weights of 103.1 and 109.0 kDa, respectively. Alignment of the carp and zebrafish Tlr4
sequences identified carp Tlr4ba as most similar to zebrafish tlr4ba (75%) and carp tlr4bb similar
to zebrafish tir4bb (76%) (Figure 1). Carp and zebrafish Tlr4ba sequences do not contain a signal
peptide and the N-terminal LRR (LRRNT) whereas both, carp and zebrafish tlr4bb contain a
signal peptide (24 aa) and a LRRNT signature (Cx, C). Carp Tlr4ba has 21 LRR domains whereas
tlr4bb has 23, both have a C-terminal LRRCT (CxCx,,Cx,,C), a transmembrane domain and a TIR
domain. The complete carp protein sequences are 90% similarity to the partial sequences in the
database.

* * LRR1 LRR2
Tlr4ba D.rerio  --------------"-~--"-~-~-"-~-~-~—~—- MNTIIENLHYSE@MGRNLSSIPSSIPSSVQTLDES 34
Tlr4bb D.rerio ——MSNGERMIFLSSIFILVNAGQGQEITELIKNKEYS SGRNLTCIPGSLPFSVASLDFS 58

Tlrd4ba C.Ccarpio —------- - o - oo oo oo MSLDFS 6
Tlr4bb C.carpio MIMSYGEWMIFLGSVLFLASSGQGQEITTIIKNMEYSISGRNLTQIPSSLPFTVMSLDFS 60

LRk kK

LRR3 LRR4

Tlr4ba D.rerio FNFFPQLKKTIFPVLSFLRVLDLSRCHIRQIENDAFYNVKNLTTLFLTGNPIIYFAPGCL 94
Tlr4bb D.rerio FNFLTSLHKRVFPVMLNLOLLDLTRCYIRQIEKDAFYNVKNLMTLILTGNPITYLAPECL 118
Tlr4ba_ C.carpio FNFLSSLHKCAFPVLVNLQVLDLTRCOIKHIENDTFYNVKNLTTLILTGNPITYFGPGCL 66
TLR4bb C.carpio FNFLSSLHKCAFPVLVNLQVLDLTRCQIKHIENDTFYNVKNLTTLILTGNPITYFGPGCL 120

Kkk o kik  kkk.  Kkioikkk i kk k.. kk.Kk.kkkkhkhkk Kk kKKK KK k. ok k%

LRR5 LRR6 LRR7

Tlr4ba D.rerio NTLYNLORLVLVDIGLESLQLNINNLTKLOELNVGTNYIQSMTLPPFMTTFKNFSLLDLH 154
Tlr4bb D.rerio NSLYKLORLVLVDVRLESLQLQINNLTKLODLKVGTNCIQSMTLPSFMSTFKDFSLLDLH 178
Tlr4ba_ C.carpio NSLHNLORLVLVDVGLSSLQLQINNLTKLOELRVGTNNIESISLPPFMSTFKEFSLLDLH 126
Tlr4bb C.carpio NSLHNLQRLVLVDVGLSSLQLQINNLTKLQELRVGTNNIQSMSLPSFMSTFKEFSLLDLH 180

Kok ikkhkhkhkhAkhk: K Kkkk  hAKRKRKRKRAK .k Kkkk *ok,  kk Kk KkkKk . kkAkAhkhK

LRR8 LRRY

Tlr4ba D.rerio ANNISIIRTNHTVVLREIGRNMTLILTWNPLLHIEPGAFKDVYLROQLDIRSAFVSFSAQK 214
Tlr4bb D.rerio ANNISIIRMDHTAVLREIGRNMTLILSRNPLIHIEPGAFKDVILRELHLLAAFISFNAQK 238
Tlr4ba C.carpio ANNISIIKTDHTAVLREIVRNMTLILSRNPLLYIEPGAFKDIYLRELNIRSAFVSSAAQQ 186
Tlr4bb C.carpio ANNISIIKTDDTVLLREIGRNMTLILSRNQLLHIEPGAFKDIYLKEFHILSSFVSLNAQK 240

*khkkkkkk . s Kk ckkkk kkkkkkk . k k.. kkkkkkhkk, k..o . sk ok * % .

97




Chapter 5

Tlr4ba D.
Tlr4bb D.
Tlr4ba C.
Tlr4bb C.

Tlr4ba D.
Tlr4bb D.
Tlr4ba C.
Tlr4bb C.

Tlr4ba D.
Tlr4bb D.
Tlr4ba C.
Tlr4bb C.

Tlr4ba D.
Tlr4bb D.
Tlr4ba C.
Tlr4bb C.

Tlr4ba D.
Tlr4bb D.
Tlr4ba C.
Tlr4bb C.

Tlr4ba D.
Tlr4bb D.
Tlr4ba C.
Tlr4bb C.

Tlr4ba D.
Tlr4bb D.
Tlr4ba C.
Tlr4bb C.

Tlr4ba D.
Tlr4bb D.
Tlr4ba C.
Tlr4bb C.

Tlr4ba D.
Tlr4bb D.
Tlr4ba C.
Tlr4bb C.

