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Abstract

In recent years, lumpfish and different species of wrasse are used as cleaner fish for
removal of sea lice from farmed Atlantic salmon in Europe and Canada. The production of
lumpfish is successful, but there are challenges with high mortality due to bacterial
infections. In-depth knowledge of the immune system in lumpfish, particularly immune
responses upon bacterial infections and identification of immune genes, will make an
important basis for development of immune-prophylactic measures to this species. Prior
to this study, there were no available sequences of lumpfish immune genes in public

databases.

To obtain sequence information from lumpfish, RNA sequencing of head kidney
leukocytes (HKLs) exposed to Vibrio anguillarum 01, followed by de novo transcriptome
assembly, was performed. The transcriptome encompassed 221659 trinity genes, 9033
differentially expressed genes (DEG) at 6 hours post exposure (hpe) and 15225 DEG at 24
hpe. The DEG analysis of the lumpfish transcriptome clearly showed that the alternative
pathway of the complement cascade is one of the chief mechanisms in the V. anguillarum
response in lumpfish HKLs. Furthermore, the DEG analysis also clearly showed that the
TLR signaling through the canonical NF-kB pathway was the major pathway in the
adaptation of the innate immune response. Further, a wider MAPK pathway regulation
was observed, involving all the sub pathways, however, at much less potent regulation
levels compared with NF-kB. Globally, the DEG analysis displayed a picture of a pro-
inflammatory reaction, initiated by the soluble Toll-like receptor 5 (TLR5S) and the
alternative complement pathway, and resulting in high up-regulation of the cytokines

interleukin (IL)-1B, IL-6, CXCL8 (also known as IL-8) and tumor necrosis factor (TNF)-a.

Further characterization of the lumpfish IL-1 family, both ligands, receptors (IL-1R) and IL-
1 signaling pathways were performed. Full-length sequences of the ligands IL-1pB, IL-18,

and the fish-specific IL-1 family members nIL-1F and IL-1Fm2, the receptors IL-1R1, IL-1R2,



IL-1R4 (ST2/IL-33 receptor/IL-1RL), IL-1R5 (IL-18R1) and partial sequences of DIGIRR and
IL-1R3 (IL-RAcP) were identified. In vitro stimulation of lumpfish leukocytes with a
selection of PAMPs, showed that lumpfish IL-1B and nlL-1F were upregulated most
potently by flagellin. The phylogenetic analysis of the IL-1 family ligands showed that IL-
1B, nIL-1F1 and IL-1Fm2 are more like each other than to IL-18. Furthermore, sequences
from lobe-finned fish and shark were clustered within the nIL-1F clade, suggesting that
nIL-1F, together with IL-1B are ancestral genes. This is the first report describing the

occurrence of nIL-1F in non-teleost species.

Characterization of lumpfish TNF-a revealed that it contained the hallmark properties of
TNF-family at nucleotide and peptide levels. The phylogenetic analysis of teleost TNF-a
clarified the evolutionary history of this gene within Teleostei. Basally in Teleostei the
gene is duplicated. One gene retains the structure, while the other gene loses the amino
acids at the C-terminus end of the transmembrane domain. This loss has been suggested
to cause an impaired secretion of the molecule. Interestingly, all sequences within
Ostariophysi were of this second type with questioned secretabillity. Further, duplication
of the TNF-a genes have occurred in Salmonidae and Cyprininae. Although
characterization of lumpfish IL-6 revealed a classic gene arrangement, two isoforms were
predicted - one classic isoform (IL-6i1) and one isoform containing an alternatively
retained intron (IL-6i2). The predicted peptide sequence of the IL-6i2 contained a signal
peptide first revealed after proteolytic cleavage. Caspase 1 was predicted to cleave in this
region. It is therefore hypothesized that lumpfish IL-6 kinetics may be dependent on
caspase 1 processing. In the normal tissues and unstimulated leukocytes, the levels of
TNF-a transcripts were higher than IL-6 transcripts, except for eye and brain where the
transcript levels of IL-6 were unexpectedly high. Both genes displayed a similar induction
pattern to PAMP stimulation in vitro and both were most potently stimulated by flagellin.

IL-6 was more potently stimulated that TNF-a.



In conclusion, the lumpfish innate immune responses are potent and consist of most of
the molecules for a modern teleost. The alternative complement pathway and TLR
signaling pathway are fundamental to the in vitro response to V. anguillarum O1 in
lumpfish leukocytes. The identification and characterization of the major pro-
inflammatory cytokines and design of qPCR assays in lumpfish provides a valuable tool to
measure innate immune responses in lumpfish e.g. upon immune modulation, such as

vaccination, microbial diseases or physiological trials.
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Introduction

Lumpfish utilization and major infectious diseases

Reported lumpfish (Cyclopterus lumpus) farming started in 2012. This makes it a novel
species in aquaculture, although it has been caught in wild fisheries for a long time and
valued for its roe — a sought after commaodity in the making of caviar. However, roe is not
the reason why lumpfish fish farmers started rearing lumpfish. Fish farmers started to rear
lumpfish due to its ability to control salmon louse (Lepeophtheirus salmonis) levels in the
salmon net pens. Along with lumpfish, several species of wrasse (Labridae) have shown
adequate capability of controlling the salmon louse levels (Powell et al., 2018). The supply
of wrasse has mostly been from the wild fisheries, while the aquaculture has supplied
most of the lumpfish. The supply of wrasse has only increased modestly, while lumpfish
production has grown exponentially. The average price for lumpfish has continued to

increase and in 2018 it reached approximately 21 NOK/fish of deployment size.

The production of lumpfish relies on the capture of wild brood stock, and raising the
offspring in captivity (Powell et al., 2018). This practice may pose a strain on natural
populations, and the species is classified as near threatened by the International Union
for Conservation of Nature (IUCN). There are growing concerns that over-exploitation of
wild stocks and translocation of hatchery-reared lumpfish may compromise the genetic
diversity of native populations. These concerns were strengthened by a recent study
showing that some lumpfish populations are very small and have low genetic introgression
(Whittaker et al., 2018). The effective population sizes of North East Atlantic (lceland,
Faroe Island and Norway) populations were found to be consistently low, and susceptible

to these concerns.

The production of lumpfish is successful and the number of deployed lumpfish in salmon
cages in Norway in 2018 was 30 million fish (Norwegian Directory of Fisheries). However,

high mortality among farmed lumpfish has been reported, both during production, during
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transportation and in net pens. Lumpfish suffer from diseases in the same manner as all
other organisms, and high mortality caused by bacterial diseases has been observed. In
recent years, viral diseases have also been reported (Table 1). In addition, some of the
incidents were related to sub-optimal handling and conditions in the net pens, such as;
low oxygen levels during transportation, lack of equipment suitable for lumpfish and lack
of feed in the net pens. However, mortalities caused by bacterial infections have caused
the major disease outbreaks in lumpfish. In particular, three bacteria have been highly
problematic: V. anguillarum, atypical Aeromonas salmonicida and Pasteurella sp., and are

still a major problem (Walde et al., 2019), Table 1.

V. anguillarum, also known as Listonella anguillarum, is a Gram-negative (G-) comma
shaped rod bacterium. It is polarly flagellated, non-spore forming, halophilic, facultatively
anaerobic and the causative agent of vibriosis, a deadly hemorrhagic septicemic disease
affecting various marine and limnological organisms including vertebrates, mollusks and
crustaceans (Bergman, 1909; Farmer et al.,, 2015; Frans et al., 2011). It causes high
morbidity and mortality rates in aquaculture and larviculture worldwide, thereby causing
severe economic losses (Frans et al., 2011). In lumpfish, V. anguillarum is suspected to
cause a classic vibriosis characterized by lesions, enlarged anus, pale gills, ascites and
inflamed gut (Gulla, 2016). The classic vibriosis in lumpfish is to a large extent under
control, as successful vaccines have been developed and deployed. However, lumpfish are
still vulnerable to Vibrio infections in early life stages and before the vaccine gives
protection. Also, a marketing license is needed as the vaccine is today distributed under

an exemption from the Norwegian law.

A. salmonicida was first described in Emmerich and Webel (1894) as the bacteria of trout
disease. The disease was a major threat in salmon farming until effective oil-adjuvanted
vaccines were developed (Midtlyng, 1996). Clinical outbreaks in salmon are seldom

observed today. There are several recognized subspecies of A. salmonicida, but many
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laboratories are satisfied with only distinguishing between typical and atypical A.
salmonicida. Strains belonging to the subspecies salmonicida are denoted as typical while
others are denoted as atypical, leaving the atypical A. salmonicida taxonomically more
diverse than the typical (Wiklund and Dalsgaard, 1998). Gulla et al., (2016) created a rapid
and inexpensive method for distinguishing between the different A. salmonicida
subspecies by typing its vapA gene, a gene encoding the A-layer protein. Typical isolates
are often related to disease in salmonids (furunculosis), atypical isolates are most
commonly recovered from non-salmonid fish (disease often termed atypical furunculosis)
(Gulla, 2017). Macroscopically dark skin, skin lesions, hemorrhages, hemorrhaged swollen
anus and multiple white nodules in kidney was observed in intraperitoneal and

cohabitation A. salmonicida infected lumpfish (Rgnneseth et al., 2017).

Disease caused by Pasteurella sp., known as pasteurellosis, in farmed lumpfish has steadily
increased during the years of production and is today one of the most prevalent bacterial
disease agents in Norwegian lumpfish aquaculture. Although the bacterium has not yet
been described to the genus level, phylogenetic analysis revealed a close relation to
Pasteurella sp. from Atlantic salmon in Norway (Alarcon et al., 2016a). Macroscopically
affected fish show skin lesions, especially around the eyes, hemorrhages of internal
organs, gill, fins and granulomas. Histopathological observations include; multifocal
bacterial microcolonies in skin, gills and internal organs (Alarcon et al., 2016a; Ellul et al.,
2019 b). It can resemble the histopathology of A. salmonicida (Scholz et al., 2018). The
Pasteurella sp. can cause extreme mortalities (up to 100%), and antibiotic treatment does
not completely treat the population, as subclinical carriers post treatment is common and
outbreaks can reemerge after stress-events. It has been speculated that Pasteurella sp. is
a facultative intracellular bacterium, possibly explaining the lack of efficiency in antibiotic
treatments (Ellul et al., 2019 b). The currently available commercial vaccines to lumpfish
do not contain Pasteurella sp., and if it has a facultative intracellular lifestyle, it will be

very difficult to develop efficient vaccines. Vaccine trials have been conducted — although
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the mortality kinetics of challenge trials were affected by the vaccines, the end mortality
was not. It is suggested that this is either an effect of the vaccine-preparation or due to
the possible intracellular nature of Pasteurella sp. (Ellul et al., 2019 a). These properties

make Pasteurella sp. a serious threat against aquaculture applications of lumpfish.

In the most recent years, Pseudomonas anguilliseptica has proven to be an elusive agent
and is considered an emerging pathogen. None of the current disease combating
measurements have hindered the spread of P. anguilliseptica, as outbreaks of this
pathogen is strongly correlated to the production of lumpfish (r> = 0.9932, Fig. 1) —as more
lumpfish are sold, more outbreaks caused by P. anguilliseptica are observed. When using
the parameter “sold lumpfish” as proxy for number of lumpfish in Norwegian fish farming,
these data entail that P. anguilliseptica is a proficient pathogen at exploiting the

production and utilization conditions in Norway. In order to gain control of this disease,

50
40 ® Atypical A. salmonicida
Typical A. salmonicida
30 Pasteurella sp.
y, = 1E-04x -0,94 P. anguilliseptica
) )
20 R?=0,9932
® V. anguillarum
[ ] o "
10 —o y, = 1E-06x + 8,41 V. ordalii
® v ) 2
L P R? = 5E-05
° ] ° ® Neoparameba perurans
0 —-s
5000 10000 15000 20000 25000 30000 35000
-10 Thousands of sold lumpfish/year

Figure 1. Scatterplot of number of Norwegian lumpfish localities with disease outbreaks in plotted
against yearly production of lumpfish. y; = the linearly relationship between P. anguilliseptica
outbreaks and amount of sold lumpfish. lllustrated by the yellow trend line. y, = the linearly relationship
between V. anguillarum outbreaks and amount of produced lumpfish. lllustrated by the pink trend line.
R? reflects the Pearson correlation effect of the respective yx. The data presented here is a compilation
of data from the Fish Health report 2018, Table 10.1, of the Norwegian Veterinary Institute and the sales
report 2012-2018 of sold cleaner fish from the Norwegian directorate of Fisheries.
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development of either new farming routines or veterinary practices, such as vaccines and
antibiotic treatment, must occur. P. anguilliseptica vaccines for other species exist today
(Jang et al., 2014) and could possibly be adjusted to lumpfish and included in polyvalent
vaccines. Although P. anguilliseptica infections are not associated with high mortalities,
its increasing prevalence should be taken seriously, especially considering the possibility

for development of antibiotic resistance which can be transferred to more bacteria.

Table 1. Diversity of pathogens isolated from diseased lumpfish.

Koch’s postulate has not been fulfilled for all microbes in this list.

Type of
Pathogen Disease pathogen Description in lumpfish
Aeromonas salmonicida Furunculosis Bacteria (G-) (Gulla et al., 2016)
Moritella viscosa Winter ulcer disease  Bacteria (G-) (Scholz et al., 2018)
Pasteurella sp. Pasteurellosis Bacteria (G-) (Alarcon et al., 2016a)
Piscirickettsia salmonis Piscirickettsiosis Bacteria (G-) (Marcos-Lopez et al., 2017)
Pseudomonas anguilliseptica Red spot disease Bacteria (G-) (Scholz et al., 2018)
Tenacibaculum maritimum  Tenacibaculosis Bacteria (G-) (Smage et al., 2016)
Vibrio anguillarum Vibriosis Bacteria (G-) (Marcos-Lopez et al., 2013)
Vibrio spp. Atypical vibriosis Bacteria (G-) (Walde et al., 2019)
Exophiala angulospora Fungi (Scholz et al., 2018)
Exophiala psychrophila Fungi (Scholz et al., 2018)
Nucleospora cyclopteri Fungi (Alarcon et al., 2016b)
Tetramicra brevifilum Fungi (Scholz et al., 2017)
Anisakis simplex Metazoa (Johansen et al., 2016)
Caligus elongatus Metazoa (Johansen et al., 2016)
Gyrodactylus cyclopteri Metazoa (Johansen et al., 2016)
Hysterothylacium aduncum Metazoa {(Johansen et al., 2016)
Ichthyophonus hoferi -like Metazoa (Borng & Linaker 2014)
Kudoa islandica Soft flesh disease Metazoa (Kristmundsson & Freeman 2014)
Myxobolus albi Metazoa (Cavin et al., 2012)
Neoparamoeba perurans Amoebic gill disease  Protozoa (Haugland et al., 2017)
Trichodina spp. Protozoa (Johansen et al., 2016)
Lumpfish flavivirus Virus (Skoge et al., 2018)
New ranavirus Virus (Scholz et al., 2018)

Viral hemorrhagic
septicemia virus VHS Virus (Guethmundsdottir et al., 2019)
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The innate immune system of teleosts

The immune system is divided into the innate (non-specific) and the acquired (specific)
immune system. However, growing evidence reveal interplay and functional overlap
between these sections. Despite this, it is a valuable distinction. Chiefly, the potency of
the innate immune system is dependent on genetic inheritance, while the potency of the
adaptive immune system is dependent on the individual microbial exposure history. In
addition, the innate immune system is more structurally and functionally diverse while
the adaptive immune system is a highly specialized system that has honed a few effector
mechanisms with highly specific initiators - the T-cell receptor (TCR) and B-cell receptor
(BCR). Furthermore, the innate immune system is considered a rapid response system
while the adaptive immune system is considered a slow, but heavy hitting, defense

system.

The immune response to a new pathogen occurs in three phases. The first phase includes
the anatomical barriers and some immediately acting humoral factors. In the second
phase of the response, innate immune cells sense the presence of the pathogen. This
activates the innate immune cells, which initiate several different effector mechanisms. If
these responses are not enough to handle the infection, mechanisms will be engaged to
induce the third phase of the immune response, which leads to the expansion of antigen-

specific- and memory lymphocytes.

The first phase of the immune response.

Pathogens are nearly as diverse as the tree of life; representatives within all kingdoms of
life infect other representatives. When we phylogenetically limit the host to a phylum, for
instance Vertebrata, the diversity is smaller, but still striking. Five groups of Vertebrate-
infecting pathogens can be characterized: viruses, Bacteria, Fungi, Protozoa and Metazoa.
The three former groups are often described as microbial organisms, or microbes for

short, while the latter two groups are often described as parasites. These groups are
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biochemically different from each other, they have different habitats and life cycles. In
order to control these pathogens, the hosts have a wide range of innate and adaptive
immune mechanisms. Table 1 contains a list of the lumpfish pathogens highlighting the

diversity.

Pathogens can infect all body compartments. Two compartments can be defined: the
extracellular and the intracellular. The extracellular compartments are separated into
epithelial and interstitial spaces, while the intracellular compartments are separated into
cytoplasmic and vesicular spaces. Most bacterial pathogens live and replicate in
extracellular space causing extracellular infections and inflammation (see section
“Inflammation”), and they are susceptible to engulfment by phagocytic cells. The
phagocytic cells have receptors that can recognize the pathogen directly, but also
receptors for opsonins, which are components that cover the pathogens and make it more
vulnerable for phagocytosis, such as lectins and complement factors (Zhang and Wang,
2014) . In addition to phagocytic receptors, phagocytic cells have signaling PRRs, which
upon binding with their respective ligands, initiate intracellular signaling cascades leading

to an increased cytokine production.

Surface tissues

A tough skin, with an outer layer of keratinized dead cells, hair and fatty acids,
characterizes the external surface of mammals. This provides a completely different
ecological niche than the fish skin. The fish skin lacks a mechanical barrier provided by the
dead cells. Further, mucus covers the teleost skin, and fish have scales instead of hair.
Lumpfish also have hypodermic protrusions that break the epidermis and are covered only
by mucus. Haugland et al., (2018) theorized that these protrusions might act as important
gateways for pathogens if the mucus layer gets disturbed. Mucus covers all the epithelial
surfaces of teleosts, and it has been of high interest in fish health research the later years.

In addition to possessing local adaptive immune reactions, reviewed in Salinas (2015),
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mucous tissues possess a myriad of different innate immune components and provide
physical barriers. All mucosal surfaces of teleosts are in an intimate relation with the
microbiota of the surrounding water, and the microbial load on the surfaces of the fish
can be very high. Here follows an anatomical description of the differing surface tissues,

including specialized immune adaptations for each organ.

Stratified squamous epithelium lines the mouth cavity, gill arches and esophagus,
containing numerous mucus cells and taste buds. The mucus ensures easy passage of feed
and protects the epithelium. The gills are in the gill cavity, the area between the gill arch
and the operculum (gill lid). Two gill filaments are attached to one gill arch, both filaments
are referred to as holobranch, while one of the two are referred to as hemibranch. The
hemibranch is composed by stacked primary lamellae, protruding from the lateral-
posterior side of each gill arch. On each primary lamellae, thin-walled tissue leaves — or
secondary lamella — are stacked tight and is the site of gas exchange. Simple squamous
epithelium lines the surface, it is supported by pillar cells (specialized endothelial cells)
which form the capillary veins. This ensures an efficient respiratory organ by an extremely
close distance between the blood and the oxygen rich water (0.5 — 4 um in healthy
individuals). Active species have larger and more numerous secondary lamellae, and more
sedate species have smaller and less numerous secondary lamellae (Kryvi and Totland,
1997). In salmonids an inter-branchial lymphoid tissue has been characterized (Haugarvoll
et al., 2008). It has been described as “intraepithelial cell accumulations on the caudal
edge of the inter-branchial septum at the base of the gill filaments”, and “a distinct
structure consisting of T cells embedded in a meshwork of epithelial cells” (Aas et al.,
2014; Haugarvoll et al., 2008). This salmonid inter-branchial lymphoid tissue is the only

evidence in teleosts of an organized mucosa-associated lymphoid tissue (MALT).

Recently, the nasal cavity has sparked an increased interest among fish immunologists.

The detection by Tacchi et al., (2014) of a nasal associated lymphoid tissue (NALT) in
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rainbow trout has been important in driving this interest. Teleosts possess two nasal
cavities, both placed in between their two respective nasal openings and ends. Water
flows in through the anterior opening, passes through the olfactory rosette and leaves the
fish through the posterior opening. Movement of the fish is usually the cause of the water
flow. A central bar of connective tissue with olfactory epithelium folds protruding from it,
composes the olfactory rosette. The sensory cells of the olfactory epithelium are classical
bipolar neurons — being a short dendrite ending in the surface of the epithelium with a
limited number of cilia. The combined neurites of all the sensory cells encompasses the
nervus olfactorius, and is directly coupled two lobus olfactorius, usually situated directly
in front of telencephalon (Kryvi and Totland, 1997). This short distance between the water
and brain is an ecological niche some microbes might exploit, as the brain’s immune
defense lack pro-inflammatory properties. Besides the olfactory sensory cells, the
olfactory epithelium consists of support-, basal-, myeloid- and lymphoid cells (Kryvi and
Totland, 1997; Tacchi et al., 2014). The lymphoid cells are also scattered throughout the
lamina propria, and compromises the diffuse nasal associated lymphoid tissue. In rainbow
trout NALT, IgT* B-cells contribute 50-60% of the total B-cells, resembling the population
distribution of gut. IgT* B-cells in the nasal cavity are primarily found in the epithelial tissue
while in gut IgT* B-cells tend to be localized in the lamina propria. Further, in rainbow trout
mucosal Ig’s coat two thirds of the microbial community colonizing the nasal cavity and
50% of the microbial community are double coated while IgT and IgM, coated with 25%

each (Tacchi et al., 2014).

The digestion canal starts at the mouth and continues through the fish until its rectum.
Conceptually, the digestion canal is organized in a constant fashion:1, the lumen is lined
by an epithelial mucosa-layer, 2, it is supported by a sub-mucosa layer, mainly consisting
of loose connective tissue known as lamina propria, 3, this is separated by a cell-less band
of collagen, known as stratum compactum, and 4, itis enclosed in a layer of circular muscle

followed by a layer of longitudinal muscle. This muscle layer is known as muscularis
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externa, and is sheathed by a layer of peritoneum, known as serosa. The muscle layer
ensures the passage of food by peristaltic movements. Based on distinct morphological
and histological properties, the division of the digestion canal in teleosts is mouth,
esophagus, stomach, gut and hindgut. The entire digestion canal is lined by varying
mucous tissues, some of them are primarily important as a first-line defense of the
immune system, while other also contain lymphocytes. The immunology of the digestion
canal is interesting from the applied sciences regarding immune prophylaxis and
production, as inflammation of the digestion canal can significantly affect growth rate and

soforth. Further, the digestion canal is an important route of infection of many pathogens.

Several sphincters line the entrance of the esophagus. The esophagus mucosa layer
consists of several layers of cylinder cells covered by mucus cells, lining the lumen a simple
squamous cell layer. Secreted mucus on the surface of the epithelium is continually
produced by the numerous mucus cells. The esophagus epithelium has several folds in
both cross-sectional and longitudinal direction and beneath the lamina propria there are
muscles, yielding a noticeable flexible tube able to move large pieces of food down to the

stomach.

Some teleost species lack a stomach, and the esophagus leads the food directly into to the
gut. Cleaner fish from the family Labridae is among them (Lie et al., 2018). The transition
between the esophagus and stomach is not macroscopically clear, but histologically there
is a defined division. The composition of stomach wall is like the gut as the mucosa layer
is a folded simple cylinder epithelium supported by submucosa. Numerous granulocytes
surround the stratum compactum. In addition to this general organization of the stomach
and gut, they have some defining features. Tight folds line the stomach epithelium
creating a microenvironment called the crypt. Chief cells line the crypt and produce the
hydrochloric acid and pepsin, responsible for the bulk digestion. From humans, the pH in

the stomach can reach extremely low levels, ranging from pH 1-2. A mucus layer
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containing high concentrations of bicarbonate and potassium protects the chief cells, also
providing a difficult pH barrier for pathogens to pass (Ross and Pawlina, 2011). The
proximal region of the stomach contains a thinner muscle layer than the distal region. At
the end of the distal region an area called pylorus is defined by the increased circular
muscle layer, giving rise to a sphincter muscle that separates the stomach and the gut

(Kryvi and Totland, 1997).

Further digestion is continued in the gut. Immediately downstream of the pylorus, the gall
and pancreas ducts deposit its contents into the gut. Consequently, the pH is increased,
and, fat emulsifiers, waste from blood and digestive enzymes is deposited in the gut.
Distally of these ducts, pyloric caeca are often found. These are dendrite-like gut-
protrusions that can be numerus, reaching hundreds in some cod species. Principally the
histology of these are like the rest of the gut, although the walls are thicker. The histology
of the gut resembles the histology of the stomach, with some notable exceptions. The
simple cylinder epithelium has several adaptations increasing the surface tissue: cross-
sectional folds, mucosa villi and epithelial microvilli. The cross-sectional folds can surpass
half the circumference of the gut. Upon these folds the mucosa villi protrudes and apically
on the epithelial cells the microvilli is located. Further, the epithelium contains secretory
endocrine cells and intra-epithelial leukocytes with significant cytotoxic activity (Kryvi and
Totland, 1997; McMillan and Secombes, 1997). However, most of the leukocytes are

present in the submucosa.

Body fluids

Immunologically there are three body fluids of major importance: mucus, interstitial fluid
and vascular fluid. Mucus is an extra-cellular matrix rich in glycoproteins yielding a highly
viscous fluid covering all surface tissues of teleosts. In addition to all the immune
components (e.g. antibodies, antimicrobial peptides) in mucus, it has important functions

as it harbors commensal microbiota and is being continuously shed, thereby making it
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hard for pathogens to establish a site of infection. The interstitial fluid is the fluid filling all
the gaps between the cells in organs and tissues. This fluid is rich in several immune
components, and sentinel cells of the innate immune system, such as macrophages and
dendritic cells that continuously wade through it hunting for potential pathogenic
components. The vascular fluids, blood and lymphatic fluids, are extremely important for
protection, as the immune system is distributed throughout the entire body, and not
localized to one specific organ. During inflammation, immune cells and immune
components (e.g. humoral factors such as acute phase proteins and pro-inflammatory
cytokines) must be recruited to a site of infection within short time and the vascular

systems are the highways of the immune system.

The presence of a lymphatic system in teleosts has been questioned. However, recent
studies have shown that zebrafish possess a secondary vascular system that shares many
of the morphological, molecular and functional characteristics of lymphatic systems in
other vertebrates (Jung et al., 2017, and references within). Whether this represents a
true lymphatic system, as seen in higher vertebrates, or an evolutionary prototype

remains to be unveiled.
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Figure 2. A non-exhaustive network overview of humoral components and related terms in the teleost
innate immune system.