Tlr4ba D.
Tlr4bb D.
Tlr4ba C.
Tlr4bb C.

rerio
rerio
carpio
carpio

rerio
rerio
carpio
carpio

rerio
rerio
carpio
carpio

rerio
rerio
carpio
carpio

rerio
rerio
carpio
carpio

rerio
rerio
carpio
carpio

rerio
rerio
carpio
carpio

rerio
rerio
carpio
carpio

rerio
rerio
carpio
carpio

rerio
rerio
carpio
carpio

LRR10 LRR11
AALKALHGLNVKRLIFGKYREDNGFHFVDNDVLDGLCCFNFQEVSYYVLESAKTTIAIFR
ECHKALTGLTVDKLFVGRYRMDEKIKVSVPDYLEGLCSINEFNEIYLVOKEWSDSEMHLEFR
AGLKALYGLNVKKIIFGKYKGEFRFQFSDANVLDGLCSIYFQEVYYYINERPSVPIYIFR
ECLEALTGLSVDKLFLGSYRMQWKVKVSNGSYLDGLCSIHFNEIYFVQKEFSDSEMHLFR

skk okk k... X k. . . Lo K akkk . koo k. * . s kK
LRR12 LRR13 LRR14
CMINATRITVKGGNIYEMETVHFHKTKELYLINNGLGTLPTKQLSHLHTLEKLEITHNSE
CMVNATKITIKKAYMNSMKHI PFHRLKELYLSDTGLSVVP--FISHIPSLEKLVMKSP-F
CMINATNVLVRNGMIDEMEYVFFREIKELYLDYDHLGTLPGKQLSHLHTLEKLVIAHNIE
CMINATKITVKSGYIKSMKYIRFHRLKELYLAPTLLSAVP--LISHIPSLEKLVVRNN-M
*k okkk . T . . R s ok kkkkk * 0k s kK. sk ok ok ok
LRR15 LRR16

PIFAEPFTDLPKLOYVDLSDNOQLKIKHCCSTLLSGTPQINYLNLSLNSEISVDVGGFEGL
PITFTGVSDLPLLOYVDLSGNMLILHECCSILFPRTPNIQYLNLSONSEITFVNEPFSAL
PIHAGTFIDMPKLOYLDLSCNRMTLKQCCTTLLSGTPQIRYLNLSRNGEISLDVGGFDGL
PMNFYGISDLPLLKFVDLSGNFLILKDCCSQFFQRTPNIHYMNLSRNSEIGIADKPFSGL
* . Lok ek k.. akk ok ok . s kk. T kk ok kokkk ok kk | * %

LRR17 LRR18 LRR19
DSLEILDFSYTRVVRIGYLSVLSNLKNLRYLDVSYSSVTFSNIFCFLGLSSLNVLKMAGN
DLLEVLDFHHTKLVIVFYFGFFKHLRNLKYLDISYTRVHFN-TLTFQDLHNLTVLKMAGN
DSLEILDFQHTRVVGMGYFSALSNLKYLRHLDVSYSAITFTNIHCFYGLKNLNVLKMAGN
DLLEVLDLHHTKLVLVFYFGFLHGLKYLKYLDISYTSICHK-TMIFQDLNNLNALKMAGN
* kkokk . skok o k. . k. ok okk o kk . . .. * ok k _ kkkkkk

LRR20 LRR21
NEQGNVAKYVFNNLTLLEHLDMSFCHLVELHTSSFKYLOQRLRHLNVKGNYLIKIDFLTHP
SFSGDKLSYFLONLTSLEVLDISQCGIEKVSMRSFTGTQKLRHLYLSRNKLMVLDFLTQP
NEFQGDVARYLFNNLTFLEHLDMSYCHVVELHPSSFKNLQRLRLLNLRGNYLMTIDFLALP
SFHGDALSYLLQNLTGLNVLDISHCGIEEISRRSFIGTQKIRYLYLSQNKLMILDFLALP
R * cokkk k. kk .k k. T * .. skkk .
LRR22 LRR23

NLKQLTSEFYVEKNSITAIPLHVLKNLPMNLSEFDLSFNPIDESESQTDFMLWI INNQKVL
ELTHLTSVYIDKNSITTIPLDVLQKLPMNLSEFDLSSNSIDESESQTDFILWIIQKQNIL
NLKQLTSLYVDKNSITSIPLHVLQSLPRNLLEFDLSSNPID SQTDFILWIIQNQKVL
NLKQLTSLYVDKNSITSIPLHVLQKLPTNLSEFDLSSNPID SQTDFISWIIQNQNIL
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Figure 1. Protein sequence comparison of zebrafish and carp Tlr4. Amino acid alignment of carp Tlr4ba
(KF582561) and Tlr4bb (KF582562) with zebrafish Tlr4ba (NP_001124523.1) and Tlr4bb (NP_997978.1).
Alignment was performed usin ClustalW v2.0. The putative signal peptide is underlined. Conserved cysteine
residues important for the N-terminal domain (LRRNT) and C-terminal domain (LRRCT) are indicated by
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arrows above the sequence alignment and highlighted in dark grey. Predicted leucine rich repeat domains are
highlighted in grey and numbered LRR1-23. The transmembrane region is underlined with dash line, whereas
the TIR domain is highlighted in black. Asterisks (*) indicate identities, (:) double dots indicate conserved
substitutions, (.) single dots indicate semi-conserved substitution and (-) dashes gaps used to maximize the
alignments.

Constitutive gene expression of #Ir4 in carp

Constitutive expression of carp tlr4ba was relatively high in mid kidney, peripheral blood
leukocytes (PBL), brain and liver, whereas expression of tlr4bb was more equal between organs
(Figure 2a). Overall, tIr4ba basal gene expression was always higher than tlr4bb gene expression.
Of interest, tIr4bb gene expression was 