The humoral components of the innate immune system are numerous and diverse, and it
is beyond the scope of this introduction to give an exhaustive description of it. Several
reviews cover this topic (Magnadottir, 2006; Whyte, 2007; Zhu et al., 2013). The humoral

components (Fig. 2) have several immune effects, such as microbial inhibition, microbial
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killing, signaling, opsonization or precipitation of microbes. In the current study, we have
focused on early immune responses, and thus the complement system, the PRRs and the

cytokines in the humoral innate immune system are described in the following sections.

Complement system

The complement system is an essential part of the innate immune system, constituting a
link between innate and adaptive and it compromises of more than 35 different soluble
and membrane-bound proteins. Most complement components have been identified in
teleosts (Zhang and Cui, 2014), including lumpfish (Eggestgl et al., 2018 and Haugland et
al., 2018). The complement factors are synthesized as inactive precursor molecules,
activated by different stimuli. These stimuli define the three different activation pathways
(reviewed in Walport 2001, and references within). Activation of the classical pathway,
which was the first pathway to be described, occurs through binding of an antigen by an
antibody (Ab) leading to a conformational change of the Ab and the subsequent binding
of Cls, -r and -q. In turn, this complex called the Clqgrs complex, leads to splitting of C4
and C2 into Cda, C4b, C2a and C2b. C4b and C2b dimerize forming C4bC2b or C3
convertase, which in turn splits C3 into C3a and C3b. C3b in turn complex with C3
convertase and forms the C5 convertase. All activation pathways converge on C5
convertase, which splits C5 into the chemokine C5a and C5b. C5b activates a cascade of
proteins, C6-C9, which results in a pore-forming membrane attack complex (MAC). The
MAC lyse the pathogen as it permeates the membrane, causing the cytoplasm to leak out

of the attacked pathogen.

Activation of the lectin pathway occurs through the binding of lectin. Ficolins and mannose
binding lectin (MBL) can bind lectins, mainly mannose and N-acetylglucosamine, and
activates MBL associated serine proteases (MASP). In turn the MASPs acts as the C1
complex and splits C4 and C2 in a similar manner, resulting in the processing of C5 with

subsequent lysis of the pathogen.
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In the alternative pathway C3 spontaneously hydrolyses in the body fluids, and binds all
membranes. Membrane bound C3b binds to factor B and forms C3bBb a C3 convertase,
which in turn binds another C3b forming C3bBbC3b. This complex is stabilized by
properdin and functions as a C5 convertase, which causes the MAC to form. However, this
pathway as described does not separate between host and pathogen cells, potentially
leading to detrimental conditions for the host. In order to separate between self and non-
self, host cells express a C3b receptor that binds and inhibits the C3 convertase activity,
thereby stopping the complement cascade on host-cells. In teleosts the alternative
pathway’s components have been measured several titers higher than in mammals, likely

reflecting an increased dependence on the alternative pathway (Sunyer and Tort, 1995).

Inflammation
Inflammation is a complex biological response of body tissues to harmful stimuli -

microbes, irritants or damaged cells. It is a protective response that involves leukocytes,
fibroblasts, vascular vessels and soluble molecules (Murphy and Weaver, 2012). In a
molecular perspective, the response starts by innate immune cells detecting a pathogen-
/damage associated molecular pattern (PAMP/DAMP). This leads to a transduction of
intracellular signals, which ultimately leads to the production and secretion of effector
molecules and a changed phenotype (see references in section “Bacteria induced PRR
mediated signaling”). Typically, this will be performed by macrophages, which are sentinel
cells continuously sensing its environment, but also by dendritic cells (Murphy and
Weaver, 2012). The effector molecules include the pro-inflammatory cytokines IL-1pB, IL-6
and TNF-a (see references in section “Pro-inflammatory cytokines”). This will initiate an
immunological cascade reaction leading to granulocyte- and macrophage-infiltration, in
particular neutrophils will be recruited, and vasodilation of the neighboring blood vessels
(reviewed in Ryan and Majno 1977). In the late phases encapsulation by fibroblasts will
occur, separating the affected tissue from healthy tissue. Also, dendritic cells migrate to

the lymph node where it presents antigens to naive T-cells. Fish do not have functionally



27

homologous lymph nodes as mammals, but head kidney and spleen are secondary

lymphoid organs in fish where antigen presentation takes place (Haugland et al., 2018).

Phagocytosis

Phagocytosis is the process by which cells engulf large, solid particles (>1 pum) and form
internal vesicles called phagosomes. It is a defensive reaction against infection and
invasion of the body by foreign substances. Moreover, it is crucial to maintaining the
homeostasis in the body, as it removes cell debris and apoptotic cells. Phagocytosis is
therefore considered a critical process of the innate immune system (Esteban et al., 2015).
In vertebrates, professional phagocytic cells are monocytes, macrophages and
granulocytic cells, mainly neutrophils. Furthermore, B-cells in fish and amphibians, and
the mammalian B1 cells, are professional phagocytic cells with the ability to Kkill
internalized bacteria (Li et al., 2006; Rgnneseth et al., 2015; @verland et al., 2010). Also,

thrombocytes have this ability in teleosts (Esteban et al., 2015).

The phagocytic activity of lumpfish leukocytes is very high, as characterized by Haugland
et al., (2012a). Leukocytes from head kidney, peripheral blood and spleen displayed very
high phagocytic and respiratory burst activity, verifying a potent oxygen-dependent killing
mechanism. The phagocytic leukocytes were morphologically heterogeneous (Rgnneseth
et al., 2015). Except for anti-IgM antibody (detecting B-cells), lack of available antibodies
made it impossible to identify the phagocytes further. Interestingly, a subset of small
leukocytes with extremely high phagocytic capacity were identified (Rgnneseth et al.,

2015), like observations in salmon (Haugland et al., 2012b).

Cells of the innate immune system

The hematopoiesis of the cells (leukocytes) in the immune system are divided into two
main lineages: the myeloid and lymphoid. Chiefly, the innate immune cells are of the
myeloid cell lineage, while the adaptive immune cells are of the lymphoid lineage.

However, there are some notable exception to this claim: natural killer (NK) cells in
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mammals (or nonspecific cytotoxic cells (NCC), in teleosts) and plasmacytoid dendritic
cells (Manz, 2018). The other innate immune cells of teleosts include monocytes,
macrophages and granulocytes (Castro and Tafalla, 2015, references within and Haugland
etal., 2014). The lumpfish leukocytes were morphologically (see Fig. 3) and cytochemically
characterized (Haugland et al., 2012a). Furthermore, they were stained by anti-IgM

antibody labelling B-cells (Rgnneseth et al., 2015).

All the main subtypes of leukocytes were identified such as lymphocytes,
monocytes/macrophages, neutrophils and dendritic-like cells. Monocytes circulate in the
blood and differentiate into macrophages when they migrate into tissue. During
inflammation, macrophages are the first cells to encounter invading pathogens, and
engulf and degrade them. A range of phagocytic receptors such as glucan receptors,
receptors for complement factors and Fc receptors mediate this process (Zhang and
Wang, 2014). Phagocytosis has been reported to be most active within macrophages

among teleost leukocytes (Esteban et al., 2015).

Three different types of granulocytes have been identified in fish: neutrophils, eosinophils
and basophils. Mammalian neutrophils are crucial in the anti-microbial defense, as they
kill, degrade and initiate an inflammatory response upon microbial exposure. However,
morphological heterogeneity and a lack of cell-specific surface markers makes it difficult
to postulate generalized claims regarding the function of teleost granulocytes (Esteban et
al., 2015). Mammalian neutrophils control the microbial environment through
phagocytosis and secretion of antimicrobials, like macrophages. In addition, neutrophils
can produce neutrophil extracellular traps - fiber networks primarily composed by DNA
that bind pathogens. It is believed that neutrophil extracellular traps limit the inherent
damage to the host-cells, which occurs because of anti-microbial activity of neutrophils

(Brinkmann et al., 2004).
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Figure 3. Morphological characterization of lumpfish leucocytes isolated from peripheral blood (PBL),
head kidney (HKL) and spleen (SL). The overview photos in the left panels and the representative single
cells were captured at 400 and 630 times magnification, respectively. i = lymphocytes, ii =
monocytes/macrophages, iii = polymorphonuclear cells and iv = dendritic-like cells. The inset at top left
of the right panel show a polymorphonuclear neutrophil isolated from Atlantic salmon for comparison.
From Haugland et al. (2012a).
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DCs are crucial in the mammalian immunology paradigm. Being both important cells of
the innate immune system as phagocytic cells and highly potent antigen presenting cells
bridging the innate and adaptive immune systems. Upon exposure to antigens, DCs engulf,
degrade and present the antigens on its surface, migrates to lymphoid tissues where it
activates and stimulate lymphocytes to elicit a highly specialized immune response. In
zebrafish, a cell population with DC-like morphology and high affinity for peanut agglutinin
was capable to phagocytose bacteria and activate T-cells in an antigen-dependent manner
(Lugo-Villarino et al., 2010). Mammalian protocols for generation of DCs have been
adapted to obtain cultures of highly mobile, non-adherent rainbow trout cells with
irregular membrane processes and expressed surface major histocompatibility complex
(MHC) class Il (Bassity and Clark, 2012). The dendritic like cells in rainbow trout had tree-
like morphology, expressed DC markers, were able to phagocytose small particles, were
activated by TLR-ligands and migrated in vivo, all hallmark properties of mammalian DCs.
Further, small mononuclear blood cells in Atlantic salmon expressed CD83 and MHC class
II, but not IgM, CD3, CD8 and TCRa, showed intense phosphatase staining, a lack of
respiratory burst, a lack of myeloperoxidase activity and acid phosphatase’s sensitivity to
tartrate. The morphologies were variable, and able to change upon stimulation with

mitogens obtaining branching protrusions like DCs (Haugland et al., 2012b).

In addition to studies reporting the presence of DCs in immune organs and blood, DC
subsets have been identified in teleost skin and gills (Granja et al., 2015; Soleto et al.,
2018). The identification of DCs in fish suggest that specialized antigen presenting cells

evolved in concert with the emergence of adaptive immunity (Esteban et al., 2015).

Cell-mediated cytotoxicity occurs because of altered, tumor, virus-infected or foreign
cells. Mammalian NK cells do not need to be activated such as T-cells and B-cells and carry
out its function as a part on the innate immune system. NK cells are large and granular

cells and kill target cells by a three-step process: 1, recognition of target cell, 2, target cell
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contact and formation of immunological synapse, and 3, NK cell-induced targeted cell
death (Abel et al., 2018). NCC are recognized as the teleost equivalent to mammalian NK-
cells (Evans and Jaso-Friedmann, 1992). They are large granular lymphoid cells without

TCR or BCR that have a cytotoxic activity that is independent of prior exposure history.

Recently, a new group of innate immune cells have been recognized - the innate-like
lymphocytes, including among others the NK cells (reviewed in Spits and Cupedo 2012).
Evidence suggests that conventional fish lymphocytes could have developmental,
morphological and functional features in common with innate-like lymphocytes of
mammals. Therefore, fish lymphocytes could be of valuable comparative interest in the
study of human diseases involving innate-like lymphocytes (reviewed in Scapigliati et. al

2018)

Germline encoded pathogen recognition

In addition to phagocytosis, non-self-stimuli initiate intracellular signaling pathways
ensuring that the immune response is tailored to the invading pathogen. Pathogens have
signature molecules, PAMPs, revealing them as intruders for the immune system. In
addition to be specific for a group of pathogens and not found within the host, PAMPs are
conservative and repetitive. By the requirement of conservative, it is referred to the lack
of evolutionary divergence potential and by repetitive it is referred to the monomeric
nature - PAMPs occurs as molecular units that is compiled together as polymer. PAMPs
can be divided into subgroups based on their chemical properties. Bacterial PAMPs will be

discussed in further detail in the following sections.

So-called pathogen recognition receptors (PRRs) and pathogen recognition molecules
(PRMs), expressed by the host, recognize the PAMPs. PRMs can have direct killing action
on the bacteria such as antimicrobial peptides, or they initiate an extracellular cascade
reaction leading to an immune reaction, such as the complement system. PRRs on the

other hand initiate an intracellular signaling cascade leading to a changed phenotype of
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the cell including an increased secretion of immune-orchestrating cytokines. PRRs

includes Toll-like receptors (TLRs).

PAMPs

The flagellum, the whip-like appendage enabling bacterial motility, is constructed of
repetitive units of the peptide monomer flagellin. Earlier, flagellin was primarily viewed as
a virulence factor, but is now considered a potent immune activator. Due to this potency
it is recognized as an important vaccine adjuvant and immune stimulator (Tafalla et al.,

2013). Flagellin is recognized by the TLR5 (Hajam et al., 2017).

Lipopolysaccharide (LPS) is a highly acylated saccharolipid located at the outer membrane
of G- bacteria. It functions as a barrier preventing the passive diffusion of hydrophobic
solutes into the cell, such as antibiotics and detergents, and it is considered an essential
component for outer membrane biogenesis and cell viability (Zhang et al., 2013a).
Although LPS is a highly potent stimulator of the mammalian immune system, its role as a
PAMP in teleosts is convoluted. It is firmly proven that teleosts respond to LPS exposure,
although generally considered not as potent as mammals, and the mechanism of
detection in teleosts is disputed. Interestingly, LPS have been proven to be recognized by
cytosolic NLRs in the teleost Miichthys miiuy (Bi et al., 2018). In mammals, a cascade of
molecules leading to the activation of TLR4 detects LPS (reviewed by Kuzmich et al.,

(2017)).

Unmethylated cytosine phosphodiester guanine (CpG) are CG repeats of bacterial DNA
without methylation and are considered PAMPs due to their abundance in microbial
genomes and low abundance in vertebrate genomes. Methylation of DNA is a process by
which methyl groups are added to the DNA. This may change the activity of a DNA
segment and it is considered as an important mechanism of gene regulation. In Escherichia
coli only 0.75% of the cytosines are methylated, compared with 74.2 % and 80.3% in mice

and zebrafish, respectively (Feng et al., 2010; Marinus and Lgbner-Olesen, 2014). TLR9 is
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the receptor for CpG in mammals expressed in the late endosome/lysosome as a
transmembrane receptor. After ligand binding, a complex cascade is initiated, resulting in
production of pro-inflammatory cytokines (e.g. IL-12) or type | interferon (IFN) production

(Minton, 2018; Bode et al., 2011).

The bacterial cell wall is composed of several different components, among them is
peptidoglycan (PGN). Although PGN is one of the most prominent components and
present in most bacteria, it is particularly numerous in Gram-positive (G+) bacteria. The
structure of PGN generally consists of a sugar backbone with differing crosslinking
modifications. It consists of repeating disaccharides of N-acetylmuramic acid and N-
acetylglucosamine joined by B(1-4) linkages. The length of the sugar backbone varies. In
the G+ genus Bacillus the length varies from 50-250 disaccharides, while in G- bacteria it
is 20-40 disaccharides (Vollmer et al., 2008). Each N-acetylmuramic acid is bound to
oligopeptides, which themselves bind to other oligopeptides bound to other N-
acetylmuramic acid units. This creates a three-dimensional mesh-like structure. In
mammals, PGN is recognized by PRMs, such as the soluble PGN recognition proteins
(PGLYRPs) and by PRRs, such as nucleotide-binding oligomerization domain (NOD)-like
receptors (NLR) 1 and 2 and probably TLR 2 (Wolf and Underhill, 2018). PGLYPRs are

identified in zebrafish, and have bactericidal activity (Li et al., 2007).

Another component of the bacterial cell wall is the lipoteichoic acid (LTA) — a polymer
present in G+ bacteria. LTA is important for growth and physiology of bacterial cells, and
modification of the backbone can provide protection against cationic antimicrobial
peptides. However, the exact function of the LTA is unknown (Percy and Grundling, 2014).
LTA is defined as an aditol-phosphate-containing polymer that is linked via a lipid anchor
in the outer cell membrane in G+ bacteria, although efforts have been made to include

more complex glycosyl-phosphate-containing polymers in the definition (Reid et al.,
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2012). In mammals, LTA is recognized by TLR2 and TLR2/6 heterodimer (Jang et al., 2015;
Mogensen, 2009).

PRRs

While recognition of pathogens by PRMs and antibodies leads to increased phagocytosis
and lysis, the PRRs tailors an immune response that is specific to the type of invading
pathogen. The major families of PRRs are TLRs, NLRs, retinoic acid-inducible gene-I-like
receptor (RLR), c-type lectin receptors (CLR) and absent in melanoma (AIM)-like receptor
(ALR). The former two are known to contain members that are specific for extracellular
bacteria and will be the focus of this discussion, where TLRs are membrane bound
receptors on cell or endosomal membranes and NLRs are cytosolic receptors. In addition
to the aforementioned PAMPs, many PRRs also respond to DAMPs. In general, these
compounds are present inside healthy cells; however, following necrosis they leak into
the interstitial space and elicits an immune response. Moreover, in mammals, some PRRs

bind tumor associated molecular patterns (TAMPs) (Murphy and Weaver, 2012).

TLRs
TLRs were the first of the PRRs to be described and they are the best characterized innate
immune receptors. Zhang et al., (2014) summarized the teleosts TLR types, and concluded
that by 2014 twenty types of TLRs had been characterized in teleosts (TLR 1, 2, 3, 4, 5M,
5S, 7, 8,9, 13, 14, 18, 19, 20, 21, 22, 23, 24, 25 and 26). Later Solbakken et al., (2016)
showed that cod have a severely expanded TLR repertoire, and firmly determined that
teleosts have a more complex TLR repertoire than mammals (13 in mice and 10 in
humans), see Table 2 for an overview of full length TLRs identified in teleosts. In paper |,
the following TLRs were identified in lumpfish: TLR1, 2, 3, 5S, 5M, 7, 8, 9, 13, 14, 21, 22
and 28. Compared to mammals, homofunctional TLRs include TLR1, 2, 3, 5, 7, 8 and 9.

Although teleost TLR4s are structurally homologues to mammalian TLR4s, the ligand
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specificity is different they are heterofunctional as they do not respond to LPS (Nie et al.,

2018).

All TLRs are type | transmembrane proteins that contain three parts: an extracellular N-
terminus with leucine-rich repeat (LRR) domain, a transmembrane domain and an
intracellular toll/IL-1 receptor (TIR) domain. The specificity of the TLRs is determined by
variation in sequence, number of LRR domains and overall globular structure. Many TLRs
homo- or heterodimerize, increasing the number of ligands. TLR-ligand binding initiate
sighaling through the TIR domain and followed by intracellular signaling. These pathways,
which are highly conserved, are the NF-kB and MAPK pathways (Takeuchi and Akira,
2010). The TLRs recognizing bacterial ligands in teleosts are TLR1, 2, 4, 5, 9, 14, 18, 21, 22,
25, 28, among these TLR5S, 18-20 and 22-28 are teleost specific compared with mammals
(Pietretti and Wiegertjes, 2014; Wang et al., 2016b; Zhang et al., 2014).
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Table 2. Overview of the full length TLRs.

fS2F2222EdEEd2dEE2E2E22222¢
EREEC23REREEEEERERERR
Specie O W H WV RP N WO N®
Homo sapiens X X X X X X X X X X
Gallusgallus x x x x X X X X X
Anolis
carolinensis x x X X X ? X X o R X X
Xenopus
tropicalis X X X X X X X X X X X X X
Gadus
morhua X X X X X X X X X
Cyclopterus
lumpus X X X X ? X X X XXX X X X
Oreochromis
niloticus F x X X 2OX N X X X X D6 X X
Poecilia
formosa X X X X X KXY
Takifugu
rubripes X X X X ? X X X X ® X BE X
Tetraodon
nigroviridis X X X X 2 ox X X X X X X
Xiphophorus
maculatus X X X X ? X X X X X X X X
Astyanax
mexicanus X X X i X X X X X X X X
Lepisosteus
oculatus X X X X ? X X X X X X X
Gasterosteus
aculeatus X X X I e X X X X
Oryzias
latipes X X X X ? X X X X X X X %
Danio rerio X X X xE X X X X X X X X
Latimeria
chalumnae X X X X ? X X X X X X X X
Petromyzon
marinus X X ? X X X X

Modified from Solbakken et al., (2016) Table 2. It has been supplemented with identified lumpfish
TLRs in Eggestdl et al., (2018) and TLRs identified in Wang et al., (2015a) and Wang et al., (2016b).
? refers to a questionable identification, and * refers to a heterofunctional gene.
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The vertebrate TLRs are divided into six subfamilies: TLR1-, 3-, 4-, 5-, 7-, and 11 subfamily
(Palti, 2011). As the TLR3 subfamily members do not recognize bacterial ligands, they will

not be further discussed.

The TLR1-family includes TLR1, TLR2, TLR6, TLR10, TLR14/18, TLR25, TLR28 and TLR28.
TLR1 is important in the teleost bacterial defense, as it has been upregulated in several
species upon bacteria or ligands exposure of them; large yellow croaker, miiuy croaker,
zebrafish, orange spotted grouper and pufferfish (Meijer et al., 2004; Wang et al., 2013;
Wang et al.,, 2016¢c; Wei et al., 2011; Wu et al.,, 2008). Moreover, TLR1 was also
upregulated by poly (I:C) in orange spotted grouper and slightly downregulated in large
yellow croaker (Wei et al., 2011). Further, in rainbow trout head kidney leukocyte (HKL),
TLR1 expression was either not regulated or slightly downregulated by diacylated or
triacylated lipopeptide, flagellin, poly (I:C), loxoribine and R848 (Palti et al., 2010). These
data suggest that the ligand specificity of teleost TLR1 is more complex than its
mammalian counterpart and is dependent on the specific evolutionary history of the

studied specie.

In mammals, TLR2 heterodimerizes with TLR1 or TLR6 and form M-shaped structures
which bind ligands in the internal pockets formed by the heterodimers. The heterodimers
recognize lipopeptides, both diacylated and triacylated, of various origin and the
characteristic G+ components LTA and PGN (Takeuchi and Akira, 2010). To date, TLR 6 has
not been identified in teleosts (Nie et al., 2018). In teleosts, the reported TLR2 ligands are
PGN, LTA and lipopeptides (Basu et al., 2012; Quiniou et al., 2013; Ribeiro et al., 2010;
Samanta et al., 2012). A novel teleost specific TLR, TLR28, was reported to have high
homology with TLR2 (Wang et al., 2016b). Similarity between TLR28 and TLR2 was also
observed in lumpfish (Eggestgl et al., 2018). In miiuy croaker, TLR28 was highly expressed
in liver, and its expression was upregulated by stimulation with V. anguillarum,

Staphylococcus aureus, LPS and poly(l:C).
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The mammalian ligand specificity of TLR4 has been a source of many enigmas in teleosts.
In mammals, LPS is an important endotoxin (Takeuchi and Akira, 2010). However, teleosts
are resistant to the toxic effects of LPS (Novoa et al., 2009; Sepulcre et al., 2009).
Moreover, mammalian TLR4 is well established as an LPS receptor, forming a complex with
LY96 (also known as MD-2) and CD14. Recognition of LPS and downstream signaling has
proven elusive in teleosts. Teleost TLR4 responds to bacteria (Su et al., 2009; Zhang et al.,
2013b), and in Indian major carp mrigal TLR4 expression was reported to be upregulated
by LPS in all examined tissues 4h after treatment (Basu et al., 2013). However, this work
is controversial and it is the only work to report LPS responsiveness of a teleost TLR4. The
authors implemented an improper statistical inference (students T-test), and novel tissue-
profiles were reported. Interestingly, some works report in addition to bacterial
responsiveness, a possible function of TLR4 in viral recognition (Huang et al., 2012; Su et
al., 2009). This heterofunctionality of teleost TLR4 is not surprising considering the
comprehensive phylogenetic and syntenic analysis by Sullivan et al., (2009). They showed
that the zebrafish TLR4s are of paralogues decent to the least common ancestor (LCA) of
the mammalian TLR4. Further, they showed that zebrafish TLR4 does not transduce the
LPS-signal, most likely due to its inability to complex with the other extracellular LPS
recognizing host-proteins, rather than an incapability to signal through its TIR domain.

Interestingly, teleost TLR4 is only identified within the order Cypriniformes.

The ligand of TLR5 is flagellin; this is well established within Mammalia and generally
accepted within Teleostei (Nie et al., 2018; Pietretti and Wiegertjes, 2014). TLR5 is present
in teleosts as both a membrane bound (TLR5M) and as a soluble (TLR5S) protein encoded
by two separate genes. TLR5S was first reported in rainbow trout (Tsujita et al., 2004) and
later identified in most examined teleosts (Table 2) (Zhang et al., 2014). TLR5M is similar
to the mammalian TLR5, containing the typical LRR, transmembrane and TIR domains,
while TLR5S only possess the LRR domains (Bai et al., 2017). The expression profiles of
TLR5M and TLR5S in fish are different. Both are upregulated by bacteria, but the
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expression of TLR5M was followed and facilitated by TLR5S in a positive feedback fashion
(Tsujita et al., 2004). In most studies, TLR5S is more upregulated than TLR5M (Eggestgl et
al., 2018 and references within). Exactly how TLR5S initiate downstream signaling is
unknown, although a hypothetical mechanism has been postulated: TLR5S binds
circulating flagellin and transports it to TLR5M, thereby amplifying the flagellin danger
signal analogues to the mammalian TLR4 LPS mechanism (Rebl et al., 2010). Activated
TLR5 directly regulate the expression of innate immune genes, such as TNF-a, IL-1 and

CXCL-8, in grass carp (Xu et al., 2016b).

The TLR7 subfamily members, TLR7, -8 and -9, do not recognize microbial surface
components, neither outer nor inner membrane, but they do detect nucleic acids of
bacterial or viral origin (Sasai and Yamamoto, 2013). In mammals, TLR9 is activated by
unmethylated CpG motifs, however it requires translocation from the endoplasmic
reticulum through the Golgi apparatus to the endo/phago-lysosomes which contain the
foreign DNA — a likely safeguard against activation by self-DNA (Barton et al., 2006; Leifer
et al., 2004). TLR9 detects CpG oligodeoxynucleotides (ODNs) in teleosts, which is also
detected by TLR21 in teleosts (Li et al., 2017b; Nie et al., 2018).

Teleost TLR13, belonging to the TLR11 family, was first identified in miiuy croaker where
it was highly expressed in immune relevant organs, and recently in orange spotted
grouper, TLR13 recognized bacterial RNA (Liang et al., 2018; Wang et al., 2016a). This
ligand specificity is in congruence with that of mice (Li and Chen, 2012; Oldenburg et al.,
2012). Other TLRs have been identified and characterized, they either recognize viral or

eukaryotic PAMPs, or their ligands have not yet been identified (Nie et al., 2018).

NLR
NLRs consist typically of three domains, a C-terminal region, made up of a variable number
of leucine-rich repeats (LRRs), a central nucleotide oligomerization (NACHT) domain and

an N-terminal effector binding domain (EBD). The C-terminal regions recognizes the ligand
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and the N-terminal EBD interacts with adaptor molecules and downstream effector
proteins. The nomenclature of NLRs was unified by the HUGO nomenclature committee
(Ting et al., 2008). This system divides NLRs with differing EBDs into five subfamilies — NLR-
A containing acidic activation domain (AD), NLR-B containing baculovirus inhibitor of
apoptosis protein repeat (BIR), NLR-C containing caspase-activation and recruitment
domain (CARD), NLR-P containing pyrin domain (PYD) and NLR-X, containing other
domains than the previously mentioned (Ting et al., 2008). Another nomenclature also
exist, phylogenetic analyses of the central NACHT domain reveals three subfamilies: the
NODs, the NLRPs (also known as NALPs) and Ice Protease Activating Factor (IPAFs)
(Schroder and Tschopp, 2010).

Homologues of mammalian NLRs have been reported in many different teleost species.
The high degree of homology suggests that they play a similar role in the defense against
harmful pathogens, reviewed in Zhang et al.,, (2018). In teleosts, members of the
subfamilies NLR-A, -B and —C have been identified. The nomenclature of teleost NOD1-5
varies between species due to structural differences. In zebrafish, NOD1-5 belong to the
NLR-A subfamily and are referred to as NLR-A1 to -5 (Laing et al., 2008). While in channel
catfish NOD1-5 are referred to as NOD1, NOD2, NLRC3, NLRC5 and NLRX1, respectively, in

congruence with the nomenclature of the HUGO committee (Sha et al., 2009).

Among mammalian NLRs, NOD1 and NOD2 recognize ligands produced during synthesis
or degradation of PGN. Respectively, they recognize MDP and y-D-glutamyl-meso-
diaminopimelic acid (iE-DAP) (Uehara et al., 2005). In recent years, there has been
increased focus on NLRs in fish, yet only a few ligands have been identified. In goldfish
NOD1 recognizes LPS, Poly(l:C) and PGN, NOD2 recognizes LPS, Poly(l:C), MDP and PGN
and NLR-X1 recognizes LPS, MDP and PGN (Xie et al., 2013). In zebrafish NOD2 recognizes
MDP (Zou et al., 2016). In Asian seabass, NLR-C3 responds to LPS, poly(l:C) and PGN (Paria

et al., 2016). In addition to the above mentioned NLRs, which are conserved in
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vertebrates, fish have a subfamily of NLRs called NLR-C (Laing et al., 2008). Interestingly,
in Japanese pufferfish, NLR-C9, 10 and 12 are suggested to be involved in LPS recognition
(Biswas et al., 2016), confirming that the mechanisms for LPS recognition and signaling is
different in mammals and fish. These preliminary studies suggest that teleost NLRs tend

to be more promiscuous, regarding their ligand specificity compared to mammalian NLRs.

Bacteria induced PRR mediated signaling

For the immune system to move beyond the first phase of the immune response, a
phenotypic change of the innate cells must occur. The critical step for initiation of the
cascade reaction that leads to this is the recognition of a PAMP by a PRR and the
subsequent phosphorylation and/or spatial change of the intracellular domain allowing
the binding of adaptor proteins. There exists several different intracellular signaling
pathways, but the NF-kB and the MAPK pathways are the most important in innate
immunology. In addition to being activated by PAMPs the signaling pathways can be
activated by cytokines, hormones and other stress signals. An infection elicits several
stress signals which occur in the same spatial-temporal space. The corresponding immune
response is therefore composed by several different signaling pathways with varying
degree of cross-talking. It is therefore important to remember that, for instance a LPS and
a flagellin exposure, they are not isolated events. In an analogous manner to the brain,
the signal-mediating pathways are cross-talking and integrates the information signals,
rendering the immune cell capable of advanced decisions. It is this combined concert
between different signal mediating mechanisms that enables the innate immune system

to tailor an immune response to a specific pathogen.

Adaptor molecules
The downstream adaptor molecules of TLRs and NLR varies. The TLR signaling is
dependent on TIR-TIR interaction between the TLR and its corresponding adaptor protein.

The adaptor proteins containing TIR domains are MYD88 (myeloid differentiation primary-



42

response gene 88), TIRAP (TIR adaptor protein), TICAM (TIR domain-containing adaptor
molecule) and SARM (sterile a- and armadillo-motif-containing protein) (O’Neill and
Bowie, 2007). Almost all the TIR domain-containing adaptors reported in mammals appear
to be conserved in teleosts (Takano et al., 2010). The signaling NLR adaptor protein are

receptor-interacting serine/threonine-protein kinase 2 (RIP2).

MYD88 is a universal adaptor molecule, present in most TLR signaling pathways (except
for TLR3), and activates the NFkB signaling pathway and expression of pro-inflammatory
cytokines (Kawai and Akira, 2007). MYD88 is an important TLR signaling molecule in
teleosts (Rebl et al., 2010). An artificial lack of MYD88 (knockout, KO) allowed bacteria to
proliferate 100-1000 folds within 6 days, compared to MYD88 expressing zebrafish
embryos. The MYD88-KO embryos were not able to clear or control the infections (Van
Der Sar et al., 2006). Although MYD88 gene expression in Japanese flounder PBL was
induced by PAMP stimulation, LPS and poly (I:C), the MYD88 gene expression of rainbow
trout HKLs was not induced by the PAMPs poly (I:C), flagellin and R848 which mimic single-
stranded RNA (Purcell et al., 2006; Takano et al., 2006). MYD88 has been identified in

Figure 4 (next page). Bacteria induced PRR intracellular signaling. The recognition of a PAMP by its PRR,
activates the PRR in a manner allowing for the docking of the relevant adaptor proteins. Conceptually there
are three different mechanisms for bacteria induced PRR mediated signaling: the TLR MYD88-dependent,
the TLR MYD88-independent and the NLR signaling pathway. All feed into the NFkB and MAPK pathways
through the TAK1/TAB complex, also the TLR MYD-88 independent feed into the pathway leading to the
transcription factor IRF3. MAPK and NFkB also act as transcription factor when they are present in the
nucleus. When they are present in the nucleus, they recruit RNA polymerase and eventual coactivator
molecules, and start or increase the transcription of pro-inflammatory cytokines and other molecules
involved in the inflammation reaction, such as phagocytosis. This figure is based upon descriptions of the
illustrated pathways in the litterature (Kawasaki and Kawai, 2014; Mitchell et al., 2016; Seger and Krebs,
1995). Disagreement between teleost and mammalian systems is highlighted by bold yellow text (for
references see section “Adaptor molecules”). Teleost specific ligands are not shown as the literature is

highly limited regarding their adaptor molecules.
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members across the whole teleost evolutionary tree, including cyprinids, salmonids and

perciforms (Meijer et al., 2004; Purcell et al., 2006; Skjeeveland et al., 2009).

Mammalian TIRAP (also known as MYD88 adaptor-like protein, MAL, or Toll/IL-1
associated protein) mediates the activation of the MYD88-dependent pathway
downstream of TLR2 and -4 (Kawai and Akira, 2007). In miiuy croaker TIRAP was suggested
to be involved in TLR1 mediated LPS signaling (Xu et al., 2016a). Besides the teleost miiuy
croaker, TIRAP has been identified in pufferfish and zebrafish. In zebrafish TIRAP was
significantly induced by Mycobacterium marinum intraperitoneal challenge (Meijer et al.,

2004)

Mammalian TICAM 1 and 2 are paralogs of a LCA that is not duplicated in the teleost
lineage. The teleost TICAM is of equal distance to both mammalian TICAM (Stein et al.,
2007; Sullivan et al.,, 2007). Mammalian TICAM1 substitutes MYD88 in the MYDS88-
independent pathways of TLR3 and -4, resulting in the activation of NF-kB and IRF3. In the
MYD88-independent pathway NF-kB is activated via the TRAF6 and/or RIP1 pathways, and
IRF3 is activated by TBK1 (TANK-binding kinase 1). Mammalian TRAF3 links TICAM1 and
TBK1, resulting in the production of type | IFN (Kumar et al., 2009). Teleost TICAM is
involved in the TLR3- and -22 NF-kB inducing signaling (Fan et al., 2008; Matsuo et al.,
2008; Oshiumi et al., 2008). Interestingly, although teleost TICAM does not activate IRF3,
it associates with TBK1 and is involved in the production of IFNs. Further, the teleost
MYD88-independent pathway activates NF-kB independent of TRAF6. The MYDS88-
independent pathway in zebrafish is shown to involve the RIP1 pathway (Sullivan et al.,
2007). It is suggested that teleost IFN production through TICAM is different from the

mammalian system (Rebl et al., 2010; Takano et al., 2010).

SARM inhibits TRIF-dependent pathway in humans, and murine SARM regulates TRIF
activity (Kawai and Akira, 2007; Kenny and O'Neill, 2008). SARM have been identified in
pufferfish and zebrafish (Meijer et al., 2004; Stein et al., 2007).
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In lumpfish, full-length sequences of MYD88, TICAM1 and TIRAP were identified. In
addition, two partial sequences of SARM were identified. TIRAP 2 was not identified in

lumpfish, similarly to other fish species (Eggestgl et al., 2019).

Mammalian RIP2 mediates the NLR activation of both the NF-kB and the MAPK signaling
pathways upon activation of NOD1 and -2 (Chin et al., 2002; Inohara et al., 2000;
Kobayashi et al., 2002). Besides signaling transduction activating the NF-kB and the MAPK
sighaling pathways, mammalian RIP2 also participates in inflammasome-associated
pathways (Sarkar et al., 2006). Furthermore, mammalian RIP2 has been demonstrated to
be instrumental in the defense against the bacteria Listeria monocytogens and
Acinetobacter baumannii, along with its upstream receptors, the NLRs, NOD1 and -2 (Bist
et al., 2014; Kim et al., 2008; Park et al., 2007). Among teleosts, RIP2 has been identified
in perciforms, cyprinids and salmonids fish (Jang et al., 2016; Liu et al., 2018; Stein et al.,
2007; Xie and Belosevic, 2015). Teleost RIP2 gene expression has been demonstrated to
be responsive to PAMPs, live and dead taxonomically different bacteria (Liu et al., 2018;
Xie and Belosevic, 2015). Further, different studies in fish have shown that RIP2 activate
the NF-kB signaling pathway and regulated the production of pro-inflammatory cytokines

such as IL-1B and TNF-a (Jang et al., 2016; Liu et al., 2018; Xie and Belosevic, 2015).
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Pro-inflammatory cytokines

Cytokines are signaling molecules secreted by cells in the immune system and they
regulate immunity, inflammation and hematopoiesis. Cytokines and their receptors have
an extremely high affinity for each other — even picomolar concentrations of cytokines can
have a biological effect. The cytokines can have either an autocrine effect by binding to a
receptor of the same cell that secreted it, a paracrine effect by binding to receptors on a
target cell in close proximity to the producer cell, or an endocrine effect binding to distant
target cells in different organs. Their biological effect is often described with a controlled
vocabulary: pleiotropic — one cytokine with many functions, redundant — several different
cytokines can mediate the same or similar functions, synergistic — two cytokines with a
combined effect bigger than the additive effect by them self and antagonistic — the effect

of one cytokine offset or inhibits the effect of another cytokine.

Several classification systems for cytokines exist, as for many other immune molecules.
Here | classify them based on structure, since receptor-recognition is primarily dependent
on the structure of the ligands. This discussion is further restricted to cytokines with pro-

inflammatory properties upon bacterial exposure.

Cytokines belonging to all structural families; B-trefoil, B-jellyroll, cysteine-knot, type | a
helical, type Il helical and open face B sandwich, have been identified in teleosts (Zou and
Secombes, 2016). Although, orthologs to several mammalian cytokines are not yet
successfully identified in fish, many cytokines have been duplicated in teleosts and a
plethora of cytokine paralogs exist — yielding a complexity of the teleost cytokine system,
at least, on par with that of its mammalian counterpart. Despite descriptions of many
different cytokines, the studies are limited to a selected number of species, usually
commercially farmed species. Moreover, protein expression and functional studies are
rarely the basis of the descriptions. Most descriptions are based on transcript expression

studies (Zou and Secombes, 2016).
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B-Trefoil cytokines

The mammalian family of B-trefoil cytokines include 11 members —interleukin (IL) 1 family
1-11 (IL-1F1-11) (Sims et al., 2001). Of these, only IL-1F2 (IL-1B) and IL-1F4 (IL-18) have
been described in teleosts. Extensive genomic analysis supports the claim that teleosts do
not contain other B-trefoil orthologues (Zou and Secombes, 2016). However, two B-trefoil
cytokines, named novel IL 1 Family member (nIL-1F) and IL 1 Family member 2 (IL-1Fm?2),
have been identified in teleosts, expanding the teleost B-trefoil family to four members
(Angosto et al., 2014; Wang et al., 2009, Taechavasonyoo et al., 2013). Originally, Wang
et al., (2009) characterized the nIL-1F gene to be a teleost specific gene, however in paper
I, we identify three non-teleost specific nIL-1F genes belonging to members of
Sarcopterygii, Chondrichthyes and Holostei. Therefore, we postulate that nIL-1F is an
ancient gene (at least 430 million years ago (mya)) that is lost in the tetrapod lineage.
Interestingly the nlIL-1F otomorph clade is evolutionary more distant than the formerly
mentioned members, indicating a drastically different evolutionary fate for otomorph nlL-
1F than the typical fish nIL-1F gene. In the literature, identification of the IL-1Fm2 gene
has only occurred in the order of Perciformes (Angosto et al., 2014). This is in line with our
results from the phylogenetic analysis in paper lll, although IL-1Fm2 sequences were also
found in Synbranchiformes and Anabantiformes (paper Ill), suggesting that IL-1Fm2 is

present in the whole Neoteleostei clade.

The B-trefoil cytokines bind to the IL-1 receptors (IL-1R1-10, see Borachi et al., 2018), all
sharing a similar secondary structure: one to three immunoglobulin domains, the
membrane bound receptors contain a transmembrane domain and a TIR. Many receptors
also contain a signal peptide. So far, no soluble IL-1 receptor has been identified in teleosts
(Zou and Secombes, 2016). Conceptually, the ligand binding activity of IL-1Rs can have
three different fates: i) pro-inflammatory — phenotypic change of the cell enabling or
increasing an inflammatory reaction, ii) anti-inflammatory — phenotypic change of the cell

disabling or decreasing an inflammatory reaction, or iii) no effect— no signal is transduced,
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thereby reducing the effective concentration of the cytokine, any phenotypic change
induced by the cytokine is reduced. In the latter fate the receptor is often referred to as a
decoy receptor. All IL-1Rs heterodimerize prior to interaction with their ligands (see Fig.
5). Following ligand binding, the intracellular TIR domains interact with adaptor proteins
such as MYD88 or Toll interacting protein, resulting in phosphorylation of the IL-1R
associated kinases (IRAKs). In turn, they interact with the TNF receptor associated factor
(TRAF) 6, thereby activating NF-kB, which is a potent transcription factor of pro-
inflammatory genes (Fig .4). Most of these molecules are identified in teleosts except for
TICAM 2 (also known as TRAM), IRAK2, and thus far, TRAF 1 is only described in zebrafish.
As shown in paper | and Ill, most components involved in signaling were conserved in

lumpfish (Eggestgl et al., 2019; Eggestgl et al., 2018).

IL-1B ? IL-18
nIL-1F1 — / \
Nomenclature
Borachietal.2018 IL1-R1 IL1-R3  IL-1R2 IL-1R3 IL-1R4 IL-1RaP  IL-1R5  IL-1R8 IL1-R5  IL-18R7
Other names IL1-R1 IL1-RaP  IL-1R2 IL-1RaP ? DIGIRR ST2 IL-1RaP IL-18R1 SIGIRR IL18-RT IL-18R2

TIR domain
. Immunoglobulin domain
] Transmembrane domain
Ld Signal peptide
? Cell membrane
[ | | | | [ !

Pro-infl.  Nosignal  Anti-infl. Pro-infl. ~ Anti-infl. Pro-infl.
signal signal signal  signal signal

Figure 5. Interaction of teleost B-trefoil cytokines and their receptors, represented with their
schematic structure
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Interleukin 18 (IL-1B)

Although IL-1pB is a pleiotropic cytokine with a wide range of effects, it is chiefly known as
one of the main pro-inflammatory cytokines. In teleosts, IL-1B is mainly secreted from
macrophages and acidophilic granulocytes (Angosto et al., 2012; Chaves-Pozo et al.,
2004). In mammals, a wider range of cells have been proven to produce IL-1pB, including
monocytes, macrophages, dendritic cells, B-cells and NK-cells (Veerdonk and Netea,
2013). It is known that other cells are also capable of secreting IL-1B, such as endothelial
cells and fibroblasts, the latter being confirmed in the perciform gilthead seabream
(Murphy and Weaver, 2012; Pelegrin et al., 2004). Recombinant IL-1B has been
administered to fish in order to study the local and transient effects of it (reviewed in
Secombes et al., (2016)). The role as a chemoattractant was confirmed by an experiment
in head kidney leukocytes, where the cells migrated in the direction of a recombinant IL-
1B gradient (Peddie et al., 2001). Intraperitoneal administration in trout has shown to
increase phagocyte migration into the peritoneal cavity, as well as their phagocytic and
lysozyme activity (Hong et al., 2003). Intestinal administration induced severe gut
inflammation and TNF-a expression in grass carp (Bo et al., 2015). Further observation of
local effects of IL-1B was supplied by Taechavasonyoo et al., (2013) — they observed
elevated levels of TNF-a and IL-1B gene expression in Japanese flounder muscle tissue
after injection with an IL-1P expressing plasmid. Teleost IL-1B has also been linked to IL-
17 family members in several studies, and it has shown to be important for antibacterial
defense (Kono et al., 2011; Wang et al., 2015b; Wang et al., 2010; Wang et al., 2014). In
paper I, we also observed a potent co-expression of IL-17 and IL-1B (Eggestgl et al., 2018).
Moreover, teleost IL-1p has demonstrated its potency to stimulate antibody production,
and it has been suggested that it could be used in a vaccine adjuvant (Taechavasonyoo et

al., 2013; Yin and Kwang, 2000).

The mechanism of IL-1B secretion in teleosts has been a topic of debate for nearly two

decades. In mammals, IL-1B is produced as an inactive cytoplasmic precursor that needs
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to be proteolytic cleaved, mainly by caspase 1 to generate the active form (Thornberry et
al., 1992). Caspases are known to be highly specific proteases, and caspase 1 requires the
conserved amino acid sequence [F, W, Y or L], X, [H, A or T], D to successfully cleave
(Earnshaw et al., 1999). However, studies have shown that several peptides with this
tetramer are not cleaved by caspase 1, indicating that the tertiary structure the substrate
is also important (Thornberry and Lazebnik, 1998). However, later works note that caspase
1 is a “promiscuous enzyme” with over 120 substrates and is far from an IL-1 specific
peptidase (Denes et al., 2012). Conversion of an inactive pro-IL-1B to an active cytokine in
fish is still debated as teleost IL-1B sequences lack caspase 1 cut site. Besides caspase 1, in

mammals, elastase and cathepsin G are also able to process IL-1B in the relevant region.

In common carp, it was shown, using an IL-1B specific monoclonal antibody, that
phytohemagglutinin (PHA) activated leukocytes secreted a shortened 15 kDa IL-1f
compared to the theoretical non-cleaved IL-1B peptide (Mathew et al., 2002). A shortened
24 kDa IL-1B was also secreted in the culture medium of the rainbow trout
monocyte/macrophage RTS11 cell line (Hong et al., 2004). In zebrafish primary leukocytes,
two different mature IL-1B peptides, 22 and 18 kDa, were cleaved by two different
caspases, A and B, upon infection by Francisella noatunensis (Vojtech et al., 2012), thus, it
has been suggested that cleavage at different sites is possibly dependent on the
immunological microenvironment (Zou and Secombes, 2016). Further, in seabass IL-1B
has shown to be cut by a recombinant caspase 1, directly demonstrating teleost IL-13
processing by caspase 1 (Reis et al., 2012). However, the cut site was located within the
first B-sheet of the mature peptide thereby questioning whether the tertiary structure of
the caspase 1 processed IL-1f is altered in a manner leading it to lose its biological activity

after cleavage.
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Interleukin 18 (IL-18)

Initially 1L-18 was found to induce IFNy production and promote Thl immunity in
vertebrates but is known to also be involved in regulating inflammation in mucosal tissues
(Dinarello, 1999; Okamura et al., 1998). Analogues to IL-1B, IL-18 is also synthesized as a
pro-peptide and require proteolytic cleavage by caspase 1 post PAMP or DAMP
stimulation, to become biological active. The analogy between IL-1B and IL-18 also regards
their receptors, as IL-18 binds to heterodimeric receptor consisting of IL-18R1 and 2 (Fig.
5), and a soluble protein, termed IL-18 binding protein (IL-18BP), is able block this binding
(Zou and Secombes, 2016) similarly as IL-1Ra for IL-1.

Description of IL-18 in Teleostei is still in its infancy, and IL-18 has only been reported from
a limited number of species: rainbow trout, turbot, seabream, pufferfish and lumpfish
(Huising et al., 2004; Pereiro et al., 2012; Perez-Cordon et al., 2014; Zou et al., 2004; paper
I). In rainbow trout, it was demonstrated a constitutive expression of IL-18 throughout
all tested tissues. Also, in HKLs and RTS-11 cells expression of IL-18 was shown not to be
regulated by LPS, poly (I:C) nor recombinant IL-13, however in RTG2-cells — a fibroblast-
like cell line — expression was downregulated by LPS and recombinant IL-1B. Interestingly,
rainbow trout was also demonstrated to express an alternatively spliced IL-18. It
contained a 17 amino acid deletion in the precursor region and expressed constitutively
at a much lower level than the authentic form. However, the alternatively spliced variant
expression was upregulated by LPS and poly (I:C), suggesting that IL-18 may also be
dependent on proteolytic cleavage for mediating a biologically active cytokine (Zou et al.,

2004). It should be noted that these claims were not supported by statistical inference.

Other IL-1 members within teleosts: nIL-1F & IL.-1Fm2

In addition to IL-1B and IL-18, two other IL-1 members have been identified within

Teleostei — nIL1F (also coined nIL-1Fm by Zou and Secombes (2016)) and ILLIFm2. These
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fish specific members of the IL-1 family were first described by Wang et al., (2009) and

Angosto et al., (2014), respectively.

Constitutive expression of nIL-1F, with high levels in immune organs, has been reported
from both grass carp and rainbow trout (Wang et al., 2009; Yao et al., 2015). A caspase
cut site has been identified in nIL-1F together with thrombin cut sites in grass carp,
pufferfish, zebrafish, rainbow trout (Wang et al., 2009; Yao et al., 2015) and lumpfish
(paper 1ll). It has been suggested that nIL1F is an IL-1 receptor antagonist, like IL-1Ra
(Wang et al., 2009). A study in grass carp confirmed that nIL-1F has antagonistic effect
(Yao et al., 2015). Yao et al., (2015) showed that recombinant nIL-1F1 has a high affinity
for IL-1R1 and that nlIL-1F1 inhibits the binding of IL-1B to IL1-R1 at the lowest tested
amount. In the same work, nIL-1F1 was identified in pufferfish and zebrafish. Further, an
evolutionary hypothesis was postulated regarding the ancestral origins of nIL-1F1 and its
functional homolog in mammals, IL-1Ra: nIL1-F1 and IL1-Ra are not orthologous due to
low sequence similarity (Ogryzko et al., 2014; Wang et al., 2009; Yao et al., 2015). This was

supported by low amino acid homology.

IL-1Fm2 has been reported to be constitutively expressed in seabream with the highest
registered levels in thymus, liver, gill, brain and gut (Angosto et al., 2014). Under bacterial
infection, the level of IL-1Fm2 increased in several organs, particularly in head kidney,
spleen, blood and peritoneal exudate. PAMP stimulation of seabream macrophages and
acidophilic granulocytes caused a weak to moderate induction of IL-1Fm2 expression
(maximum 12-fold) (Angosto et al., 2014). This contrasts the measurement of IL-1B
transcripts in the same samples, where extreme induction was observed (Sepulcre et al.,
2007). The same pattern was observed in lumpfish leukocytes upon stimulation with
various PAMPs (paper lll). In seabream, recombinant IL-1Fm2 synergistically induced the
expression of IL-18, TNF-a, IL-8 and IL-10 when combined with different PAMPs,

suggesting its involvement in innate immunity. No caspase 1 cut site has been identified
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in lumpfish IL-1Fm2 (paper Ill). Although IL-1Fm2 in sea bass was processed prior to its
release from macrophages, pan-caspases or caspase 1 inhibitors did not affect this

(Angosto et al., 2014).

B-Jellyroll cytokines

The jellyroll cytokine family, also referred to as the tumor necrosis factor superfamily
(TNFSF), is a large family that encompasses 19 ligands and 29 receptors in humans
(Aggarwal, 2003). The three major mammalian members are; TNF-a, lymphotoxin (LT) —a
(previously referred to as TNF-B) and LT-B. The lymphotoxin members are sarcopterygian
specific members, while teleosts possess TNF-a and an ancient TNF-a paralog known as
TNF-N. To this date TNF-N has only been identified in teleosts, however based on
sequence similarity it is inferred to predate Actinopterygii and Sarcopterygii (approx. 420
mya) (Fig. 6) indicating its presence in non-teleost fish. The TNF gene is an extremely old
gene predating Deuterostomia (approx. 550 mya), as TNF and its related genes have been
identified in mollusks, planarians and arthropods (Hu et al., 2019; Li et al., 2017a; Qu et
al., 2017). Vertebrate TNF-a evolution is complex, with numerous paralogs. In fish we

count eight paralogs (including TNF-a and the lymphotoxins).

It is known from mammals that most TNF-ligands show a typical homotrimeric structure
and exert their bioactivities as regulators of the immune system. TNF-a (also known as
TNF) is a major activator of the pro-inflammatory responses. It is expressed as a
membrane bound ligand, and upon cleavage by ADAM17 (also known as TACE), it is
separated from its transmembrane domain, and is thereby secreted as a soluble ligand
(Baeyens et al.,, 1999). Both secreted and membrane bound TNF-a bind both TNF-a
receptors, TNFR1 and TNFR2. The TNFR1 is expressed in virtually all tissues, while TNFR2
is chiefly expressed by immune, endothelial and neuronal cells. Both receptors activate
intracellular signaling pathways, although with different terminal outcomes. TNFR1

mediates anti-apoptotic, apoptotic and other death-inducing signals, while TNFR2
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mediates mainly cell proliferation and anti-apoptotic signals (Neumann et al., 2013). In

teleosts TNF-a has been identified and characterized in a range of fish (Table 3).

Salmoniform

/ TNF-a

Gene Novell if
duplication pardiog sa'mﬁ{lﬁ;'g
Speciation —— Orthologues Eutelostomorpha Carpiform
descent TNF-a TNF-a
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Clupeocephala / Carpiform
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TNF-a Sarcopterygian Coelacanth
Vertebrata / reoperygan TNF-a Sarcopterygian TNF-a2
= i
TNF-a b g
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Figure 6. Evolution of vertebrate TNF-a gene, displaying paralogues branching in fishes. This figure is
based upon a PhyloWiew search in Genomicus with ENSLBEG00000012547 (TNF-a in ballan wrasse) as
reference gene. The endpoint in this overview is the earliest common clade from the last gene duplication
event, i.e. lumpfish TNF-a is represented by Eutelostomorpha and human TNF-a is represented by
Sarcopterygii TNF-a. Evolutionary events driving the evolutionary history is color-coded.
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Table 3. Teleost TNF-a genes

Specie Latin specie name Reference

(Bobe and Goetz, 2001; Eimon et al.,

Zebrafish Danio rerio 2006)

Brook trout Salvelinus fontinalis (Bobe and Goetz, 2001)
Red seabream Pagrus major (Cai et al., 2003)

Lumpfish Cyclopterus lumpus (Eggestel et al., 2020)
Gilthead

seabream Sparus aurata (Garcia-Castillo et al., 2002)
Goldfish Carassius auratus (Grayfer et al., 2008)
Japanese flounder Paralichthys olivaceus (Hirono et al., 2000)

(Hong et al., 2013; Laing et al., 2001; Zou
Rainbow trout Oncorhynchus mykiss et al., 2003a; Zou et al., 2002)
Pacific blue fin
tuna Thunnus orientalis (Kadowaki et al., 2009)
Rock bream Oplegnathus fasciatus (Kim et al., 2009)

Atlantic bluefin

tuna Thunnus thynnus (Lepen Pleic et al., 2014)
Ayu Plecoglossus altivelis (Lu et al., 2015)

Turbot Scophthalmus maximus (Ordas et al., 2007)

Nile tilapia Oreochromis niloticus (Praveen et al., 2006)

(Saeij et al., 2003; Savan and Sakai,

Common carp Cyprinus carpio 2004)
Ctenopharyngodon
Grass carp idella (Zhang et al., 2012)

Channel catfish Ictalurus punctatus (Zou et al., 2003b)
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TNF-a is constitutively expressed in most examined teleost tissue, however, the plethora
of teleost TNF-a paralogs are seldom sufficiently addressed, making it difficult to
generalize as there is no established teleost nomenclature encompassing all the paralogs.
Kadowaki et al., (2009) made the distinction between type | and Il TNF-a in Pacific blue fin
tuna, sharing only 43% amino acid similarity. Type | phylogenetically placed itself within
the perciform TNF-a clade, while type Il was placed as a separate clade. In blue fin tuna,
type | TNF-a, but not type I, was not able to respond on a selection of PAMPs (Kadowaki
et al.,, 2009). Both TNF-a were able to increase the phagocytic activity of PBLs as
recombinant proteins. Type | TNF-a was expressed at consistent level throughout the
examined tissues, while type Il TNF-a was expressed significantly higher in spleen and
blood. Such differences between type | and Il has also been made in Atlantic blue fin tuna
and rainbow trout (Hong et al., 2013; Lepen Pleic et al., 2014). The characterized type Il
TNF-a paralog is represented in Figure 6 as Osteoglossocephalai TNF-a3. However,
confusingly, Hong et al., (2013) also identified a third paralog, which they named TNF-a2,
while the previously coined type Il TNF-a gene in tuna was named TNF-a3 in rainbow
trout. The TNF-a2 gene is a type | TNF-a gene and is represented in Figure 6 as

salmoniform TNF-a6.

Hong et al., (2013) reported a similar tissue-distribution as Kadowaki et al., (2009): type |
TNF-a genes were higher expressed than type Il TNF-a genes and type Il TNF-a was most
highly expressed in immune related organs. The reader should note that these trends
were not supported by statistical inference. Further Hong et al., (2013) reported that all
paralogs were highly responsive to PAMP and DAMP signals and that they displayed
differing kinetics in head kidney cells stimulated with PHA —TNF-a1 (type I) late moderate
response, TNF-a2 (type I) sustained moderate response and TNF-a3 (type Il) early highly
potent response. Interestingly, Hong et al., (2013) showed that type || TNF-a contained a
truncated transmembrane stalk, possibly leading to a spatially unavailable TACE site. It

was further speculated that this would lead type Il TNF-a to be primarily responsible for



57

the transmembrane-bound functions, while type | TNF-a would primarily be responsible
for the functions mediated by soluble TNF-a. Interestingly, in paper Il we revealed that all
TNF-a sequences within Ostariophysi are exclusively type Il TNF-a, implying that
Ostariophysian species may have an impaired or an alternative excretion mechanism.
Conversely if the excretion mechanism is impaired, the zebrafish TNF-a literature might
be reinterpreted and the use of zebrafish as a model for mammalian immunological,

cancer and necrosis/apoptosis phenomena might be re-evaluated.

Recombinant teleost TNF-a has displayed pro-inflammatory properties in several
independent studies, causing upregulation of IL-1B in all examined species, induction of
IL-8, IL-17C and COX-2 genes in rainbow trout, elevated phagocytic activity in rock bream
HKLs (Kim et al., 2009; Li and Zhang, 2016; Zhang et al., 2012; Zou et al., 2003a). Further
evidence of enhanced phagocytic activity of teleost TNF-a has been supplied by Garcia-
Castillo et al., (2002), Zou et al., (2003a) and Grayfer et al., (2008). In zebrafish, excess of
TNF-a increased the microbicidal activity of macrophages through increased production
of reactive oxygen species, upon infection with Mycobacterium, demonstrating an
immune stimulatory effect. However, prolonged excess on TNF-a induced necroptosis of
the macrophages (Roca and Ramakrishnan, 2013), indicating that tight regulation of TNF-
a in fish, as in mammals, is crucial. In common carp, TNF-a treated endothelial cell
supernatant promoted respiratory burst (Forlenza et al., 2009). In addition, the same
supernatant promoted leukocyte migration. The link between TNF-a and leukocyte
migration has also been unveiled in rainbow trout macrophages and seabass granulocytes
(Garcia-Castillo et al., 2002; Zou et al., 2003a). Furthermore, it has been reported in ayu-

fish that blocking of TACE-activity is linked to reduced respiratory burst (Lu et al., 2015)

The teleost TNF-N gene share homology with the mammalian CD30L and Glucocorticoid-
induced TNA receptor-related protein ligand (GITRL), both genes being primarily related

to lymphocytes (Glenney and Wiens, 2007). In rainbow trout two TNF-N paralogs, termed
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LT-B 1 and 2, have been characterized. The former paralog was highly expressed in
unstimulated HKLs, while the latter was only expressed in gill. Neither were expressed in
macrophage (RTS-11) or fibroblast (RTG-2) cell lines. In HKLs expression of both paralogs
increased by stimulation with PHA or LPS (Kono et al., 2006). These data are concurrent
with the notion of TNF-N being primarily a lymphocyte-expressed gene. However, in
zebrafish HKLs, TNF-N is only weakly induced by LPS in HKLs (Kinoshita et al., 2014). The
normal tissue expression of TNF-N in zebrafish are disputed: Kinoshita et al., (2014)
reported primarily expression in intestine, liver and gill, while Savan et al., (2005) reported
only TNF-N expression in head kidney. In fugu TNF-N has been reported to be
constitutively expressed in normal tissues (Savan et al., 2005). Description of other teleost

TNFSF members has been reviewed in Biswas et al., (2015) and Glenney and Wiens (2007).

Cysteine knot cytokines

The overall structure of the cysteine knot cytokines can be described as a disulfide rich,
all-beta core domain secondary structure. Particularly, of immunological importance, are
members of the IL-17 family and transforming growth factor (TGF)-B. The cysteine knot
structure is conserved through evolution as it is also found in invertebrates, and is an
ancient family that predates Deuterostomia (approx. 550 mya) (Parthier et al., 2014). In
mammals, cysteine knot cytokines are small, less than 200 amino acids, and are
biologically active as covalently linked homodimers, having a molecular weight of about
40 kilo Dalton (kDa), except for IL17B which are a non-covalently linked homodimer
(Meager and Wadhwa, 2013). Two clear mammalian homologs are found in teleosts, IL-
17B and D. Furthermore, the isoforms IL17A/F1-3, IL-17N and IL-17C have been identified
in teleosts (reviewed in Kono et al., 2011 and Secombes et al., 2016 and later works
include: Costa et al., 2012; Ding et al., 2016; Du et al., 2015; Wang et al., 2015b; Wang et
al., 2014; Yang et al., 2016). Although these cytokines have pro-inflammatory potential,
the responses they elicit are not comparable in potency to that of TNF-a, IL-1f and many

PAMPs, and their biological activity is linked to T-cells (Meager and Wadhwa, 2013). TGF
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possess some immunosuppressive functions in addition to drive the Th17 differentiation
in fish (Zou and Secombes, 2016). As neither the IL-17 nor TGF cytokine family
encompasses major pro-inflammatory cytokines, further description of them is beyond

the scope of this thesis.

Type I « helical cytokines

Most ILs and colony stimulating factors belong to the type | a helical cytokine family. ILs
are divided into the; IL-2 subfamily, IL-6 subfamily and IL-12 subfamily. They signal via the
type | cytokine receptor family. Of the IL-2 subfamily all molecules except IL-9 have been
identified in fish, which include: IL-2, IL-4, IL-7, IL-15, and IL-21. All of them are implicated
in T-cell memory or the molecules secreted by Th subsets upon stimulation (Secombes et

al., 2011; Zou and Secombes, 2016).

The IL-6 subfamily in teleosts contains four members; IL-6, IL-11, CNTF (Ciliary
neurotrophic factor) like and M17 (Fujiki et al., 2003; Huising et al., 2005; Wang and
Secombes, 2009). The mammalian IL-6 subfamily member IL-31 is to date not identified in
teleosts. Phylogenetic analysis suggests that the CNTF-like genes are orthologues to the
LCA of CNTF/CLC (Charcot-Leyden crystals)/CT (cardiotropin) 1 & -2 genes in mammals
and the M17 genes are orthologues to the LCA of LIF (leukemia inhibitory factor) and OSM
(oncostatin M) genes in mammals (Wang and Secombes, 2009). Paralogs of teleost IL-6
subfamily members have been reported for IL-11 (Huising et al., 2005; Santos et al., 2008).
There are no studies of teleost recombinant IL-11 or CNTF-like to date (Zou and Secombes,
2016). However, gene expression analysis suggests IL-11 are involved in responses against
pathogenic virus, bacteria and parasite. CNTF-like expression is only weakly reduced by
LPS and poly(l:C) and the pro-inflammatory cytokine IL-1p (Wang and Secombes, 2009;
Wou et al., 2019). Furthermore, CNTF-like gene expression was weakly induced by Yersinia
ruckeri in vitro in rainbow trout, however, the non-pathogen dependent effect of the trial

was much larger than the pathogen dependent effect (Wang and Secombes, 2009).
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Initially, IL-6 was shown to be critical to the activation and proliferation of T- and B-cells.
Further, it was demonstrated that IL-6 was critical to acute phase immune responses and
it was produced by monocytes and macrophages after LPS activation through TLRs. Other
mammalian cells that also produce IL-6 include fibroblasts, keratinocytes and endothelial
cells after stimulation with IL-1 molecules (Tanaka et al., 2014). Mammalian IL-6 are also
known to increase its plasma concentration by a factor of 1 million, comparing normal
with septic individuals. These extremes are associated with high mortality (Jordan et al.,

2018).

The involvement of teleost IL-6 in antibody production has been reported from several
species such as orange spotted grouper, Nile tilapia and Japanese pufferfish (Chen et al.,
2012; Kaneda et al.,, 2012; Wei et al.,, 2018). Several studies have also reported the
upregulation of IL-6 gene expression after bacterial exposure; Streptococcus agalactiae in
in vitro Nile tilapia, Edwardsiella tarda in in vivo olive founder and V. anguillarum in in vivo
study of gilthead seabream (Castellana et al., 2008; Nam et al., 2007; Wei et al., 2018).
Further, IL-6 gene expression is affected by exposure to several PAMPs in teleosts; LPS,
bacterial DNA, PGN, imiquimod and poly (I:C) (Bird et al., 2005; Castellana et al., 2008;
Chen et al.,, 2012; Varela et al., 2012; Wei et al., 2018; @vergard et al., 2012). Rainbow
trout IL-6 gene expression is also induced by IL-1B (Costa et al., 2011). Recombinant
rainbow trout IL-6 displayed typical features of mammalian IL-6, such as rapid induction
of Signal transducer and activator of transcription 3 (STAT3) phosphorylation and
expression of suppressor of cytokine signaling (SOCS) 1 to -3, cytokine-inducible SH2-
containing protein (CISH) and interferon regulatory factor 1 (IRF-1). Interestingly,
recombinant rainbow trout IL-6 displayed novel features not seen previously for IL-6: IL-6
produced during inflammation may promote macrophage proliferation locally, IL-6
induced the expression of an antimicrobial peptide (cathelicidin-2). Furthermore, IL-6
reduced the expression of IL-1B and TNF-a, indicating a role in regulation of inflammation,

and IL-6 induced the expression of hepcidin in macrophage (Costa et al., 2011). Hepcidin
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is an antimicrobial peptide that regulates iron homeostasis and is only expressed in

hepatocytes in mammals (Lou et al., 2005; Nemeth et al., 2004).

Teleost diversity

As the previous sections have showed, there are considerable variations in the
components and mechanisms of the teleost immune system. Some immune genes, such
as TNF-a, have a complicated evolutionary history and basic understanding of teleost tree
of life will make it less convoluted. Further, knowledge of their evolutionary histories are
essential to understand their function. Also, phylogenetic analyses are important parts of
the description of the molecules in this thesis. Therefore, a short section on the teleost

diversity has been included.

Teleostei are a highly diverse group of animals containing approximately 50 % the diversity
within Vertebrata. Teleostei, also known as true bone fish, are separated at the base from
the living clades Sarcopterygii and Chondrichthyes and the fossil clade Placodermi.
Teleosts occupy a great variety of different aquatic environments worldwide, from deep
ocean trenches to high mountain streams, and many thrive in extreme habitats; subzero,
hypersaline, hypoxic and acidic conditions (Helfman et al., 2009). Knowledge of their
phylogeny has significantly advanced the last years, mainly due to the advent of novel
comprehensive molecular methods applied to teleosts in conjuncture with ever increasing
databases and —mining techniques that have enabled researchers to study multi-locus
evolution. Although the molecular phylogeny encompasses more and more loci and
species, the genome-scale studies are associated with some major challenges and a crisp-
clear phylogeny is not yet resolved. In particular, the challenges of paralogy and a lack of
high-quality genomes and transcriptomes relative to the number of species is problematic
in teleost phylogeny. The particular areas of contention involve the branching order at the
base of teleosts, the relationship among the otophysan orders, the sister group to the

neoteleosts, the sister group to the acanthopterygians and the relationship among
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atherinomorph orders. Although these contentions remain enigmas, most of the
evolutionary backbone is known in teleost. See Figure 7 for the contemporary consensus
of teleost phylogeny. Lumpfish is placed within the order Perciformes and the family

Cyclopteridae (Betancur et al., 2013; Hughes et al., 2018).

The challenge of paralogy is the difficulty of inferring phylogenetic descendants based on
sequence similarity, when the gene of interest has been duplicated. The assumption
allowing phylogenetic inference based on sequence similarity, is that closely related
species have sequences that are highly similar, while the sequences of species that are
distantly related are proportionally less similar. This is often a good approach, but it has
some fundamental challenges, e.g. with paralogy. When a gene is duplicated its daughter
genes, the paralogs, can meet three different fates. |, one of them is retained while the
other is removed from the DNA — called non-functionalization- Il, both paralogs are
retained and the functions of the orthologue are split between the two paralogs — called
sub-functionalization - and Ill, both paralogs are retained, one of them retains the original
functions while the other adapts new functions — called neo-functionalization. Despite the
final fate of the paralogs, if both paralogs exist and they have similar functions, they will
experience an increased mutation rate. This is because when one paralog get a deleterious
mutation the other paralog will still produce a functional gene product and the fitness of
the individual containing the deleterious mutation may not be affected. However, over
time, one of three fates will manifest itself and the period of increased mutation rate will
come to a halt. This increased mutation rate period causes the relation between specie
and sequence relatedness to become non-linear and the interpretation is therefore much
more difficult or impossible. Moreover, if genes meet fate Il or Ill, at least one of the

paralogs will get new set of exclusion rules, causing a change in rate of

Figure 7 (next page). Fossil calibrated phylogeny of 300 actinopterygians (blue and red) and three
sarcopterygians (green) with divergence date estimates. The percomorph radiation is highlighted in
red. Contentions is represented with yellow ovals, with alternative topology in box. From Hughes et al.,
(2018).
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accumulated mutations, possibly enhancing the non-linearity. Therefore, Hughes et al.,

(2018) avoided using paralogues genes in their phylogeny.

Paralogous genes are found throughout the domains of life; however, a couple of clades
are more exposed to the effects of paralogy due to whole genome duplication (WGD)
events, also known as polyploidization. The plant kingdom is the most renowned clade of
WGD, where the upper estimates of polyploidy in the flowering plants (Angiosperms) are
30-35% and the lower estimates are 2-4% (Otto and Whitton, 2000; Stebbins, 1971), and
all are paleopolyploid. Mammals seem to be very intolerant of WGD. Polyploidy occurs in
2-3% of all human pregnancies, but almost every case result in either miscarriages or
death short time after delivery. The oldest human with a recorded case of complete WGD
(92 chromosomes) survived until the age of 27 weeks (Arvidsson et al., 1986). Despite
WGD are deleterious for mammals, it has been speculated to be fundamental for the
success of vertebrates. First postulated by Ohno (1970), the 2R hypothesis (coined by
Holland et al., (1994)) states that the vertebrate genome is composed by two rounds of
WGD, thus modern vertebrate genomes reflect the state of paleopolyploid. This
hypothesis was hotly debated in the late 90’s, and with the advent of modern sequencing
technologies and increase in computational power, it gained popularity. Kasahara (2007)
concluded that the 2R hypothesis is true, however, some of the cited works within these
studies have lost some of the relevance to the conclusion. This regard the HOX genes
(Abbasi, 2015). Even though the literature is not fully conclusive on the topic of vertebrate

WGD, it is conclusive regarding the palaeopolyploidization of teleosts.

Basally, the teleosts experienced a WGD, termed the teleost specific (TS) WGD. Three lines
of inquiry support this claim: | — high number of HOX genes, Il - molecular clock analyses,
estimating the TS-WGD to 350 - 320 mya and lll - whole genome sequence analyses,
reviewed in Glasauer and Neuhauss (2014). Further, WGD events have shaped the path of

teleost evolution, with WGD occurring in both salmonids and cyprinids (Glasauer and
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Neuhauss, 2014). The Salmonidae experienced a WGD event approximately 50 - 80 mya
(Alexandrou et al., 2013; Johnson et al., 1987), and the LCA of the common carp and
goldfish approximately 5.6 -11.3 mya (Wang et al., 2012; Zhang et al., 2013c). Additionally,
some loaches (Cobitidae) and suckers (Catostomidae) also experienced WGD events
(Ferris and Whitt, 1977; Uyeno and Smith, 1972). With more whole genome sequencing

of teleosts, it is expected that more WGD events will be unveiled.
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Aims of the study
The aims of this study were to investigate early immune responses in lumpfish
(Cyclopterus Ilumpus) upon bacterial exposure and characterize the major pro-

inflammatory cytokines. The objectives were as follows:

e Establish a lumpfish sequence database and protocols for handling the big data set
e Investigate innate immune responses in lumpfish

o Global transcriptome analysis of early immune responses in lumpfish

leukocytes upon exposure to V. anguillarum 01

o In-depth mapping of major responding immune system pathways
e Identify and characterize IL-1 family members, IL-6 and TNF-a in lumpfish

o Molecular characterization of gene, cDNA and peptide sequences

o Study the phylogeny of the cytokines

o Establish gPCR assay for the cytokines

o Measure transcript levels of the cytokines in normal tissues and

leukocytes by gPCR

o

Measure effects of PAMPs on the expression of these cytokines
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Major findings in paper I, Il and III

The lumpfish transcriptome consisted of 346430 transcripts (paper ).

In the lumpfish transcriptome 2490 genes belonged to immune system processes.
Of them 956 genes were innate immune response genes (paper I).

Quality assessment of DEG-analysis of lumpfish HKL after exposure to V.
anguillarum was determined by principal component analysis (PCA) and clustered
heatmap. The DEG consisted of 34280 genes, of which approximately 28% of the
genes at 6 hours post exposure (hpe) and 45% of the genes at 24 hpe were
significantly regulated (adjusted p-value < 0.05) and most of the variance was due
to the experimental variables time and V. anguillarum exposure (paper I).

Among the most regulated lumpfish genes after exposure to V. anguillarum were
genes controlling pro-inflammatory processes; e.g. cytokines, TLR5S and
complement factors (paper ).

In addition to TLR5S, 12 TLRs, adaptor molecules and key molecules in the NF-kB
and MAPK signaling pathways were identified (paper | and Ill).

The lumpfish IL-1 family members; IL-1B, IL-18, nIL-1F and IL-1Fm2, and its
receptors; IL-1R1, IL-1R2, IL-1R3, IL-1R4, IL-R5 and IL-1R9 were identified. The
lumpfish IL-1 family shared the characteristics of other species within Perciformes,
except that IL-1Fm2 in lumpfish lacks major parts of the N-terminal peptide
sequence. The phylogenetic analysis placed the lumpfish genes within their
respective clades and unveiled that IL-1Fm2 is most closely related to the IL-1B3
clade (paper I and Iil).

Lumpfish TNF-a were identified and molecularly characterized. The gene contained
four exons, the TNF signature sequence and the expected protein structure. The
phylogenetic analysis placed lumpfish TNF-a within its expected clade, further, it
demonstrated for the first time the lack of the typical TACE cut site in all TNF-a

sequences within Ostariophysi (paper I and II).



68

The lumpfish IL-6 gene sequence had a similar structure to other IL-6 genes.
However, two isoforms were identified; one typical (IL-6 i1) and one alternatively
retaining an intron (IL-6 i2). The latter contained a signal peptide first revealed after
proteolytic cleavage, possibly performed by caspase 1. The phylogenetic analysis
placed lumpfish IL-6 within their expected clades, further, it demonstrated for the
first time the presence of a salmonid IL-6 gene duplication (paper I and II).

The gene expression of the IL-1 family, IL-6 and TNF-a were characterized.
Throughout 16 tissues, HKLs and PBLs all the examined genes were constitutively
expressed. IL-1B and IL-1Fm2 were significantly lower expressed than nIL-1F and IL-
18. The highest level of TNF-a and IL-6 transcripts were measured in immune
organs, followed by surface tissues and lowest in other organs, except IL-6 in eye
and brain where the highest levels of IL-6 were measured (paper Il and ).

Upon stimulation of IL-1 family, IL-6 and TNF-a with differing PAMPs; flagellin,
pam3csk4, FSL-1, poly (I:C), CpG, GpC and ssPoly(U), IL-1B, nlIL-1F, IL-6 and TNF-a
were similarly differentially expressed, highly by flagellin and moderately by poly
(I:C) and CpG, and to a limited extent by Pam3CSK3. The examined PAMPs did not

elicit any response of IL-1Fm2 and IL-18 (paper Il and IiI).
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Discussion
In the present thesis, an explorative study of early innate immune responses in lumpfish

leukocytes upon exposure to V. anguillarum has been performed using global
transcriptome analyses, unveiling the underlying mechanisms of transduction of infective
signals. Furthermore, the major pro-inflammatory cytokines of lumpfish have been
characterized. The first phase of this study was a global characterization of the early anti-
bacterial responses of lumpfish HKLs. The second phase of this study was continuing the
notion of early immune responses of lumpfish HKLs, focusing in detail on the major pro-
inflammatory cytokines. The pro-inflammatory cytokines have been instrumental to the
development of a wide range of fish health disciplines; infection medicine, immunology
and physiology. All these disciplines will be important for the continued improvement of

the lumpfish fish health biology.

The sequenced lumpfish transcriptome consisted of 516 million reads, which is considered

deep sequencing. In the context of RNA sequencing of bacteria exposed teleosts to date
Jiang et al., (2016) are the only authors surpassing this depth (Sudhagar et al., 2018). In
addition to containing information about the major gene activities, a deep transcriptome

encompasses information regarding low expressing genes.

The assembled lumpfish transcriptome consisted of 346430 transcripts among 221659

trinity-genes. This gene number is far higher than expected considering its genome
consists of 50 chromosomes (Li and Clyburne, 1977). This is the same number of
chromosomes possessed by zebrafish, and the number of protein-encoding genes in
zebrafish is about 26000 (Collins et al., 2012). Assuming the same genomic properties of
lumpfish as with zebrafish, the number of assembled genes was approximately 8.5 times
higher than expected. This was an intended consequence since a more relaxed collapsing
algorithm would keep more low coverage genes in the assembled transcriptome. The

extremely high number of genes in the transcriptome can therefore be a technical artifact.
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It may also represent splicing variants. Independent of the cause, the number of genes is
inflated and does not refer to the true biology. In general, when assessing number of
genes in a de novo transcriptome, one should read them in relative and not absolute

terms.

The assembled transcriptome was functionally annotated through a BLAST (basic local

alignment search tool) based algorithm, utilizing manually curated mammalian biased
databases such as e.g. SWISS-PROT and UNIPROT. Fish specific and novel genes are
routinely ignored in such databases, however, the quality of the annotated genes is
generally high. In the lumpfish transcriptome, the functional annotation consisted of
37895 gene ontology (GO) enriched genes. Within “biological process” the distribution of
prevalent level 2 terms was as expected, except for metabolic process that was higher. As
we a priori were interested in the immune system, we focused on the GO level 2 term
‘immune system process’. It contained 2490 enriched genes, and the most abundant
daughter-term ‘immune response’ containing 1354 genes. Within this level 3 GO term, the

level 4 GO term ‘innate immune response’ was most abundant and included 956 genes.

The global DEG analysis revealed major differences across both tested variables — V.

anguillarum exposure and time, as seen in both the PCA plot and the hierarchical
clustering. As expected, the HKLs mounted a more extensive and potent response at 24
hpe compared to 6 hpe to V. anguillarum. The number of statically significant DEG
increased from 9033 to 15225 genes over the time course in this study. In relative terms,
DEG increased from 28% at 6 hpe to 45% at 24 hpe. Interestingly, only 16% of the DEGs
(5389) were significantly regulated at both time points; perhaps reflecting important
nuances in the early responses in lumpfish HKLs exposed to V. anguillarum, or time-
dependent confounding variables, such as the HKLs adapting to the primary culture
environment. Although such confounding variables contributed to the observed variance,

the immunological effect of the experiment was clear. GO enrichment of the DEGs
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revealed that upregulated genes at 6 hpe over-represented the GO-terms response to
lipopolysaccharide, inflammatory response and regulation of intracellular signal. And, at
24 hpe the most over-represented GO terms included response to stimulus, defense
response, response to stress, positive regulation of immune system processes and
regulation of intracellular signal transduction. The GO enriched DEGs clearly showed
involvement of the immune system through diverse mechanisms. Interestingly, GO terms

related to IL-4 were over-represented at both 6 and 24 hpe.

Among the KEGG-pathways involved in detection of pathogens, the complement cascade

and TLR pathway were the most upregulated in the V. anguillarum exposed HKLs. This is
in congruence with other transcriptomic works on percomorph fish injected with V.
anguillarum (Zhang et al., 2015; Zhao et al., 2016). However, a transcriptomic work in
turbot studying the intestinal barrier alteration and pathogen entry upon immersion of V.
anguillarum, did report a considerable downregulation of complement factors and did not
mention the TLRs (Gao et al., 2016). Although all these works are performed in different
species, this inconsistency seems to be an effect of challenge route. It seems likely that
the effects reported in the present study, and those reported by Zhao et al., (2016) and
Zhang et al., (2015), reflect the biological state of a systemic infection stage, while the

effects reported by Gao et al., (2016) seems to reflect a local intestinal specific response.

The complement cascade can be activated by three different pathways; the classical, the

lectin and the alternative pathway. In contrast to mammals, the alternative complement
pathway titers are several orders of magnitude higher in teleosts (Sunyer and Tort, 1995).
Many lumpfish genes belonging to the classical and alternative pathway were among the
most highly differentially expressed genes. The complement factor H (CFH), complement
factor 8A and B and complement factor B were the top four upregulated genes at 24 hpe
410, 265 and 203 times the control value, respectively. C1QA and C, GPR1 and C2 were
the four most downregulated genes at 24 hpe, 0.022, 0.027, 0.057 and 0.074 compared
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to the control, respectively. Complement factor H allows factor | to degrade C3b into iC3b,
which binds to pathogenic membranes. In turn, iC3b binds to CR3, thereby enhancing
phagocytosis, respiratory burst and antigen uptake. Interestingly, the CR3 was
downregulated approximately 6.3 times the control value at 24 hpe. This contradicting
expression value of CR3 might be a negative feedback loop. The complement factors 8 A
and B are involved in the forming of the membrane attack complex. Complement factor B
is also an integral part of the alternative complement pathway as it non-covalently binds
to C3, forming C3 convertase upon factor D processing, and if the requisite environmental
conditions are met, it forms C5 convertase. The alternative pathway is completely
dependent on the alternative C3 and C5 convertases (Boshra et al., 2006). The most
down-regulated genes were involved in the classical and lectin pathway. The DEG analysis
showed a very clear picture; the alternative complement cascade is very important in the

lumpfish HKL response to V. anguillarum.

The TLR pathway is initiated by PAMP binding of a TLR. In the KEGG reference pathway

the human TLRs are entered, which is not fully representative of the lumpfish pathway. In
the present study, 13 TLRs were identified and included in the TLR pathway analysis. The
phylogenetic analysis confirmed the identification of the lumpfish TLRs, and conclusively
proved the existence of TLR1, 2, 3, 55, 5M, 7, 8, 9, 13, 14, 21, 22 and 28 in the lumpfish.
Furthermore, we identified most of the members in the TLR signaling pathway. The DEG
of the TLR signaling pathway clearly indicated that MYD88 and NF-kB dependent TLR
signaling were the primarily activated signaling pathway in lumpfish HKLs during exposure
to V. anguillarum . This was supported by the high upregulations of gene transcripts at 24
hpe of the pro-inflammatory cytokines; IL-1B (315.2), IL-6 (137.2), IL-8 (104) and TNF-a
(30), the NF-kB signaling pathway genes; NF-kB inhibitor alpha (10.5) and NF-kB (5), and
TLR5S (119.5). Interestingly the other TLRs were either not, slightly (TLR 2, 7, 14, and 21,
ranging from 0.8 — 0.29) or severely downregulated (TLR13, 0.027) at 24 hpe. High

upregulation of TLR5S upon bacterial exposure has previously been reported in rainbow
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trout, gilthead seabream and flounder (Jayaramu et al., 2017; Munoz et al., 2013; Tsujita
et al, 2004). In addition, the MAPK pathway genes MP2K6 and MP2K3 were
downregulated (0.4) and (0.2). All the mentioned regulation levels were significant with
adjusted p-value < 0.05. Among the downregulated TLRs in lumpfish with reported
bacterial TLR-ligand were TLR 2 and 13. Teleost TLR2 ligands are lipopeptides, PamsCSKa,
PGN and LTA (Basu et al., 2012; Quiniou et al., 2013; Ribeiro et al., 2010; Samanta et al.,
2012), and teleost TLR13 ligand is bacterial RNA (Liang et al., 2018). These are components
of V. anguillarum, and it is highly interesting that lumpfish HKLs down-regulates these
receptors. Some possible explanations could include the following hypotheses: 1)
Lumpfish TLR2 and 13 do not share the ligand specificity of other described teleost TLR2
and 13. 2) The cells expressing TLR2 and 13 are selectively removed by a confounding
variable, such as adaptation to the primary culture environment. 3) TLR2 and 13
competitively bind the adaptor proteins of TLR5 and thereby function as decoys for the
TLR5 adaptor proteins. This could possibly lead to TLR5:flagellin complexes not being able
to bind their adaptor proteins, due to too low concentration of free adaptor proteins, and
thus termination/potency-reduction of the signaling cascade. The leukocytes needs to
reduce the levels of TLR2 and 13 in order to maintain full potency of the TLR5 signal
transduction. Independent of this hypothesis ,it is clear that lumpfish HKL’s responses to
V. anguillarum are highly dependent on TLR5, and that flagellin is likely the most efficient
PAMP to protect against V. anguillarum infection. However, if hypothesis 3 is true, the
consequence is that other PAMPs would not, or only slightly, elicit a protective response,

as their receptors would be downregulated upon V. anguillarum infection.

The cytokines produced downstream of the TLR signaling pathway, IL-18, IL-6, IL-8 and

TNF-a, are all pro-inflammatory. These cytokines are known to be important in septic
diseases, of which vibriosis is associated to (Frans et al., 2011). IL-8, also known as CXCLS,
is an important chemotactic factor for neutrophils which are the most prevalent

professional phagocytic cells in the immune system (Baggiolini and Clark-Lewis, 1992). The
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chemotactic capacity of IL-8 has been demonstrated in cyprinids and is also associated
with increased superoxide production of recruited cells (De Oliveira et al., 2015; De
Oliveira et al., 2013a; De Oliveira et al., 2013b; Van Der Aa et al., 2010). Teleosts IL-8 has
been reviewed by Bird and Tafalla (2015). In the transcriptome we observed some
conflicting evidence regarding IL-1B. The previously mentioned transcript was extremely
upregulated, but other automatic annotated IL-1p transcripts had low or no regulation at
all. It was therefore necessary to perform deeper characterization of these transcripts and
identify the true genes behind them (paper lll). This conflicting state of the transcripts also
highlighted the need for full description of the IL-1 family, to ensure future users of the

lumpfish transcriptome would not accidentally select the wrong IL-1 family member.

Further, the NF-kB and MAPK signaling pathways and their regulation in lumpfish HKLs

upon exposure to V. anguillarum were characterized. Most members of both signaling
pathways were identified (paper lll). As previously described for the TLR pathway, the DEG
analysis consisted of genes belonging to the canonical part of the NF-kB signaling pathway.
Interestingly, we identified three differentially regulated transcripts of TNFSF11a, also
known as RANKL (Receptor activator of nuclear factor kappa-B ligand) regulated at 24 hpe
0.16, 1.22 and 11.16 times the control level. The DEG analysis of the MAPK signaling
pathway displayed upregulation of the transcription factor belonging to classical MAP
kinase pathway, JNK (c-Jun N-terminal kinase) and p38 MAP kinase pathway. These
pathways all lead to an increased proliferation, differentiation and inflammation (Burotto

et al., 2014).

The characterization of the IL-1 family members clearly proved the existence of the four

expected teleost members in the lumpfish transcriptome; IL-1B, IL-18, nIL-1F and IL-1Fm2.
In addition, the teleost receptors of the IL-1 family were identified; IL-1R1, IL-R2, IL-1R4,
IL-1R5, DIGIRR and IL1-R3, the latter two only partial sequences. All the lumpfish IL-1

ligands contained the IL-1 signature sequence. As expected, the lumpfish IL-13 sequence
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contained a propeptide, but not a caspase-1 cut site, as observed for other teleost IL-1 3,
but in contrast to IL-1 B in mammals (Zou and Secombes, 2016). The gene organization of
IL-1B showed that it is a type Il IL-13 containing five exons. Lumpfish IL-18 also possesses
five exons like other IL-18 sequences. A caspase-1 cut site was identified in lumpfish nlL-
1F, in addition to two thrombin cut sites, previously suggested to be involved in the
processing of trout nIL-1F (Wang et al., 2009). Lumpfish nIL-1F possesses seven exons, like
other teleost nIL1F sequences (Zou and Secombes, 2016). Interestingly, the lumpfish IL-
1Fm2 contained a shortened peptide sequence compared with other teleost sequences
due to a stop codon after the first 36 bp of the coding sequence. The remaining transcript
coded for a shortened IL-1Fm2 peptide sequence. It lacks the second exon and the
majority of the third exon compared to IL-1Fm2 other species. This exon structure is
unique for lumpfish. The loci of IL-1 ligands were identified in the lumpfish draft-genome
(Knutsen, 2018). Synteny analysis showed that they mostly displayed similar co-

localization as other teleosts (paper lil).

The phylogenetic analysis of the IL-1 ligands conclusively proved the identification of the

IL-1 family members in lumpfish. Interestingly, the present study for the first time
identified the nIL-1F gene in non-teleost species — namely in Chondrichthyes and
Sarcopterygii species. This is highly interesting as IL-1Ra and nlIL-1F have been argued to
not share an orthologous relationship, despite having similar function (Wang et al., 2009;
Yao et al., 2015). The results in the present study clearly place nIL-1F in the evolutionary
tree before the tetrapod divergence, implying that nlL-1F predates IL-1Ra. Further, it may
imply that nIL-1F is the ancestor of IL-1Ra. The lack of similarity between nIL-1F and IL-1Ra
might be explained by a gene-duplication followed by non-functionalization of the paralog
most like nIL-1F. Also, the observed IL-1Fm2 phylogeny of Angosto et al., (2014) was

observed in the present study (paper Ill).
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Although the IL-1 ligands were constitutively expressed in tissues, there were not

observed any significant tissue dependent gene-expression of the IL-1 family members in
16 lumpfish tissues and the two primary leukocyte cultures. However, IL-18 and nIL-1F
were significantly overall higher expressed than IL-1B and IL-1Fm2. In the PAMP-
stimulation experiment, IL-1Fm2 and IL-18 were barely induced, this is in congruence with
the sparse literature as these cytokines are known to only be weakly induced by PAMPs
and pathogens in teleosts (Angosto et al., 2014; Perez-Cordon et al., 2014; Zou et al.,
2004). Interestingly, nIL-1F has shown to inhibit the expression of IL-1B in other teleosts,
and has a similar expression profile as IL-1B across tissues (Wang et al., 2009; Yao et al.,
2015). In the present study, IL-1 and nIL-1F expression levels were modulated in a similar
pattern, highly induced by flagellin, moderately by CpG and poly(l:C) and weakly by
PamsCSKs4 (paper Ill).

Gene organization of lumpfish TNF-a displayed the typical traits of teleosts TNF-a type I.

This was also observed regarding the peptide characteristics. Within Teleostei there have
been identified two types of TNF-a. Moreover, in certain clades such as Cyprininae and
Salmonidae even more TNF-a genes have been identified. The phylogenetic analysis of
lumpfish TNF-a with all presently available full-length teleost TNF-a sequence reproduced
the previously known phylogenetic properties of the teleost TNF-a: two neoteleost clades,

two Salmoniformes specific and two Cyprinidae specific clades (paper II).

Two lumpfish IL-6 isoforms were identified. One isoform displayed a conventional peptide

sequence (IL6 i1), while the other isoform retained the first intron (IL6 i2). Interestingly,
the predicted lumpfish IL-6 i2 sequence contained a signal peptide sequence, as expected,
however this was first revealed after proteolytic cleavage, indicating that lumpfish IL-6 i2
is dependent on post-translational modification in order to gain its functionality. A capase-
1 cut site was predicted in a region allowing for the aforementioned unveiling of the signal

peptide. These predictions lead us to hypothesize that lumpfish IL-6 i2 is dependent on
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caspase-1 processing. This hypothesis should be tested experimentally. Interestingly, the
phylogenetic analysis of lumpfish and other teleost IL-6 revealed two clades within
Salmoniformes. Eggestgl et al., 2020 is the first report of two IL-6 paralogs within

Salmoniformes (paper II).

The gene expression profiling of lumpfish TNF-a and IL-6 in normal tissues and primary

leukocyte cultures revealed an interesting pattern. Both genes were highly expressed in
immune organs, followed by surface tissues and lowest in other internal organs, such as
liver, muscle and gonad. However, the highest levels of lumpfish IL-6 were detected in
brain and eye - the only organs where IL-6 expression surpassed TNF-a expression. In
general, TNF-a transcripts were more prevalent than IL-6 transcripts in lumpfish tissues.
This is highly interesting considering the PAMP stimulation of lumpfish IL-6 and TNF-a.

Lumpfish IL-6 was considerably more potently regulated than lumpfish TNF-a (paper Il).
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Concluding remarks

A lumpfish transcriptome database was established, consisting of 346430 transcripts,
among them 956 innate immune genes,. We found that the lumpfish innate immune
responses are potent. The early responses against the extracellular bacteria V.
anguillarum, are dominated by the alternative complement pathway, the TLR5S induced
TLR signaling, chiefly through the canonical NF-kB pathway, leading to the production of
the hallmark pro-inflammatory cytokines; IL-1B, TNF-a and IL-6. These cytokines are
known to increase phagocytosis, proliferation and inflammation. The gPCR-assays for
quantitative measurements of the cytokines were established. Four IL-1 ligands and
several IL-1Rs were identified in lumpfish, and possess the typical traits found within
teleosts. The phylogenetic analysis split the IL-1B clade according to their type, lumpfish
IL-1B being placed within type I. Further, the present study describes nIL-1F for the first
time outside of Teleostei. Lumpfish TNF-a also possesses the typical teleost traits,
however some slight possible discrepancies have been described regarding lumpfish IL-6,
as one of its isoforms are predicted to contain a caspase 1 cut site. Also, the present study
contains the first evidence of IL-6 paralogs in Salmoniformes. If the speculations regarding
IL-6 i2 processing represents true biology, then lumpfish IL-6 may be an unprecedented
cytokine in evolution, being a pro- and anti-inflammatory cytokine with its kinetics
dependent on caspase 1 processing. The qPCR data of the normal lumpfish tissues showed
that IL-18 and IL-1Fm2 is lower expressed than niIL-1F and IL-18, and that TNF-a is higher
expressed than IL-6, except for brain and eye. The PAMP stimulation of the lumpfish
leukocytes potently regulated IL-1B, TNF-a, IL-6 and nIL-1F, in a parallel pattern, while IL-
1Fm2 and IL18 were not. Our data constitute an important tool to further elucidate
cytokine functions, protein-protein interactions and the underlying mechanisms for

regulation of these molecules in lumpfish.

Knowledge of the immune system contribute to increased welfare of lumpfish, as it

enables development of immune prophylactic measures, such as vaccination and
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stimulation, and it increases our understanding of the lumpfish responses to disease.
Further, this knowledge is also of comparative interest as lumpfish represent a

phylogenetic group that is poorly described immunologically.
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-of signaling pathways and early
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 We performed RNA sequencing, identified components of the immune system and mapped early

. immune responses of lumpfish (Cyclopterus lumpus) leukocytes following in vitro exposure to the
pathogenic bacterium Vibrio anguillarum O1. This is the first characterization of immune molecules in
lumpfish at the gene level. In silico analyses revealed that genes encoding proteins involved in pathogen
recognition, cell signaling and cytokines in mammals and teleosts are conserved in lumpfish. Unique

: molecules were also identified. Pathogen recognition components include 13 TLRs, several NLRs and

. complement factors. Transcriptome-wide analyses of immune responses 6 and 24 hours post bacterial

. exposure revealed differential expression of 9033 and 15225 genes, respectively. These included TLR5S,

. IL-183, IL-8, IL-6, TNFa, IL-17A/F3, IL-17C and several components of the complement system. The data

© generated will be valuable for comparative studies and make an important basis for further functional

. analyses of immune and pathogenicity mechanisms. Such knowledge is also important for design of

. immunoprophylactic measures in lumpfish, a species of fish now farmed intensively for use as cleaner-

. fish in Atlantic salmon (Salmo salar) aquaculture.

. Teleost fish, the earliest evolutionary group with an immune system exerting both innate and adaptive immu-
* nity, is highly diverse, consisting of more than 32 000 species. The innate immune system in fish, like mammals,
. consists of a variety of molecules and immune cells that provide the first line of defense against microbial attack
. through recognition of potential pathogens. Recognition and degradation of microbes followed by induction
. of inflammation are essential processes for clearance of microbes and onset of adaptive immune responses.
. The innate immune system is triggered by complement factors, antibodies and/ or pattern recognition receptor
. (PRR) recognition of pathogen-associated molecular patterns (PAMPs) such as nucleic acid structures unique
. to bacteria and virus (CpG DNA, dsRNA), diverse proteins (flagellin), lipopolysaccharide, lipoteichoic acid and
. peptidoglycan.

While recognition of potential pathogens by complement factors and antibodies lead to increased phagocytic
© activity of host cells and degradation of invading microbes, recognition of PAMPs by PRRs ensures, through pro-
- duction of cytokines, that the elicited immune response is tailored to the invading pathogen. The major families of
. PRRs are the Toll-like receptors (TLRs), Nucleotide binding and oligomerization domain (NOD)- like receptors
 (NLRs), retinoic acid inducible gene I (RIG-I)- like receptors (RLRs), C-type lectin receptors (CLRs) and absent
. in melanoma 2 (AIM2)- like receptors (ALRs)" In teleost fish, the TLRs is the most studied family of the PRRs
. and an enormous diversity has been identified in teleosts (reviewed in'**). This diversity is suggested to be driven
. by adaptation to specific environments and host-intrinsic factors®. Teleosts possess orthologues to mammalian
. TLRs, with the exception of TLR6 and TLR10 which have not yet been identified in fish and the existence of a
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- Informatics, University of Bergen, Bergen, Norway. >Norwegian Veterinary Institute, Oslo, Norway. Correspondence
. and requests for materials should be addressed to G.T.H. (email: Gyri.Haugland @bio.uib.no)
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functional TLR4 in fish is subject to discussion. In addition, several TLRs are unique for the teleosteii i.e. TLR18-
23,25-28"’. Fish and amphibians also have a soluble version of TLR5, termed TLR5S° in addition to a membrane
bound TLR5 (TLR5M). TLR5 has been identified in all investigated teleost species, with the exception of the
Paracanthopterygii’. From functional studies and functional inference based on sequence homology indicate that
fish TLR1, TLR2, TLR5, TLR5S, TLR9, TLR21, TLR28>*° recognize bacterial ligands. In general, ligand binding
initiates downstream cell signaling mediated via adapter proteins MyD88, MAL, TRIE, TRAM and SARM'?,
resulting in activation of transcription factors NFxB, IRF3/7, CREB and AP, finally resulting in production of
proinflammatory cytokines like TNFa, IL-12 IL-103 and IL-18 and/or interferons. There is currently little infor-
mation regarding the downstream cell signaling pathways following activation of the fish-specific TLRs.

As for the TLR family, some NLRs also play a role in antimicrobial immune responses. NOD-like receptors
are described in several species of fish including, but not exclusively, zebrafish, channel catfish, Japanese puffer-
fish and rainbow trout'!~*. The NLRs described in fish are NOD1, NOD2, NLRC3, NLRC5, NLRCX and NLRC.
Importantly, NLRC in fish is different from mammalian NLRC and as many as several hundred genes have been
reported from one species'’. There are, however, few functional studies of NLRs in fish and there is currently little
knowledge of the downstream signaling after activation and how the receptors and signaling are regulated.

The transcriptome of lumpfish, as a representative for Cyclopteridae is highly valuable as this group is poorly
characterized genetically and no reference genome or immune gene sequences are available in public databases.
Also, it is not clear whether they belong to the suborder Cottoidei within the order Perciformes'” or within the
order Scorpaniformes'®. In addition to being interesting for comparative studies, mapping of the lumpfish immune
system is important for basic immunological studies and for the rational design of immunoprophylactic meas-
ures for this species. In recent years, there has been a tremendous increase in the production of farmed lumpfish
in Europe and Canada'®, due to its ability to eat lice from farmed Atlantic salmon (Salmo salar L.)*. In Norway
alone, the number of lumpfish farmed increased from 0.4 million in 2012 to approximately 15 million in 20162'.

Large scale farmed lumpfish mortalities due to bacterial disease are reported?? and development of vaccines
protecting against the most common pathogens is ongoing®. The level of total immunoglobulin M (IgM) in
lumpfish sera is lower compared to species like salmon?*?*, but it has been shown that lumpfish has the ability
to produce specific antibodies upon immunization? and that vaccination has an effect?. Previous studies have
also shown that innate immune functions like phagocytosis and respiratory burst are efficient in lumpfish?” and
that IgM " B-cells display phagocytic ability*. More knowledge about the underlying mechanisms of the immune
system of lumpfish at the individual gene level and their immune responses upon bacterial infection is required as
this will form the basis for development of immunoprophylactic measures and immune stimulation. Therefore, to
characterize the immediate and early induced innate response in this species, lumpfish leukocytes were exposed
to the bacterium Vibrio anguillarum serotype O1, a known fish pathogen, for 6 and 24 hours, and RNA sequenc-
ing was performed followed by de novo transcriptome assembly and differential gene expression analysis.

Results

lllumina sequencing and de novo transcriptome assembly. Sequencing of RNA isolated from non-
treated head kidney leukocytes (HKL) and HKL exposed to Vibrio resulted in 516 million reads. Reads of low
quality, low complexity, containing adapter sequence, matching ribosomal or mitochondrial sequences were
discarded. The resulting transcriptome consisted of 433 million assembled bases in 346,430 transcripts from
221,659 trinity genes. The median transcript length was 585 bases, mean length 1.25kb and N50 of 2.5kb. The
RNA sequencing reads after trimming, the differential gene expression data and the assembled transcriptome are
submitted to Array Express under accession number E-MTAB-6388.

Annotation of predicted proteins and functional annotation of the Trinity genes. Genes
within the assembled transcriptome were annotated using Trinotate. Putative gene functions were identified by
Gene ontology (GO) analysis. Of the 221,659 Trinity genes 37,895 were assigned minimum one Gene ontology
(GO)-term. GO mapping resulted in 62 GO categories presented in Fig. 1. The GO-terms containing the highest
number of genes were binding (23786), organelle (20995), cellular process (25011) and biological regulation
(19578). The GO-term ‘immune system processes’ contained 2490 Trinity genes and includes genes involved in
the development or function of the immune system e.g. immune response, leukocyte activation, activation of
immune response and immune effector process (Fig. 1b). The most abundant immune system process was “innate
immune response” which included 956 genes.

Global differential gene expression (DEG) analysis upon bacterial exposure. To gain more infor-
mation of the early induced innate immune responses in lumpfish, leukocytes were subjected to differential gene
expression (DEG) analysis 6 and 24 hrs post bacterial exposure. Principal component analysis (Fig. 2a) revealed a
major difference between exposed and non-exposed samples at both time points. This can be seen in the heat map
following hierarchical clustering of the DEGs (Fig. 2b). The immune response was stronger and more extensive
at 24 hours post exposure (hpe) (Fig. 2c) compared to 6 hpe (Fig. 2d). The number of statistically (p-value < 0.05)
and biologically (p-value < 0.05 and fold change >4) significantly regulated genes was higher at 24 hpe compared
to 6 hpe (Fig. 2¢). The number of genes that were statistically differentially expressed at 24 hpe was 15225 genes
(44%) compared to 9033 genes (26%) 6 hpe (Fig. 2e and ). As shown in the Venn diagram, 5389 (16%) genes were
significantly differentially expressed at both time points (Fig. 2f).

GO enrichment analysis showed that among the upregulated transcripts at 24 hpe, GO-terms with lowest
p-value were; response to stimulus (log10 p-value —19.7), defense response (log10 p-value —18.9), response to
stress (log10 p-value —17.1), positive regulation of immune system processes (log10 p-value —16.6) and regu-
lation of intracellular signal transduction (log10 p-value —16.1) (Fig. 3a). Among downregulated transcripts at
24 hpe, the GO-terms with lowest p-value were; “small molecule biosynthetic process” (logl0 p-value —11.3),
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Figure 1. Gene Ontology (GO) analyses of annotated genes in the lumpfish transcriptome. (a) The annotated
genes were divided into the main GO-terms Biological processes, Molecular function and cellular components
and further divided into subcategories. (b) Pie chart of the GO term distribution among the annotated genes in
the lumpfish transcriptome in the GO term immune system process.

“single-organism process” (log10 p-value —9.8), “response to interleukin 4” (log10 p-value —7.9), “cytokinesis”
(log10 p-value —7.3) and “defense response“(log10 p-value —7.0) (Fig. 3b). For upregulated transcripts at 6 hpe,
the GO-terms with lowest p-values were; “response to lipopolysaccharide” (log10 p-value —10.4), “inflammatory
response” (log10 p-value —9.7), “response to biotic stimulus” (log10 p-value —9.4), “regulation of intracellular
signal transduction” (log10 p-value —8.1) and “response to external stimulus” (log10 p-value —8.1) (Fig. 3¢). For
downregulated transcripts at 6 hpe, the p-values were not as low as at 24 hpe (Fig. 3d).

Analyses of KEGG pathways belonging to the immune system were performed (Table 1). Several genes were
identified for each KEGG ID, and thus, the number of lumpfish genes in DEG was higher than the number
of KEGG IDs in DEG (Table 1). Further, the 20 most significantly regulated genes at 24 and 6 hpe (based on
p-values) were identified (Supplemental Table 1). At 24 hours, the most significantly regulated gene was TLR5S,
followed by interleukin 8 (IL-8) which is also known as neutrophil chemotactic factor and an uncharacterized
protein. From blast search the uncharacterized protein likely belongs to the interleukin 6 (IL-6) family, most
closely related to Leukemia Inhibitory factor (LIF) (Supplemental Table 1).

The 50 most up- and down-regulated genes at each time point were identified (Supplemental Tables 2-5).
Many of the upregulated immune genes at 24 hpe were cytokines such as IL-13, IL-6, IL-8 and IL-17, or belonged
to either the complement cascade (CFH, CFB, C8a, C8b and C5) or the TLR pathway (TLR5s). Other studies have
shown that members of the NLR family of pattern recognition receptors also recognize bacterial antigens and
regulation of genes encoding these receptors was investigated. The response of NOD1, NOD2 and other NLRs
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Figure 2. Differential gene expression (DEG) analysis 6 hrs and 24 hrs post bacterial exposure. (a) Principal
component analysis. PC1 is time and PC2 is treatment. White circles are non-treated controls 6 hpe, black
circles are treated samples 6 hpe, white squares are non-treated controls 24 hpe and black circles are treated
samples 24 hpe. (b) Heatmap of transcriptome profiling data of non-treated controls versus bacterial exposed
samples 6 and 24 hpe. (¢) Volcano plot of DEGs 6 hpe. Significantly regulated genes are shown as black dots.
Non-significantly regulated genes are shown as grey dots. (d) Volcano plot of DEGs 24 hpe. Significantly
regulated genes are shown as black dots. Non-significantly regulated genes are shown as grey dots. (e)
Percentage of DEGs that were significantly regulated (p-value < 0.05) at 6 hpe and 24 hpe are shown in black
bars. Percentages of statistically significantly regulated (p-value < 0.05) DEG with an absolute log fold change
>2. (f) Venn diagram showing the number of DEGs at the different time point. Only those that were statistically
significant are shown. White =6 hpe, black =24 hpe and dark grey = genes that were significantly regulated at
both time points.
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Figure 3. Enrich GO-analysis 6 and 24 hours post bacterial exposure. Semantic plots of up and down regulated
(log fold change >2 and p-value < 0.001) enriched GO terms at 6 and 24 hours post exposure, generated
through REVIGO. Enrichment p-value is plotted in red, through yellow and green to blue; where blue is the
smallest p-value and red the biggest p-value. Size of the circles correlates to the semantic size of the GO terms.

were very weakly regulated or non-responsive (data not shown). Since the most regulated genes belonged to the
complement cascade and TLR signaling, these pathways were investigated at the individual gene level.

Complement cascade. The complement system can be activated by three biochemical pathways; the clas-
sical complement pathway, the alternative complement pathway and the lectin pathway. Many genes encoding
complement proteins were identified in lumpfish (shown in Fig. 4a and listed in Table 1), including components
such as C3, C6 and C7. The differential gene expression analyses showed that upon exposure to V. anguillarum
complement factor responses were higher at 24 hpe compared to 6hpe (Fig. 4b). The most upregulated genes
were the regulatory factors complement factor H (CFH) and complement factor B (CFB), complement compo-
nents C5, vitronectin (VIN) and complement factors 8a and 8b. The latter are subunits of the membrane attack
complex responsible for lysis of microbes. Also, complement factor P, which is a positive regulator for C3 and
C5 convertases was also upregulated at 24 hpe. The most highly downregulated genes were complement C1q
subcomponent subunit A (C1QA) and subunit C (C1QC) which are part of the classical pathway, in addition to
complement components C2 (Fig. 4b). Lumpfish genes verified (by blast) as belonging to the complement cascade
are given in Supplemental Table 6.

TLRs and TLR signaling. The TLR family of signaling PRRs plays an essential role in the early innate
immune response against both bacteria and viruses. In the lumpfish transcriptome, 13 TLRs were identified;
TLR1,2,3,5M,5S,7,8,9, 13, 14, 21, 22 and 28 (Fig. 5, Table 2). Activation of TLRs initiates intracellular
signaling resulting in production of inflammatory cytokines and co-stimulatory molecules important in early
pro-inflammatory responses, chemotaxis and activation of T cells. Many of the molecules involved in the TLR
signaling pathway were identified in lumpfish (Fig. 6), including the adaptor proteins MyD88, TRIF (also known
as TICAM1) and TIRAP (also known as MAL). TICAM 2 (TRAM) was not identified. All transcripts listed in
Table 2 were annotated following a BLAST search against NCBI’s non-redundant database, for which the hit with
highest total score is included in the Table. MyD88, TRIF and TIRAP were full-length, but for SARM only two
short non-overlapping fragments were identified.

Members of the tumor necrosis factor receptor (TNFR)-associated factor (TRAF) family are important medi-
ators of various signaling pathways, including the TLR signaling pathway. The TRAFs identified in lumpfish were
TRAF2-6. Further, IRAK1, 3 and 4 were identified. Also, main components of the two downstream signaling
routes, NF-1B signaling; NEMO, IKKA, IKKB, IKB, p50 and p65 and MAPK-signaling pathways; MKKs, ERK,
JNK, p38, c-fos Jun were identified (Fig. 6 and Table 2). Components that were not mapped through batch map-
ping in the KEGG pathway database were searched for manually in the lumpfish transcriptome using synonyms
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Hematopoietic cell lineage K04640 80 35 70 10 19 36 18
Complement and coagulation cascades | K04610 78 33 57 10 15 23 18
Platelet activation Ko4611 89 73 223 43 34 69 74
Toll-like receptor signaling pathway K04620 76 54 124 28 41 29 56
Toll and Imd signaling pathway K04624 47 21 74 12 20 13 29
NOD-like receptor signaling pathway K04621 136 92 239 48 66 46 105
RIG-I-like receptor signaling pathway K04622 53 39 96 22 31 22 45
Cytosolic DNA-sensing pathway K04623 51 29 44 11 15 13 17
Natural killer cell mediated cytotoxicity | K04650 81 41 146 5 31 52 45
Antigen processing and presentation K04612 41 27 71 5 21 18 19
T cell receptor signaling pathway K04660 85 59 206 36 48 55 86
Th1 and Th2 cell differentiation K04658 67 44 116 19 42 36 43
B cell receptor signaling pathway K04662 57 42 122 30 31 33 54
Fc epsilon RI signaling pathway K04664 47 31 98 25 20 27 38
Fc gamma R-mediated phagocytosis K04666 58 48 211 41 46 73! 71
Leukocyte transendothelial migration K04670 75 58 171 27 47 59 57
Intestinal immune network for IgA prod. | K04672 37 14 32 6 9 12 7
Chemokine signaling pathway K04062 153 83 259 53 64 73 102

Table 1. Overview of identified lumpfish genes in immune system pathways*. "KEGG pathways in category 5.1.

or sequences from related species. Activation of NF-«B induces production of the pro-inflammatory cytokines,
while activation of MAPK has impact on several immune functions including proliferation, differentiation, sur-
vival, apoptosis, chemoattraction and production of inflammatory mediators. TNFa, IL-18, IL-6 and IL-12 were
among the cytokines identified in the lumpfish transcriptome. Also, the chemokines IL-8 and MIP1 3 (mac-
rophage inflammatory protein, also known as CCL4) were identified. The genes most upregulated at both 6 hpe
and 24 hpe included proinflammatory cytokines (IL-13, IL-6, TNFa), a homologue of IL-17 (IL-17C1), IL-8 and
the soluble form of TLR5 (TLR5S) (Supplemental Tables 2 and 4). Members of the NFx(3 pathway, but not the
MAPK pathway were upregulated (Fig. 6b). Interestingly, another IL-17 homologue (IL17A/F3) was one of the
most down-regulated immune genes at 24 hpe (Supplemental Table 3). TLR13 (logFC —5.21) and TLR2 (logFC
—2.74) were down-regulated at 24 hpe and 6 hpe, respectively.

Discussion

The innate immune system is of major importance for fish as aquatic vertebrates are generally more heavily
exposed to pathogens than terrestrial vertebrates and the adaptive defenses are less efficient in aquatic vertebrates.
The major humoral components essential for innate defense in vertebrates are antibodies and the complement
system which tag and kill invading microbes and promote inflammatory responses. Furthermore, conserved
structures on potential pathogenic organisms such as flagellin are recognized by the host’s PRRs and trigger
intracellular signaling pathways which results in production of inflammatory cytokines and initiation of adaptive
immune responses tailored to the infecting agent.

To obtain information of the gene repertoire in lumpfish head kidney leukocytes and early anti-bacterial
immune responses, leukocytes were exposed to the pathogenic bacterium V.anguillarum O1 and RNA was iso-
lated 6 and 24 hpe. De novo transcriptome assembly and global differential gene expression revealed that the com-
plement system and TLR signaling pathway were the most highly upregulated innate immune processes. Another
family of PRRs involved in bacterial recognition is NLRs. In vivo challenge experiments in other teleost species
have shown that expression of NOD1 and NOD2 is upregulated in several tissues after bacterial infection®°.
Lumpfish NLRs were either non-regulated or weakly downregulated. The functions and roles of NLRs in lumpfish
upon bacterial infection should, therefore, be further explored. The ligand specificity of the expanded fish-specific
NLRC family reported from several fish species is currently unknown and it will be exciting to elucidate their role
and importance in fish immunity.

Several components of the complement cascade were identified within the lumpfish transcriptome as shown in
Fig. 4. Most genes belonging to the classical and alternative pathway were identified, but not the mannose-binding
lectin (MBL) involved in the lectin pathway. Of the complement receptors, CR1, CR3, CR4 and C5ARI1 were
identified, but not complement receptor CR2. This is similar to other fish species (summarized in*). In humans
it is known that the complement system cross-talks with other pathways and modulates adaptive immune
responses®"*?, Information regarding cross-talk between pathways and involvement of B and T cells in fish are
scarce, and discrimination of some components, in example C1r/Cls, requires functional analyses at the protein
level.

In the lumpfish transcriptome, TLR1, —2, —3, —5 (membrane-bound and soluble), —7, —8, —9, —13,
—14, —21, —22 and —28 were identified. All lumpfish TLR transcripts, with the exception of TLR22, encoded
full-length sequences. Phylogenetic analyses (Fig. 5) show that lumpfish TLRs group together with the order
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Figure 4. An overview of the complement cascade in lumpfish (a) The molecules in the complement

cascade identified in lumpfish are shown with red boxes, those that are not yet identified are shown in grey.
The figure is modified from KEGG map04610%. (b) Differential gene expression analyses of members of

the complement cascade 6 hrs and 24 hrs post exposure (hpe). Only those that are statistically significant
regulated (p-value < 0.05) are shown. The color gradient represents highly upregulated (dark brown) to
highly downregulated (dark blue) genes. The exact values are given for each gene. The genes are sorted by fold
regulation at 24 hpe.

Perciformes, most closely with orange-spotted grouper (Epinephelus coioides). While some teleost TLRs are ort-
hologues of mammalian counterparts, equivalents to human TLR6 and TLR10 have not yet been found in fish.
Many of the TLRs in fish are not present in mammals. These include TLR5S, —14, —18, —19, —20, —21, —22,
—23, —24, —25, —26, —27 and —28, and of these, some are fish-specific (TLR18-23, 25-28). The soluble variant
of TLR5 is widely present in teleosts and has been identified in several species such as rainbow trout®, catfish®**°,
gilthead seabream™, flounder®” and orange spotted grouper’. Since V. anguillarum is a flagellated bacterium, it
was not unexpected that TLR5S was highly upregulated during early immune responses. Actually, it was the most
significantly regulated gene at 24 hpe and among the most significantly upregulated genes at 6 hpe (Supplemental
Table 1). In lumpfish leukocytes, TLRSM was not significantly regulated either at 6 hpe or 24 hpe. This is similar
to the situation in rainbow trout where expression of TLR5S, but not TLR5M, was induced by V.anguillarum and
purified recombinant V.anguillarum flagellin®*. Upregulation of TLR5S transcripts during bacterial exposure is
reported in other fish species®**. Humans do not have TLR5S, but the innate immune response to flagellin medi-
ated by human TLR5M is similar to that of teleost fishes®. Interestingly, a study of Tsujita and colleagues showed
that TLR5S from rainbow trout amplifies the human TLR5 response via physical binding to flagellin*’. How
TLR5S initiates downstream signaling is not yet known, but a hypothetical mechanism has been suggested in
which TLR5S binds circulating flagellin and transports it to TLR5M. In this way danger signals are amplified in a
similar manner to LPS recognition by human TLR4 and the soluble factors LBP and CD14".. It is known that acti-
vation of TLR5 in mammals results in activation of NF-kappa-B and production of proinflammatory cytokines.
The DEG analyses of lumpfish leukocytes indicated that the NF-xB signaling pathway, not the MAPK signaling
pathway, was activated, as inhibitors of both nuclear factor kappa-B kinase alpha (NFKBIA, also known as IkBa
and IKKA) and NF«B were highly upregulated. DEG analysis showed that IKKA was upregulated at both 6 hpe
and 24 hpe, while NFkB was most highly upregulated at 24 hpe. Gene expressions of transcripts involved in the
MAPK signaling pathway, such as MP2K3 and MP2K6, showed little change (after 6 hpe) or were downregulated
(after 24 hpe). It will be interesting to investigate whether regulation of the TLR5 signaling pathway is conserved,
or whether teleosts have developed another regulatory mechanism than mammals.

The cytokines that were most differentially regulated were IL-1, IL-8, IL-6, TNF-a, one of the IL-17A/F3
and IL17C1. All were highly upregulated, except IL17A/F3 which was barely differentially regulated at 6 hpe and
highly downregulated at 24 hpe. IL-18 has diverse functions including being a major regulator of inflammatory
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Figure 5. Phylogenetic tree of TLRs. Full-length TLR sequences in public databases were included in the
phylogenetic analyses. The TLRs are divided into families and subtypes. The TLRs identified in the lumpfish
transcriptome is shown by red letters, including TLR1, —2, —3, —5 (membrane-bound and soluble), —7, —8,
—9, —13, —14, —21, —22 and —28. The full-length name of the species and accession numbers of the sequences
in the Figure is given in Supplemental Tables 7 and 8.

processes. It is a chemoattractant for fish leukocytes, it stimulates chemokine production in cells following infec-
tion and is known to induce expression of TNF-a. Further, IL-18 also modulates differentiation of T helper 17
cells (Th17) and expression of IL-17 family members*>*. Th17 cells are a subset of activated CD4 + T cells and are
known to play a role in mucosal immunity and tissue inflammation. In mice, in addition to IL-13, IL-6 and the
transcription factor RORA, transforming growth factor 31 (TGF-B1) is required for differentiation of Th17 cells.
In humans, RORt and Th17 polarization was induced by IL-10 and enhanced by IL-6, but suppressed by TGF-31
and IL-12*. Although the exact regulation of Th17 cells in fish is not yet understood, it is widely accepted that
fish have Th17 cells as all the major components of mammalian Th17 cell development are present in fish, includ-
ing Th17 driver cytokines (IL-6, TGF- 81, IL-21 and IL-23), transcription factor (ROR~) and effector cytokines
(IL17A/E IL-22)*»%, Since some of the Th17 components in fish have multiple isoforms, it has been suggested
that an even more complex Th17 type responses and regulation are present in fish compared to mammals®.

The most highly regulated cytokine in lumpfish leukocytes following bacterial exposure belonged to the IL-17
family. IL-17A/F3 was highly downregulated 24 hpe, while one of the IL-17C proteins, IL-17C1, was the most
upregulated transcript, at 6 hpe and 24 hpe. IL-17 cytokines are central mediators of inflammatory responses
and have been functionally characterized in jawed and jawless vertebrates and in invertebrates such as molluscs,
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Pathogen recognition receptors
TR65368|c1_g16 TLR1 K05398 | Toll-like receptor 1 0 Notothenia coriiceps XP_010775742.1
TR39054|c0_g2 TLR2 K10159 | Toll-like receptor 2 0 Oplegnathus fasciatus AFZ81806
TR25266|c0_gl TLR3 K05401 | Toll-like receptor 3 0 Epinephelus coioides AEX01718
toll-like receptor 5 .
TR27403|c4_gl TLR5M K10168 | - o bracie bl;‘m d 0 Oplegnathus fasciatus AQT26515
TR41627|c0_g1 TLR5S K10168 | PRED: toll-like receptor 5 | 0 Notothenia coriiceps XP_010788825
TR35019|c2_g2 TLR7 K05404 | PRED: toll-like receptor7 | 0 Notothenia coriiceps XP_010771824
TR35019|c2_g2 TLR8 K10170 | PRED: toll-like receptor 7 | 0 Notothenia coriiceps XP_010771824
TR74757|c0_g1 TLR9 K10161 | Toll-like receptor 9B 0 Epinephelus lanceolatus AJW66344
TR14442|c0_gl TLR13 — Toll-like receptor 13 0 Lates calcarifer XP_018537347
TR7225|c0_gl TLR14 — Toll-like receptor 14 0 Larimichtys crocea XP_010735448
TR59969|c0_g1 TLR21 — Toll-like receptor 21 0 Epinephelus lanceolatus AJW66342
TR32827|c0_gl TLR22 — Toll-like receptor 22 0 Epinephelus coioides AGA84053
TR50658|c1_g2 TLR28 — Toll-like receptor 2-2 0 Epinephelus coioides AIS23533
TR22563/c0_g3 | LBP/BPI | Kosagg | Bactericidal permeability- | Oplegnathus fasciatus BAM21037
increasing protem
TR12120/c0_gl | AKT1 K04456 E;‘t‘;‘l‘“d proteinproduct, | 3 ))p 34 | Tetraodon nigroviridis CAG10696
TR31506|c0_g2 CASP8 K04398 | Caspase-8-like 1.82E-76 Labrus bergylta XP_020505530
TR59882|cl_gl | FADD Ko2373 | FAS-associated death 1.758-36 | Lates calcarifer XP_018527571
domain protein-like
Inhibitor of NFk-B kinase
TR33817|c1_gl IKKa K04467 subunit alpha-like 1.04E-39 Labrus bergylta XP_020482453
TR52372|c4_g2 IKKb K07209 | IKKbeta 4.37E-161 | Siniperca chuatsi ADK47101
TR71389|c0_gl IKKb K04734 | IKKbeta alpha 7.36E-128 | Epinephelus coioides AKN59236
PRED: inhibitor of 2
TR27462|c0_gl IKKE K07211 NEkappa-B kinase E 0 Lates calcarifer XP_018542264
Interleukin-1 receptor : .
TR109249|c0_g1 TRAK1 K04730 activated kinase 1 3.98E-34 Siniperca chuatsi ACN64942
TR49087|c0_gl  |IRAK4 | Kodzzz | nterleukin-1 receptor- 9.13E-35 | Trachidermus fasciatus AFHS$8675
associated kinase 4
TRI6021|c2_g2 | IRF3 Ko5411 g:f;fe;"“ regulafory 1.07E-57 | Dicentrarchus labrax CBN81356
TR53466|c0_gl IRE5 K09446 g‘zfgfe;"" regulatory 4.38E-108 | Oplegnathus fasciatus AFZ93894
TRI129437|c0_gl | IRE7 K09447 g‘;f;fe;"“ regulatory 0 Epinephelus coioides ADA57613
TR80028|c2_g8 | M3K7 Koaay | PRED:MAPSK7_isoform | cep o5 | stegastes partitus XP_008299748
TR129360|c0_g1 MAP3K8 | K04415 | PRED: MAP3K8 6.49E-47 Notothenia coriiceps XP_010779244
TR10769|c1_g13 MKO1 K04371 | PRED: MAPkinase 1 4.28E-09 Pundamilia nyererei XP_005730582
TR83303|c0_gl MKO08 K04440 | MAPkinase 8B 1.15E-88 Larimichthys crocea KKF10666
TR8373|c0_gl MP2KI | Ko3ses | Dualspecificity MAPKinase | » g4p 1o | Oncorhynchus kisutch XP_020331169
kinase 1-like
PRED: dual specificity .
TR24160|c1_g1 MP2K2 K04369 MADkiaselinases 1.30E-70 Stegastes partitus XP_008275716
Dual specificity MAP L
TR24160|c1_gl MP2K3 K04430 Riise Kisizgad. 0 Larimichthys crocea KKF28316
Dual specificity MAP
TR10914|c0_g1 MP2K4 K04430 | 0 e kinase d-like 0 Monopterus albus XP_020467371
PRED: dual specificity MAP .
TR11220|c0_gl MP2K6 KO04433 | (o e Kinase 6-like 0 Larimichthys crocea XP_019116692
PRED: dual specificit . i
TR69482|c2_g12 MP2K7 K04431 MIAD lifiage 1}:1 e 7ty 3.15E-21 Notothenia coriiceps XP_010776556
TR7O736[cl gl | MyDss | Koayzg | Myeloiddifferentiation 1y y4p 163 | Oplegnathus fasciatus AQT26514
TRS2312lc2_g4  |NEMO | Ko7210 | NPkappa-Bkinaseessential | Epinephelus coioides AKN59239
modifier 2
PRED: nuclear factor NF- .
TR19609|c0_g2 NFKB1 K02580 kappa-B p100 subunit 5.71E-13 Astyanax mexicanus XP_007258829
Continued
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PRED: PIK3 catalytic

TR105668|c0_gl P3KCA K00922 | subunit gamma isoform- 8.43E-70 Notothenia coriiceps XP_010777483
like
PIK3 regulatory subunit
TR102536|c0_gl P85A K02649 alpha-like, partial 7.35E-62 Labrus bergylta XP_020514940
TR34005|c0_g1 PMK1 Ko4441 | PRED:MAPkinase 11-like | ) 635 45 | Sahmo satar XP_014008787
isoform X2
TR106991|c0_gl | RACI K04392 ;““t‘;'l“e‘i proteinproduct, | 3 345 1y | Mus musculus BAC38272
PRED: serine/threonine- :
TR24024|c0_g3 RIPK1 K02861 protein kinase Nek8-like 2.01E-118 | Lates calcarifer XP_018555349
TR18988|c3_g2 STAT1 Kiiz2o | PRED:STATL-alphabeta | ) 15 109 | Larimichthys crocea XP_010745394
isoform X4
TR101399|c0_gl TABI K04403 | PRED: TAB1 7.18E-18 Paralichthys olivaceus XP_019958222
TR18998|c1_g2 TAB2 K04404 | TAK1-binding protein 2 0 Epinephelus coioides AKN59234
PRED: serine/threonine- -
TR86999|c0_g2 TBK1 Ko05410 protein kinase TBK1 1.05E-09 Larimichthys crocea XP_019126730
TR33723|c0_g2 TF65 K04735 | p65 transcription factor 5.99E-93 Siniperca chuatsi ABW84004
PRED: TIR domain-
TR1276|c0_gl TICAM1 | K05842 | containing adapter 0 Larimichthys crocea XP_010736595
molecule 1
TR53144|c0_gl TIRAP K05403 | PRED: TIRAP 2.27E-77 Lates calcarifer XP_018554351
TRIS941|c0_g6 | TOLLIP | Kos402 | PRED: toll-interacting 4.72E-57 | Notothenia coriiceps XP_010779552
protein-like, partial
PRED: TNF receptor- 3 :
TR27389|c3_g2 TRAF3 K03174 associated factor 3 1.0E-148 Lutjanus sanguineus AP]7747
TR49717|c0_g1 TRAF6 | K03l7s | LNEreceptor-associated | 4op 174 | Gasterosteus aculeatus ABJ15863
factor 6, partial .
E ) Tocul,
. PRED: C-C motif : -
TR102531|c0_gl CC-like K14625 chemokine 17-like 9.90E-60 Notothenia coriiceps XP_010784217
" PRED: C-C motif P
TR155750|c0_gl CC-like K05512 | 4o okine 26-like 3.34E-26 Cynoglossus semilaevis XP_008332070
TR71759|cl_gl | CClike | Kl2o6a | PRED:imonocyle . 1y 56.34 | Oreochromis niloticus XP_019216385
chemotactic protein 1B-like
TR1773|c1_gl CC-like | K12964 gr'e(ilfr‘::r“hem"k"‘e 14 1120828 | Anoplopoma fimbria ACQ58688
. PRED: C-C motif .
TR4483|c0_gl CC-like K16595 chemokine 4 homolog 1.53E-27 Lates calcarifer XP_018542538
TR26820|c0_g1 CClike | K12964 gr'e(i‘fr‘:‘:fd‘em"k‘“e 3 3.86B-48 | Anoplopoma fimbria ACQ58878
TRI135792/c0_gl | CXC-like | K05416 ;‘:ﬁﬁ;;"““hem"ki“e 101300556 | Anoplopoma fimbria ACQ59055
. PRED: C-X-C motif .
TR88050|c0_gl CXC-like | NA ehgmokife L1like 1.12E-41 Stegastes partitus XP_008294834
TR19700|c0_gl1 CXC-like | K05506 | Interleukin-8 like protein | 5.53E-39 Oplegnathus fasciatus BAM99883
PRED: uncharacterized . !
TR25958|c0_gl1 IL12A K05406 protein LOC109630380 7.13E-71 Paralichthys olivaceus XP_019944119
TR24065|c1_g2 IL12B K05425 | Interleukin 12p40 1.80E-54 Oplegnathus fasciatus AIB04025
TR14360|c3_g2 IL1B K04519 | Interleukin-1 beta 8.98E-138 | Trachidermus fasciatus AFH88676
TR87818|c0_gl L6 K05405 | Interleukin-6 3.04E-94 Epinephelus coioides AFE62919
TR13890|c0_g3 L8 K10030 | Interleukin-8 precursor 2.95E-33 Anoplopoma fimbria ACQ57874
TR50382|c0_g2 | JUN K04448 i’;{aﬁigj“““*’“"“ factor | 4 29E-62 | Notothenia coriiceps XP_010795740
TR29865|c0_gl | nILIFI | NA New interleukin-1family | 5 5ep 57 | Gasterosteus aculeatus CCV66728
member, partial
TR69814[c0_g2 TNFa K03156 | Tumor necrosis factor alpha | 4.71E-120 | Oplegnathus fasciatus ACM69339
PRED: proto-oncogene 2
TR42972|c0_g1 FOS KO4379 | e o] 9.07E-89 | Larimichthys crocea XP_010733543
TNF receptor superfam
TR37206|c0_g2 CD40 K03160 eribet s like laforn X2 1.51E-26 Labrus bergylta XP_020504780
TR1121|c5_g7 CD80/86 | K05413 | PRED: CD276 antigen-like | 1.53E-78 Lates calcarifer XP_018537117

Table 2. Verified TLRs in lumpfish and genes in TLR signaling pathway.

“Pathway: ko04620.
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Figure 6. An overview of the Toll-like receptor signaling pathway in lumpfish (a) The molecules in the

TLR signaling pathway identified in lumpfish are shown with red boxes, those that are not yet identified are
shown in grey. The figure is modified from KEGG map04620%°. (b) Differential gene expression analyses of
members of the TLR pathway 6 hrs and 24 hrs post exposure (hpe). Only those that are statistically significant
regulated (p-value < 0.05) are shown. The color gradient represents highly upregulated (dark brown) to
highly downregulated (dark blue) genes. The exact values are given for each gene. The genes are sorted by fold
regulation at 24 hpe.

nematodes and arthropods®='. Teleost fish have several IL-17 molecules including IL17A and IL-17F, termed
IL17A/F1-3,1L-17B, IL17C and IL17D**2, One IL-17 originally termed IL-17N°* is likely to represent a fourth
IL-17A/F member. An IL17E equivalent has thus far not been identified in fish, but two IL17C genes have been
reported in rainbow trout*® and Japanese pufferfish*. Two IL-17C-like genes were also identified in lumpfish,
but no IL-17E. It has been suggested that an ancient IL17C may have diverged into IL-17C and IL-17E in early
mammals, whereas two IL-17C genes can be present in teleosts. Although relatively few studies have reported bio-
activity of the IL-17 molecules in fish, studies from different species suggest that while IL-17 proteins play a role
in innate immunity, they may have evolved specialized roles. Recombinant IL-17A/F from grass carp and trout
can increase expression of proinflammatory cytokines in isolated head kidney leukocytes® and splenocytes™,
respectively, while IL-17D in grass carp increase expression of IL-13, IL-8, TNF-o but not IL-6 (reviewed in*?).

In summary, our transcriptomic data suggests that the complement system recognized the pathogenic bac-
terium and activated subunits of the membrane attack complex (MAC) which is a prerequisite for formation of
a MAC complex at the surface of the microbe and thereafter cell lysis. Also, complement receptors involved in
phagocytosis, degranulation and chemotaxis were upregulated which is related to the need to recruit host phago-
cytic cells for clearance of the bacterium. One of the most highly upregulated genes was IL-8 which is a chemokine
involved in chemotaxis and attraction of neutrophilic cells. Another immediate innate immune response essential
to prevent infection is promotion of inflammation and production of cytokines that ensures the immune response
is tailored to the infecting microbe. Our study suggests that TLR5S recognized flagellin and triggered downstream
signaling through the NFk-B signaling pathway resulting in production of pro-inflammatory cytokines (IL-13,
TNFaq, IL-6, IL-12 and IL-17). IL-12 is needed for activation of naive T-cells and IL-17 induces production of
chemokines. Our transcriptomic data adds valuable information about the immune responses in lumpfish during
the early stages of a bacterial infection. Functional analysis of the proteins involved in the signaling pathways is
however necessary to gain further insight into the role of specific proteins and the interaction between them.

The lumpfish transcriptome presented provides a valuable base for comparative and phylogenetic analyses
as lumpfish is a representative of the infraorder Cottoidea, a phylogenetic group which is poorly characterized
immunologically and genetically. Furthermore, the lumpfish is a novel and a very important species for aquacul-
ture since it is used for sea-lice control in salmon farming'®. Although production of lumpfish has generally been
successful, there have been challenges with large-scale mortality due to bacterial infections®. Vaccines against
selected lumpfish pathogens are in use***°, but more knowledge of the lumpfish immune system and responses
to bacterial exposure at the individual gene level is important. Thus, the identification of immune genes, tran-
scriptome-wide mapping of signaling pathways and early immune responses presented here are highly valuable
as they provide a basis for development of more efficient immune prophylactic measures and provide important
tools for evaluation of the efficacy of different prophylactic measures.
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Materials and Methods

The work in the presented manuscript was performed on cells isolated from dead fish. The fish were sacrificed
with a sharp blow to the head which is an appropriate procedure under Norwegian law. All experiments were per-
formed in accordance with relevant guidelines and regulations. Rearing of fish under normal, optimal conditions
does not require ethical approval under Norwegian law (FOR 1996- 01- 15 no. 23)

Fish. Farmed lumpfish (C. lumpus L.) were provided from Fjord Forsk Sogn AS, a commercial breeder in Sogn
& Fjordane County, Norway. The fish were kept in a 500 L tank at the Aquatic and Industrial Laboratory (ILAB)
within the High-Technology Centre in Bergen under normal rearing conditions with a light regime 12 h light:
12h dark. The water temperature was 8 °C, salinity 34 PSU and a minimum of 77% oxygen saturation in the outlet
water. The fish were fed with the commercial dry feed Amber Neptune (1.5 mm).

Bacterial culture. Vibrio anguillarum serotype O1 (8752) isolated from moribund lumpfish after a
disease-outbreak in 2012 in More & Romsdal county in Norway was cultured in tryptic soy broth containing
2% NaCl at 20°C, 200 rpm until late log phase. The bacterium was washed once in PBS and re-suspended in
L-15+ medium without antibiotics.

Isolation of leukocytes and in vitro bacterial exposure. Head kidney leukocytes were isolated as
described previously using discontinuous Percoll gradients?”. Both left and right kidney lobes from 15 fish were
included. Cell number, viability and aggregation factor was determined using a CASY Cell Counter™ (Innovatis
AG). For in vitro bacterial exposure, 5 x 10° cells in L-15 4+ medium without antibiotics were added to each well in
a 24-well plate (Nunc) and mixed with the bacterium V. anguillarum O1 (MOI 1:10) in a total volume of 0.5 mL.
In wells with non-exposed cells, medium was added instead of bacterial cells. The plates were incubated at 15°C.
After 1.5hour, pencillin/streptomycin was added to each well and the plates were further incubated until 6 hrs and
24 hours post bacterial exposure. In order to obtain an as comprehensive transcriptome as possible, a sample with
leukocytes exposed with infectious pancreatic necrosis virus for 24 hrs was also included. This sample was used
for the de novo transcriptome assembly, but was not part of the DEG analysis. Following incubation, the plates
were centrifuged for 10 min at 200 x g. The supernatants were removed and lysis buffer was added directly to the
wells. The lysates were stored at —80 °C prior to RNA isolation.

Isolation of total RNA. Total RNA was isolated using GeneElute Mammalian Total RNA miniprep kit
(Sigma) according to the manufacturer’s instructions. Samples were treated with DNase I (Sigma) to removed
traces of genomic DNA and the concentration of total RNA determined in a Nanodrop®ND-1000 UV-Vis spec-
trophotometer (Nanodrop Technologies). Total RNA extracts from three-five fish were pooled, in total 5 ug per
pooled sample. For each time point three parallels were prepared for RNA sequencing. The pooled RNA (5 ug)
was cleaned using RNA clean & concentrator-5 (zymo research) according to the manufacturer’s instructions
and the quality of the RNA were determined in an Agilent 2100 bioanalyzer. RNA isolated from virus infected
leukocytes was kept separately. The RQI values were in the range 6.3-9.3.

Transcriptome sequencing, assembly and annotation. The Norwegian High Throughput Sequencing
Centre prepared sequencing libraries using TruSeq™RNA sample Preparation kit (Illumina®) according to the
manufacturer’s protocol and performed paired-end strand-specific sequencing on the Illumina HiSeq platform
with a 125bp read length, resulting in a total of 516 million reads. Read quality was first assessed using FastQC,
and Trinity’s option for read trimming by quality was included during assembly (trimmomatic). Reads of low
quality, low complexity, containing adapter sequence, matching ribosomal or mitochondrial sequences were
discarded. Transcripts were assembled using Trinity v2.0.6°” with read normalization enabled and library type
specified, otherwise keeping default settings. Known contaminants (Vibrio and IPNV) were removed from the
assembly using blast. During the analyses, other non-eukaryotic sequences were discovered and additionally
removed from the expression value matrices, with a more generic contaminant removal procedure®. More infor-
mation on all steps of the sequencing data processing is given in Supplemental methods. The resulting transcrip-
tome consisted of 433 million assembled bases in 346,430 transcripts from 221,659 “genes”. The median transcript
length was 585 bases, mean length 1.25kb and N50 of 2.5 kb. Following assembly transcripts were annotated with
BLAST matches, protein domains and GO terms using the Trinotate toolkit (https://trinotate.github.io).

Bioinformatical analyses. Gene ontology mapping was performed in J-express Gene expression anal-
ysis software. Detailed information about the gene included in each category was obtained using Quick
GO, which is a fast browser for Gene Ontology terms and annotation (http://www.ebi.ac.uk/QuickGO/
GTerm?id=GO0:0006954#term=annotation). Verification of the annotation of the transcripts was performed
with BLAST search (https://blast.ncbi.nlm.nih.gov/Blast.cgi), multiple sequence alignment (MSA) using PAGAN
v.0.61°". The phylogenetic tree was constructed from MSA by maximum likelihood with IQ-TREE 1.5.4* using
automatic model selection® followed by 100,000 ultrafast bootstraps®’. An overview of the species and accession
numbers included in the phylogenetic analyses are given in Supplemental Tables 7 and 8, respectively. Pathway
analyses were performed using KEGG®'~%*. KEGG pathways analysis®* was performed by annotating the tran-
scripts using BLAST against KO genes in KEGG, downloaded 08.02.2017. Transcripts with a BLAST score of 300
and above against KO genes in KEGG were mapped to the KEGG pathways as described in the KEGG Mapper
tool. Transcript abundances for three biological replicates for treatment and control at 6 and 24 hpe were esti-
mated using RSEM as part of the Trinity pipeline (Supplementary results of Trinity RSEM). The read count esti-
mates were used as a basis for differential expression analysis using the Limma R-package®. Only genes with
at least 10 reads in at least three samples were considered for differential expression analysis (34280 of 221659
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assembled genes). Fold changes between groups and adjusted p-values (BH correction for multiple testing) were
exported for downstream analyses. The DEG analyses were visualized in Graph-Pad prism 5. GO enrichment was
calculated using GO-seq.*® and visualized in REVIGO.

The datasets generated during the current study are available in Array Express repository.
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ARTICLE INFO ABSTRACT

Keywords: The proinflammatory cytokines TNF-a and IL-6 are important mediators of inflammatory reactions and or-
Proinflammatory cytokines chestrators of the immune system in vertebrate. In this study, we have identified TNF-a and IL-6 in lumpfish,
Lumpsucker molecular characterized them at mRNA and gene level, performed homology modelling and measured their gene

Tumor necrosis-factor
Interleukin
Cleaner fish

expression in different tissues and upon in vitro stimulation. A comprehensive phylogenetic analysis of TNF-a
teleost sequences give novel insight into the TNF —a biology. Interestingly, we identified two isoforms of lulL-6.
In normal tissue and leukocyte, the level of [uTNF-a transcripts was higher than lulL-6. The expression pattern

gﬁlyelz;sgteny were parallel, except for brain, eye and gonad, and they displayed a similar induction pattern upon exposure to
Innate immune system PAMPs, being most highly upregulated by flagellin. This is the first in-depth characterization of TNF and IL-6 in
Responses lumpfish. In recent years, lumpfish has become an important species for the aquaculture industry and estab-
PAMP lishment of gPCR-assays of luTNF-a and lulL-6 provide a valuable tool to measure effect of immune modulation,
PRR such as vaccination, microbiological disease and physiological trials. Lumpfish is also interesting for comparative

Tissue dependence
Genomic organization

studies as it represent a phylogenetic group that is poorly described immunologically.

1. Introduction

Tumor necrosis factor alpha (TNF-a) is a pleiotropic pro-in-
flammatory cytokine involved in regulation of the immune response
and immune system homeostasis. Also, it is a major mediator of
apoptosis, cell proliferation and differentiation, and it is also involved
in sleep (Dubravec et al., 1990; Krueger et al., 1998; Warner and Libby,
1989; Young et al., 1987). TNF-a is expressed as a membrane bound
peptide that is enzymatically cleaved by TNF convertase (TACE), also
known as ADAM17. In mice (Mus muscelus) the biological active peptide
of TNF-a is a homotrimer with a molecular weight of 51.81 kDa. The
solved crystal structures (1.4 A resolution) of the mature murine TNF-a
has revealed important receptor binding surfaces at amino acid (aa)
30-34 and 144-147 and that one 2-propanol molecule, stabilized by
Tyr-119 in each monomer, is trapped inside the trimeric channel
(Baeyens et al., 1999).

TNF is an ancient gene identified and characterized in several in-
vertebrates, such as planarians, mollusks and arthropods (Hu et al.,
2019; Li et al., 2017; Qu et al., 2017), as well as in vertebrate species.
Among fish, TNF-a has been identified and characterized in salmonids

* Corresponding author.
** Corresponding author.

(Bobe and Goetz, 2001; Zou et al., 2002), carp fishes (Eimon et al.,
2006; Grayfer et al., 2008; Saeij et al., 2003; Savan and Sakai, 2004;
Zhang et al., 2012), Japanese flounder (Paralychthys olivaceus) (Hirono
et al., 2000), gilthead seabream (Sparus aurata) (Garcia-Castillo et al.,
2002) as well as ayu fish (Plecoglossus altivelis) (Uenobe et al., 2007),
bluefin tuna (Thunnus orientalis and Thunnus thynnus) (Kadowaki et al.,
2009; Lepen Pleic et al., 2014), channel catfish (Icatalarus punctatus)
(Zou et al., 2003b), tilapia (Oreochromis niloticus) (Praveen et al., 2006),
turbot (Scophthalmus maximus) (Ordas et al., 2007) and rock bream
(Oplegnathus fasciatus) (Kim et al., 2009).

Several paralogs of TNF-a have been identified in teleosts. Hong
et al. (2013) divided between Type I and II, the former being structu-
rally similar to the ancient TNF-a, while the latter type II contained a
shortened pre-TACE extracellular stalk and two aa inserted between [3-
sheet 9 and 10. They showed that type I TNF-a is co-localized with TNF-
N and gabbrla in zebrafish, while type II TNF-a is co-localized with
SCAMIL and gabbrlb. Furthermore, Hong et al. (2013) suggested that
type II can be heterofunctional as the shortened stalk possibly could
inhibit the TACE-action, leaving the type II in a transmembrane form.
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Moreover, they also speculated that this would leave type I as mainly a
secreted cytokine.

TNF-a is constitutively expressed in most examined teleost tissue.
Bluefin tuna (both Pacific and Atlantic), salmonid fishes and common
carp have at least two TNFa paralogs (Hong et al., 2013; Kadowaki
et al., 2009; Laing et al., 2001; Lepen Pleic et al., 2014; Saeij et al.,
2003; Savan and Sakai, 2004). Hong et al. (2013) observed a higher
gene expression of TNF-al (type 1) compared to TNF-a2 (type 1) and
TNF-a3 (type 2) in most examined tissues in rainbow trout. In Pacific
tuna, TNF2 (type II), but not TNF1 (type I), showed a tissue dependent
gene expression (Kadowaki et al., 2009). Lepen Pleic et al. (2014) did
not observe any tissue dependent gene expression of the TNF-a paralogs
in Atlantic tuna.

In a stimulation experiment in Pacific tuna, where head kidney
leukocytes (HKLs) were exposed to various pathogen-associated mole-
cular patterns (PAMPs), type I TNF-a did not exhibit any altered ex-
pression, while type II TNFa showed moderate upregulation by lipo-
polysaccharide (LPS), phytohemagglutinin, concanavalin A, pokeweed
mitogen and phorbol myristate acetate (Kadowaki et al., 2009). Most
examined teleost TNF-a are positively regulated by LPS. Other PAMPs
also induces TNF-a levels in vitro in teleosts, but consensus reduction or
induction patterns of non-LPS PAMPs in different species have not yet
been unveiled. This is likely due to the same PAMPs is not included in
the different studies. Recombinant teleost TNF-a exhibit pro-in-
flammatory properties, such as IL-1f is upregulated in all examined
species, trout TNF-a induce expression of IL-8, IL-17C and cox-2 genes
and rock bream HKLs display elevated capability of receptor-mediated
phagocytosis upon stimulation with TNF-a (Kim et al., 2009; Li and
Zhang, 2016; Zhang et al., 2012; Zou et al., 2003a). In an in vivo ex-
periment in tongue sole, elevated levels of IL-1, IL-6, IL-8, IL-27, Toll-
like receptor (TLR) 9 and galectin-3-binding protein (G3BP) transcripts
were measured in kidney upon injection with a recombinant TNF
homologue (Li and Zhang, 2016). Further, Li and Zhang (2016) showed
that the receptor binding sites are essential for TNF function, as ob-
served in mammals.

IL-6 has both pro- and anti-inflammatory activities. It was first de-
scribed as a B cell stimulatory factor, capable of inducing differentiation
of B cells to plasma cells and have thereby been linked to antibody
production in vertebrates (Hirano et al., 1985, 1986; Kaneda et al.,
2012). In mammals IL-6 function as a hepatocyte stimulating factor and
a capable inducer of acute phase proteins (Andus et al., 1987; Gauldie
et al., 1987).

IL-6 has been identified in several teleosts such as Japanese puf-
ferfish (Takifugu rubripes) (Bird et al., 2005), rainbow trout (Iliev et al.,
2007), olive flounder (Nam et al., 2007), gilthead seabream (Castellana
et al., 2008), zebrafish (Varela et al., 2012), orange-spotted grouper
(Epinephelus coicoides) (Chen et al., 2012), Atlantic halibut (@vergard
et al., 2012) and Nile tilapia (Wei et al., 2018). These studies report
varying tissue expression of IL-6. Studies using conventional PCR re-
ports some absence of IL-6 expression in certain tissues (Castellana
et al., 2008; Fujiki et al., 2003; Nam et al., 2007), while later, studies
utilizing quantitative PCR reports constitutive expression of IL-6. The
relative distribution of IL-6 is highest in lymphoid and central nervous
system (CNS) organs, and lowest in liver. In all examined teleosts, IL-6
contains 4 exons and 5 introns.

It has been reported that IL-6 elicits antibody production and reg-
ulation of differentiation of naive T helper (T}) cells into Ty,2 cells in
vivo in orange-spotted grouper (Chen et al., 2012). The involvement of
IL-6 in the promotion of antibody production has also been reported in
Nile tilapia (Wei et al., 2018) and Japanese pufferfish (Kaneda et al.,
2012). Several works reports IL-6 up-regulation after exposure to pa-
thogens in teleosts; Streptococcus agalactia in in vitro Nile tilapia, Ed-
wardisella tarda in in vivo olive founder and Vibrio anguillarum in in vivo
gilthead seabream (Castellana et al., 2008; Nam et al., 2007; Wei et al.,
2018). Up-regulation of IL-6 is also observed post stimulation with
several PAMPs in teleosts including LPS, bacterial DNA, peptidoglycan,
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Table 1
Used primers in this study.
Gene Direction  5’-sequence-3" Application
RPS20  Forward GGAGAAGAGCCTGAAGGTGAAG qPCR
Reverse GAGTTTTCCTGGTGGTGATGC qPCR
IL6 Forward GAAGACACGCCCACCGACAT qPCR
Reverse GCCCCGCCTGCTCCTCACCT gPCR
Forward GACCGGATGGCTGACGCAA Sanger
sequencing
Reverse ACCCAATTTCCACAAGGTAGTGCT Sanger
sequencing
TNFa  Forward ~ CCACACCACGTTGAGGCAGATCA qPCR
Reverse CCTTGACCGCTTCTCCACTCCA qPCR
Forward GCTGGAAGCACCTGAAGACTCAGACAC  Sanger
sequencing
Reverse TTGTATCGTGTATGTTACGACCGCATA Sanger
sequencing
Table 2
qPCR assay performance.
Gene a Efficiency R2 Ampl. size
RPS20 —3299 2,01 0,999 74
L6 —3398 1,95 0,998 58
TNFa —3409 1,96 0,996 117

imiquimod and poly (I:C) (Bird et al., 2005; Castellana et al., 2008;
Chen et al., 2012; Varela et al., 2012; Wei et al., 2018; @vergard et al.,
2012).

Lumpfish is a representative of the poorly described phylogenetic
clade of teleosts, the Cottales. Furthermore, it is a novel species for the
farming industry in Europe (Powell et al., 2018). The production is
successful, but it suffers from high mortality due to bacterial diseases
caused by V. anguillarum, atypical Aeromonas salmonicida, Pasteurella sp.
and Pseudomonas anguilliseptica (Scholz et al., 2018; Walde et al., 2019).
Thus, immunological studies in lumpfish is interesting for both phylo-
genetic, comparative and applied science. In the current study, we have
characterized TNF- a and IL-6 in lumpfish. We have examined their
tissue - and PAMP dependent gene expression, performed phylogenetic
analyses and described their molecular properties.

2. Materials and methods
2.1. Identification of lumpfish (lw) TNF-a and IL-6

In a previous study (Eggestgl et al., 2018) we performed RNA se-
quencing and de novo transcriptome assembly of lumpfish leukocytes,
yielding a tri-layered database structure divided into contigs, genes and
transcripts. In the current study, we have used this transcriptome as our
database to search for TNF-a and IL-6 in lumpfish, and performed a
tBLAST-n search utilizing the human TNFa (P01275) and human IL6
(P05231) as our query sequences and chose the top gene ID among the
transcript hits. Among that gene ID, we performed a BLAST-X search on
all its transcripts against NCBI's non-redundant database and chose the
transcript ID with the highest BLAST score among the full-length se-
quences. Sanger sequencing (see 2.3) verified the sequences.

2.2. Bioinformatical analyses

The phylogenetic analyses included, in addition to the luTNF-a and
IulL-6 sequences, all annotated teleost TNF-a and IL-6 sequences in
INSDC (Karsch-Mizrachi et al., 2018), human and mouse sequences,
and the top 100 hits of a tBLAST-n searches against INSDC's non-
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1 CACGGCTCCCGGTGGGTTCCAGGCTCTGGTAAAACTTTTCTTTCCCCCACCAGCTCGGTG 60
61 CTGCTGCTCGGTGCTGCTGCCTCACGCACTGTCTCCGCTTACAGAGTGACATCACTGGAG 120
121 TTTCCCATATGCAGAAGCAGCTGCCACAGCATAAATACTACGAGCTCTCTGGCAGAAGTT 180
181 CACTTTTAACACAACAGCAACACAAAGAGAGAAGTATTGACGCAGAGCTGGAAGCACCTG 240
240 AAGACTCAGACACAGTCCAGGGTTGAGTTTGTCCATTTTCTTCTACTCGTAGTAACTGTG 300
301 CACAGTATGGTGGCCTACACAACAGCACCAGGTGACGTGGAGATGGGCTTTGACCAGAGG 360
M V. A Y T T AP G D V E M G F D Q@ R
361 ATGGTGGTGTTGGTGGAAAAGAAGTCCTCCACAGGGCCCATGTGGAAGGTGGCCGTGGCC 420
M V vV L V. E K K S S T G P M W K V A V A
421 CTTTTCATCGTGGCCCTTTGCCTGGGGGGAGTCCTGCTGCTGGCTTGGTACTGGACTGGA 480
L ¥F I v A L C L G GV L L L A W Y W T G
481 AAGACCGACTTAAT acggaccgtctgccttcatttaatcttttaaaagcttgtattc 540
K T D L M
541 tctgtacaaactgaacatttccgagtgaacatctctaatcaatgtgttttttctctccat 600
601 acagACACAATCAGGCCACACAGAAGCTCTAATCAAGAATGACACTGCTGAGAAAACAGY 660
T Q S G H T E AL I KN DT A E K T
661 9gattatatgcatggttgatcaagaacaatgctttttgttttagctctacttagctctac 720
721 tctagtctttgtggattatttgagacccgctcacattggtcttcctctcctTCCCC 780
D P
781 ACACCACGTTGAGGCAGATCAGCAGCAAAGCCAAGGCAGCCATCCATTTAGAA@gagt 840
H T T L R Q I 8§ S K A K A A I H L E
841 catcgtgctcttggtcctgatcttggtgttcaaaagagactctttcttccactaaagtct 900
901 gttagtcaagttattcaatagcttcagtctatctatcattccgccttcctaataacattg 960
961 attaataaacaccctatggatgagaggcaacgtgctgcgaggctgcaactaacaacgctt 1020
1021 ettettgctetgettec GCTGCGAAGAAGACAGCGAGGGGTTGCAAGGCCAGCTG 1080
G 8§ C E E D S E G L Q G Q L
1081 GAGTGGAGAAGCGGTCAAGGCCAGGCGTTCGCTCAGGGCGGCTTCCGAGTGGAGAACAAC 1140
E W R S G Q G A F A Q G G F R V E N N R
1141 CGGATCGTCATCCCACACACCGGCCTCTACTTCGTCTACAGCCAGGCGTCGTTCAGAGTG 1200
I v I P H T GUL Y F VY S Q A S F R V C
1201 TCCTGCAGCGATGGCGAGGAGGAGGAGGCGGGCCGGCGCCACGCGCCTCTCAGCCACAGG 1260
S S D G E E E E A G R R HAUPUL S H R I
1261 ATCTGGCGCTACTCGGACTCCCTCGGCAGGAAAGCCTCGCTGATGAACGCGGTGAGGTCG 1320
W R Y S DS L G R KA ASILMNA AUV R S A
1321 GCGTGTCAAAACACTGCCCAGGAGGAGAGCTACCGAGACGGACAGGGCTGGTACAACGCC 1380
A C Q N T A Q E E S Y R D G Q G W Y N A
1381 CCATTTACCTGGGCGCAGTGTTTCAGCTGCACAAAGGAGACCAAGTGTGGACGGAAACCA 1440
I YL G A V F Q L HK GD Q V WTE TN
1441 ACCAGCTATCGGAGCTGGAGACCGAGGATGGCCGGACCTTCTTCGGCGTGTTTGCACTTT 1500
Q L. S E L. ETEDGIRTVFUF GGV F A L *
1501 GAAACGACTCTTTTATGCGGTCGTAACATACACGATACAAAGCTCTGAATAGTGCCACGC 1560
1561 GTGTTGGCTTCGTGTTTAAACATTAAGTATGTTTTCTTAATTTATTTTTGTAGTATTATT 1620
1621 ATTCATCTCATGGTGATGGTAGAARAGGTTTAAATCTCAATGGAGATGAAGCGTGTAGCCA 1680
1681 AACAGGCGGAGTTTAAAAAACAATCCTATAAACTGTAACAGTTTGCAACATTTGTTTCTA 1740
1741 TTTTAGGCCCTTTTTGTACCTGACTGGAGATTGTCGTCTTTGCTGTGTCA 1800
1801 GCTCTTTACTGGAGAGTTAAGCTTCAATGACTATGTGCAGAACTATTATCACAACCTGTA 1860
1861 IGTATTTATTTGTATIITATTTATH TTGAAATCCTTGGGATTAGGTGTTAAAGATquTm 1920
1921 TATATACGTGCACATGAATTTAATTAAAATGCAAAAAGAAACAACAAAAAAAGTCACACG 1980
1981 TTTTTGTCACTATGGATGAACTCATTTCATAGCTATAGATATGAAACACAC 2031

Fig. 1. Nucleotide and deduced amino acid sequences for lumpfish TNF-a. gDNA specific sequence is represented with lower case, cDNA sequence is represented with
upper case and coding cDNA sequence is represented with bold. Introns are indicated by ellipses at both ends, AT rich elements are indicated by underlining, double
underlining indicates the polyadenylation signal, and the endotoxin responsive motifs are boxed.

redundant database using the lumpfish and zebrafish sequences as
queries. In addition for TNF-a, the top 100 hits of a tBLAST-n searches
against INSDC's non-redundant database using the Arctic char (Salve-
linus alpinus) sequences as queries. A preliminary MUSCLE (Edgar,

2004) multiple sequence alignment (MSA) was conducted in order to
identify and remove duplicate or inadequate (low quality, partial etc.)
sequences, yielding 178 TNF-a and 80 IL-6 sequences for the phylo-
genetic analyses. Based on these sequences a MUSCLE MSA was made
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Fig. 2. Genomic organization of lumpfish TNF-a. The zero point is defined as start of peptide coding DNA sequence (CDS). Black boxes represent UTRs, white boxes
represents exons and lines represents introns. Numbers represents the number of nucleotides of the corresponding element and parenthesized numbers represent the

gene length.

and a maximum likelihood phylogenetic tree utilizing IQ-TREE
(Nguyen et al, 2015) with automatic model selection
(Kalyaanamoorthy et al., 2017) was constructed (Figs. 7 and 8 and
Supplementary Figs. S1 and S2). Bootstrapping was conducted with
100 000 replicates to assess clade support (Minh et al., 2013).

In order to compare the predicted amino acid sequence of luTNF-a
and lulL-6 and to identify conserved regions, a MSA was made using the
CLUSTALQ algorithm (Sievers and Higgins, 2014) in which the lump-
fish sequences were compared with TNF-a and IL-6 from all teleost
sequences fully characterized in the published scientific literature, in
addition to human and mouse sequences. In addition, for IL-6, the Ta-
naka's snailfish (Liparis tanakae) sequence were added. Identification of
the functional domains was performed by InterProScan (Jones et al.,
2014), using the entries from the SMART database (Letunic and Bork,
2018), with the following exceptions: TMHMM used for transmembrane
prediction (http://www.cbs.dtu.dk/services/TMHMMY/), SignalP-5.0
for signal peptide prediction (http://www.cbs.dtu.dk/services/SignalP-
5.0/) and Peptide Cutter for enzyme cleavage site prediction (https://
web.expasy.org/peptide_cutter/). Prediction of molecular weight and
isoelectric point were performed by ExPASy tool Compute pI/Mw
(https://web.expasy.org/compute_pi/).

Scaffolds including luTNF-a and lulL-6 genes, were found by BLAST
searching the lumpfish genome with IuTNF-a and lulL-6 transcripts in
Galaxy (Camacho et al., 2009; Cock et al., 2015; Knutsen, 2018). In-
tron-exon boundaries were predicted by aligning cDNA and gene se-
quences and adjusting the introns according to the GT .... AG rule.
UTR's were determined by aligning the transcript sequences with the
predicted aa sequences.

The tertiary structure of the lumpfish sequences were modeled with
SWISS-MODEL (Waterhouse et al., 2018), and fit to murine crystal
structures (TNF-a - 2tnf.1.C and IL-6 - 213y.1.A). The models and
templates were displayed using ICM-Browser 3.8-7b © (MolSoft L.L.C.).

2.3. Sanger sequencing

Sanger sequencing was performed by amplifying the relevant
genomic DNA sequence through a high fidelity polymerase chain re-
action (PCR) in a 2720 Thermal Cycler (Applied Biosystems, California,
USA), using specific primers (Table 1) and Phusion High-Fidelity
polymerase (ThermoFischer Scientific) according to the manufactures
instructions. The DNA products were extracted from a 1% agarose gel
containing GelRed® (Biothium, Fremont, USA). The sequencing reac-
tion was run using the BigDye™ Terminator v3.1 (Applied Biosystems),
according to the manufactures instructions and sequenced using the
3730XL Analyzer (Applied Biosystems) at the DNA sequencing Facility
at the High-Technology Centre, Bergen, Norway.

2.4. Fish and rearing conditions

Farmed, unvaccinated lumpfish were provided by Vest Aqua base,
Norway. The fish were kept at the rearing facilities at the Aquatic and
Industrial Laboratory (ILAB), Bergen High-Technology Centre, Bergen,
Norway, under normal optimal rearing facilities at a temperature of
8-9 °C, salinity of 34%o and 12:12 h light:dark. The water flow were
300-400 1 per hour and the outlet water had a minimum of 77% oxygen
saturation. The fish were fed with commercial dry feed for lumpfish

(3 mm pellets).

2.5. Tissue sampling and homogenization

In order to study the normal gene expression in different tissues 16
tissues were collected from fish (n = 7) with an average size of
245.7 + 49 gand 18.1 *+ 1.1 cm,; skin mucus, skin, muscle, thymus,
gill filament, gill arch, tongue, liver, spleen, gonad, head kidney (left
lobe), heart, pyloric caeca, gut, eye and brain. Up to 40 mg tissue were
immediately put in 0.3 ml of fresh lysis buffer in FastPrep® Tubes (MP
Biomedicals, USA) containing 3 SS Metal Beads Lysing Matrix (MP
Biomedicals, USA) and homogenized in the 24x FastPrep-24™ 5G (MP
Biomedicals, USA). Additional 0.4 ml fresh lysis buffer was added after
homogenization, according to the manufactures RNA isolation protocol.
Isolation of total RNA and cDNA synthesis are described in Section 2.8.

2.6. Leukocyte isolation

For in vitro stimulation, leukocytes were isolated from peripheral
blood and head kidney from six lumpfish that weighed 282.7 + 56.5¢g
and measured 18.5 + 1.1 cm. The fish were killed by a sharp blow to
the head. Leukocytes were isolated from peripheral blood (0.7 ml),
collected from vena caudalis, as described previously (Haugland et al.,
2012). Briefly, the blood was transferred to heparinized containers and
diluted to a total volume of 5 ml Leibovitz L-15+ (L-15 media without
L-Glutamine adjusted to 370 mOsm by adding 5% (v/v) of a solution
consisting of 0.41 M NaCl 0.33 M NaHCO; and 0.66 5 (w/v) p-glucose)
supplemented with 100 pg/ml genatamicin (Lonza Biowhittaker Ver-
viers, Belgium), 10 U/ml heparin (Lonza Biowhittaker Verviers, Bel-
gium) and 15 mM HEPES (Sigma-Aldrich, St. louis, USA)). For isolation
of HKL, the anterior 1 cm of the right head kidney lobe was transferred
to a gentleMACS™ C tube (Miltenyi Biotec, Germany) containing 3 ml L-
15 + medium and dissociated by gentleMACS™ Dissociator (Miltenyi
Biotec, Koln, Germany) on the default program D. After dissociation,
the cell suspension were placed on discontinuous Percoll gradients,
3 ml 1.070 g/ml Percoll™ (GE Healthcare, Uppsala, Sweden) solution
overlaid with 2.5 ml 1.050 g/ml Percoll solution, and centrifuged at
400 g and 4 °C for 40 min. The leukocyte fraction were transferred to a
new tube and washed once with L15 + media, centrifuged at 200 g and
4 °C for 10 min, resuspended in L15 + media and counted by CASY®
Modell TT cell counter (Innovatis AG, Reutlingen, Germany). All leu-
kocytes samples showed viability over 95% and low levels of ag-
gregation.

2.7. Leukocyte stimulation with PAMPs

Each leukocyte sample in the in vitro stimulation experiment was split
into eight wells in 24-well plates, each containing 4 x 107 leukocytes and
the following PAMPs: 0.3 pg/ml Pam3CSK4 (InvivoGen, San Diego, USA),
0.1 pg/ml FSL-1 (InvivoGen, San Diego, USA), 20 pg/ml Fla-BS
(InvivoGen, San Diego, USA), 50 pg/ml poly (I:C) HMW (InvivoGen, San
Diego, USA), 10 pg/ml ssPolyU/LyoVec™ (InvivoGen, San Diego, USA), 1
M €pG-B: T*C*G*T*Cr G TAT*T*T*G*T*C* G TAT* T T* G*T*C*G*T* T*
(Eurogentech) or 1 pM GpC-B: T*G*C*T*G*C*T*T*T*T*G*T*G*C*T
*T*T*T*G*T*G*C*T*T* (Eurogentech), in a total volume of 500 pl of
L15 + media. To the non-stimulated control sample, L15 + was added
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Fig. 3. Multiple alignment of lumpfish TNF-a sequence with other reported teleost, human and murine TNF-a sequences. Cysteine residues is vertically shaded and
family signature is boxed in black. Receptor binding surfaces in mammals is boxed in grey. The transmembrane domain is horizontally shaded. The putative TACE
cleavage site are in bold type and indicated by arrowheads. Amino acid similarity percentage with lumpfish TNF-a is written as percentage at the end of the

respective alignment.

instead of PAMPs. The plates were

covered by Microseal® ‘B’ seal Seals 2.8. Total RNA extraction and cDNA synthesis

(Bio-Rad, United Kingdom) and incubated at 15 °C. After 18 h, the su-

pernatants were transferred to Eppendorf tubes and centrifuged at 400 g in
10 min at 15 °C. To both the wells and cell pellets 250 pl of lysis solution
for total RNA kit (Sigma-Aldrich, St. Louis, USA) were added and subse-
quently mixed. The lysates were stored at —80 °C.

reaction) (Sigma-Aldrich, St. Louis,

Total RNA was isolated using GenElute™ Mammalian Total RNA
Miniprep kit (Sigma-Aldrich, St. Louis, USA) according to the manu-
facturer's instructions and treated by DNase I (up to 2500 ng RNA per
USA) according

to the
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CAGAATTATATCGACTGTGTGTGTGTGTGTTGTGCGATTAACGTGTTCTATTATTTCCAA
TTATTGAAATAATAACTTGCCTGGAGCAGTTTATCCTTTAATTATCATTGTGATAATAAA
CATGTGCCAACTACATAAAAACACCATCAACCACAGACGGATGCCGGACCGGATGGCTGA
CGCAAGCCATTGAGTGTGTGCCTGTTGCAGGGAGGTGTTGGGAAGTCCCTCCGGTCTGAA
GAATATAAAATGACAGCTCATGGCACAGCCAACGCAACCTCTCCTGGCCCTCAGCATCAC
M A Q P T Q P L LATULSTIT
CAGTGGAAGCTCAACAAGCGCCTCCCAGCAGCTCAACATGCCCTCTCAACTCA@@AAGCG
S G S S T S A S Q Q L N MP S Q L S K R
CCGTTTCAGCCTGCGGTGCGCACGTCTCCCGCAGGTCTTCCTCTTTTCATTCATTCACGT
R F s L R«<€C A RL P Q V F L F S8 F I H V
GTTTCCTCTCCGCA CCTGCTCTCTGCGGTGACGCTGGCCGCTCTGCTGCTGCACGC
F P L R TDNL L S A V T LA ATULTULTULHA
TTCCGGAGCTCCGGTCGAAGACACGCCCACCGACATGCCGGCAGGTGAGCCCTCAGGTGA
S GA PV EDTUZ®PTUDMUPA AGEUP S G E
GGAGCAGGCGGGGCCCTCTAACCTACTGAGCGTCTCACCCGTCTGGCACGCGGTCCTTGG
E Q A G P S N L S V.S P V W HA AV L G
CGCAACCAAACGCCACCAGAAGGA agcggtttatcttccaggaaacgtcactgaac
A T K R H Q K E
tgagtttaaaaaaagatgtttactgtttcttatacgaggatgtccttatcgatacttaat
attcacactttctgagcatgtgtaaagtaaacaggcacaactgaccaactgatttattcg
ttaccactc{%TTTGAAGATGAATTCCAACATGAGTTGAAATATCATTTTCTGGAGAACT
F E D E F Q H E L K Y H F L E N
ACAAAGTATCCTCCCTTCCAGCAGGCTGCCCTCTCTCCAACTTCAGCAA tgcgtct
Y K VvV s s L P A G CUP UL S N F S K
cctccttecttgtecectgttacactgatataagaaactgggtaagcactgacggtaatct
tcttectetetecttdagGAGGCTTGTCTCCACAGATTGGCCCACGGCCTGCGTATTTAC
E A CLHRULAMHGTULURI Y
ACAGTTCTTCTCAAGCATGTGGAGAAGGAGTACCCCGGCAACTTGATCTGCTCCGTGGTC
T VvV L L K HV EI KEYPGNULTIT CS VYV
AAATACTACAGCGACCTCCTGATCAACCTGAGCAAAGACAA( ggtctgagatggatg
K Y ¥ S DL L I NUL S K D K
ctcgtgcatttgtagcggtgttaatgagattgagatcctttgatcaagtacaagtagcaa
cactcaaataaaagtgcatcagcaatttacagtttagatcacgacttgatgttaattacc
tcgtaagaaattggattacatcctcaggttattattatgatacaacactgcttgttcatg
ttatccaactttcccttctgccccaTGAGGAACCCGGAACAGGTCACAGCACTGAC
M R NP E Q VTATILT
CAGCAGCCAGGAGGCGCAGCTGCTGGGGGGCCTCGATCACCTCGACGCCTTCCAGAGAAA
S S Q EA Q L L GG L D HTULUDA ATF Q R K
GATGACTGCACACAGCATCCTACGCCAGCTCCACCACTTCCTCGTCGATAGCAAAAGAGC
M T A H S I L R Q L HHVF L V D S K R A
AATTACTAAAAGGGAGAATACCAAGGCAAGAATGGCAGACAGACTTTTGGCACCTATCAG
I T K R ENTI KA AIRMAIDI RTILTILA AUPTI S
TTTCTATAACCAAAAGTTTAAAGACGAGATCATTCAAAAACATTTATAAAGCACTACCTT
F Y N Q K F K D E I I Q K H L *
GTGGAAATTGGGTGGTGTTGACACTGCTGCTGTTCTCACTCTGAAGTGTTTTATTTTAAG
AGGGGAATGATGGCTGTCCGTTTATTGGCAATCTATGATTGTGTAAATCTCAGAGGACTC
AGGGCCTGAGTTGGCCACTATTGTGCAACTTATTTAACCTATTTATACTTGGTGAAAAGT
TATTTATTAATCATAGTAAAGTCCATGATTGGGCGGTTCTTGCACTAAGTGCAATTTGTA
CTAGTGTTTTTATTTGTTATTACTTGAGGAGCATTGTTAAGACTACATTACTTTTTATAA
TACTTTGTTTTTGAGAAGTACACATTACAACAATAATTTACTGTTTACAGTATAATTTTG
TATCTACATTAAATTTGCAGTTGAATTAATTATAGTGTTTTGAGCTGTGTTTTGAACGCA
CATGACCAACAAGTGATTGGAATTAATATTTTGTACTCAATATTTTATACTCATGCAGAA
ATAAAAATGTATCTATTAAATCACATGTTTCTTCATTCCAACACGTCACACATTGCAGGG
TTGCAACACATTTCTATGTATTTTTCCACAAACCATCATATATTTARTCTGTTGGTTTTC
GTAGGAGGCTGGGAAATATGCTGTCAAACCGCAAAAAAAAAAATACAACCAATGCAG
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Fig. 4. Nucleotide and deduced amino acid sequences for lumpfish IL-6. gDNA specific sequence is represented with lower case, cDNA sequence is represented with
upper case and coding cDNA sequence is represented with bold. Alternatively retained intron are indicated with red letters. Introns are indicated by ellipses at both
end, AT rich elements are indicated by underlining, double underlining indicates the polyadenylation signal, the endotoxin responsive motifs are boxed and a TATA
box is shown in bold italic. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

manufacturer's instructions. The DNase treated RNA was analyzed on a
1% agarose gel containing GelRed® (Biothium, Fremont, USA) to ensure
that all traces of genomic DNA were removed, and to validate the in-
tegrity and the quality of the RNA. The RNA concentration and purity

was measured in a NanoDrop™ 2000 spectrophotometer (Thermo Fisher
Scientific, Waltham, USA). Furthermore, RNA (< 1000 ng/reaction)
was reverse-transcribed into c¢DNA using cDNA synthesis kit
(Quantabio, Beverly, USA) according to the manufacturer's instructions.
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2.9. Quantitative PCR (qPCR)

Gene expression were measured by quantitative polymerase chain
reaction (qQPCR) performed in a C1000 Touch Thermal Cycler with
CFX96 Real-Time System (Bio-Rad, Hercules, California) using SYBR
Green Jumpstart® Taqg DNA Readymix® (Sigma-Aldrich, St. Louis, USA).
The pipetting was performed using the PipetMAX 268 (Gilson,
Wisconsin, USA). All primers (Table 1) were custom DNA Oligos de-
livered from Sigma-Aldrich (St. Louis, USA). The target genes assays
were optimized for specificity (> 10 000 signal to noise ratio) and ef-
ficiency (approximately 2). The performance of the best assay for each
gene is reported in Table 2. For relative quantification, the target genes
were normalized against the house keeping gene ribosomal protein
subunit 20 (RPS20). The qPCR reaction (25 pl) contained 12.5 pl of 2 x
SYBR Green Jumpstart® Taq DNA ReadyMix®, 10 pl cDNA (2 ng for
RPS20 and 20 ng for target genes), 1 ul (10 pM) of forward and reverse
primers and 0.5 pl nuclease-free water (Sigma-Aldrich, St. Louis, USA).
The cycling conditions were 94 °C for 5 min followed by 40 cycles of
94 °C for 15 s and 60 °C for 1 min, finishing with a 4 °C hold until
termination. For each run, melting curve analyses were performed for
each amplicon to ensure the specificity of the primers. Each sample
were analyzed by triplicate master mixes. For each master mix a non-
template control (NTC) was included to ensure no contamination of the
reagents, and a non-reverse transcriptase control (NRT, cDNA reaction
without reverse transcriptase) was included to ensure a complete de-
gradation of genomic DNA. For the normal tissue experiment, mean
normalized expression (MNE) values were calculated by the ACt
method (equation (1)), and for the leukocyte stimulation experiment,
fold MNE values were calculated by the AACt method (equation (2)). E
is an abbreviation for the assay efficiency, x is any observed Ct value for
sample x and y is any observed Ct value for control group sample y.

Epoo %
ACH, = target _
Ereference™ 1)
Etarget ™
AACty, =
2 Etarget
Ereference™ (2)

2.10. Statistical analysis

Both qPCR datasets were analyzed by two-way ANOVA in IBM®
SPSS® Statistics (version 25.0.0.2) on logl0 transformed data. The
normal tissue set were followed up by Bonferroni corrected pairwise
comparisons and the ligand stimulation set were followed up by Tukey's

honest square difference post hoc test. F values refers to the F statistic,
df values refers to the degrees of freedom, p values refer to the prob-
ability that the statistical summary of the population is equal or more
extreme than the observed values of the sample, given that the null
hypothesis is true (p values less than 5% is considered significant), and
n? refers to the effect size, or how much the relevant variable explains
the observed variance.

3. Results
3.1. Sequence and structure analysis of luTNF-a and lIL-6

The full-length ¢cDNA sequence of luTNF-a (GenBank accession No:
MN093126) composed of 1600 bp with a 5’-untranslated region (UTR)
of 306 bp, an open reading frame (ORF) of 762 bp encoding 254 aa and
a 3’-UTR of 531 bp containing six AT rich elements, two endotoxin
responsive motifs and one polyadenylation signal. The luTNF-a gene
was 2031 bp and contained four exons (Figs. 1 and 2). In the translated
aa sequence, a transmembrane domain (35-57) and a tumor necrosis
factor family domain (96-254) were identified (Fig. 3). Comparative
analysis with other TNF-a aa sequences identified a putative TACE
cleavage site in luTNF-a (Thr86 and Leu87), resulting in a mature
peptide of 168 aa with a theoretic molecular weight of 18.9 kDa and
isoelectric point of pH 5.6. Two cysteine residues, known from other
species to be involved in the correct folding of the mature peptide, were
also present in the luTNF-a. In addition, lumpfish like Atlantic Bluefin
tuna contain a cysteine in position 106 and 102, respectively (Fig. 3).

One lulL-6 gene was identified (GenBank accession No: MN093126),
having two isoforms. The luIL-6 gene, 2277 bp, contained five exons
and four introns (Figs. 4 and 5A). The first exon in lulL-6 is 94 bp
(Fig. 5A). This is longer than other non-cyclopteridae/lipridae teleost
sequences in which the first exon is typically only 16 bp. The full-length
cDNA sequence of the first isoform of uIL-6 (luIL-6 i1) was composed of
1702 bp with a 5-UTR of 259 bp, an ORF of 775 bp encoding 289 aa
and a 3’-UTR of 669 bp containing five AT rich elements, one endotoxin
responsive motifs and two polyadenylation signals (Figs. 4 and 5B). The
full-length cDNA sequence of the second IL-6 isoform (lulL-6 i2) in
lumpfish contained the first intron of the lulL-6 gene, it was composed
of 1797 bp, it contained an ORF of 870 bp encoding 289 aa and is a case
of alternative intron retention (Figs. 4 and 5B). In the translated aa
sequences, the IL-6 family signature sequence were identified. In ad-
dition in IL-6 i2, a Caspase 1 cleavage site between position 60 and 61
(DL) (Fig. 6). In the c-termini product a signal peptide sequence were
predicted (99.4% probability), but not in the native lulL-6 i2 form
(0.6% probability). In IL-6 il a signal peptide sequence was predicted
with 19% probability. The mature peptides without the predicted signal
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Human MNSESTSAF- A’/ \'s - -VPPGE 35
Mouse MKFLSARDF- HPVAF-LGLMLVTTTAFPTSQ-----VRRGD 35
Zebrafish MPSAQKTV: LFLSATLATLEMSLAD-PVPVFSSM-GELSE 38
Rainbow trout B -MTSTYY LSLLSVLVVMVVNGSPVE- ~SAPGW 30
Rainbow trout TRYL LLSALVVLVEGNPVPSALAELMTSGW 36
Nile tilapia MPSIFNLH- ESSAVMLAALLLCASGAPIEDG----SVAGD 36
MASTSY. LLAPLVLAAVLOPTAGAPL-DAPTE-SPAGE 36
Gilthead MPSRLNVE WLCARALAALLRCAPAAPVDGAFTD-NPAGD 39
Atlantic halibut MASKHNAD LPCAAMLAALLLCALGAPVEFQPTD-SPAGD 39
Bastard halibut -MASKHNAD. LSSAAMLAALLLCALGAPVEYEPTD-SPAGD 39
Orange spotted grouper MPSTLNAY: MLSAVTLAALLLCAPGAPVEDAPTD-SPTGD 39
Tanaka's snailfish ~——MTARGKANATSSDPQHHORKLNKWLPAAQ: HDLSTQSSPVCLPLCGAPLGDTPAD-MPAGE 60
Lumpfish i1 MAQPTQPLIALSITSGSSTSASQOLNMPSQL NLLSAVTLAALLLHASGAPVEDTPTD-MPAGE 63
Lumpfishi2 MAQPTQPLLALSITSGSSTSASQQLNMPSQLSKRRSLRCARLPQVFLFSFIHVEPLRTDLLSAVTLAALLLHASGAPVEDTPTD-MPAGE 91
A A
Human DSKDVAA--PHRQPLTSSE--RID---KQIR-YILDGISAL C g LAENNL-NLPKMAEKDGEFQSGENEETELVRT 117
Mouse FTEDTTPNRPVYTTSQVGG--LIT: HVLWEIVEMRKELENGNSDEMNNDDALAENNL-KLPEIQRNDGEYQTGYNQEIGLLKI 115
Zebrafish  ISGDEVQDVDVKSLLGDRQ--KWH---LMARDLYKDVKTLRDEQFERDFRE-MVNMTAFEGVRI - STPLLKPSDRELSKNFSTERGLTRT 122
Rainbow trout B TSGEELAVESFSGEPGAPP--IWENVIKVIKLLVQEVINFRDQQFVEEFQKPVEEMSSFIQYQVPSIPTHLSKTH SASNYNKEAE;‘LQKI 119
Rainbow trout  TSGEEL---GTDGETGAPP--KWE---KMIKMLVHEVTTLRNQQFVEEFQKPVEEISSFSQHQVPSTPPHLSKTLESASN--KEAGLQET 117
Nile tilapia  FSGEET! TVKPENT! LFDSAQEYEKAFEHHFQTLENRDQALDSHTPASIPK~———~ HENITKFRKDAGLQTL 111
TSGEEAETGSPDDALAV- SVLGATKLHKNEFLVEFQG-EVKYDFLDRYKIPSLPA- IPYSNFGKDAGLRRL 109
Gilthead seabream  TSGEEWETERPADPLIA- --VVLEVIKTHRQEFEAEFH---IRYDVLAQYNIPSLPA- PSTNF ELHRL 110
Atlantic halibut  FSGEEQE--VTPDLLSASP LIISVTARHQQEFEDEFQQ-EVKYHFLDHYKISSLPA- {EPSANFSKEAGLHRL 112
Bastard halibut FSGEEQE--VTPDLLSASP: --LIIGVTAHHQKEFEDEFQQ-EVKYRFLNHYKLSSLPA- IPSANFSKEAGLQRL 112
Orange spotted grouper ARPDLLSASP ILGATKRHEKQFEDEFQN-EVKYHFLEHYKISSLPA HRL 112
Tanaka's snailfish PSGEEQA--GPSDLLGGSP: ~-MVLGATKRH( EAGLHRL 100
Lumpfish i1  PSGEEQA--GPSNLLSVSP--VWH- --AVLGATKRHQKEFEDEFQH-ELKYHFLENYKVSSLPA----~i GEPLSNFSKEAGLHRL 136
Lumpfishi2  psGeEQ, PSNLLSVSP--VWH: AVLGATKRHQKEFEDEFQH-ELKYHFLENYKVSSLPA--—-~ GEPLSNFSKEAGLHRL 164
Human TTGLLEFEVYLEYLQNRFESS-EEQARAVOMSTKVLI---QF LQKKAKNLDAITTPDPTTNASLLTKLQAQNQWLQDMTTHLILRSFKEF 202
Mouse SSGLLEYHSYLEYMKNNLKDNKKDKARVLQRDTETLI---HIFNQEVKDLHKIVLPTPISNALLTDKLESQKEWLRTKTIQFILKSLEEF 201
Zebrafish ~ YSVLTWYKDNWNYIEKENLTS--VLUNDIKHSTKRLL---EAINSQLQVRDGEMDQTSSTS-—~--~ LSFKSAWTRKTTVHSILENFSSV 200
Rainbow trout B SHGLQVYHVLLDHVKAEYPQS--TLLPSVMHQTTVLI -~ -GLFKDKMKAREVVEDLSASERERVLGEVSTGIEWERKTSVHATLRELRHF 204
Rainbow trout  SRGLQVYQLLLDHVKAEYPQS--TLLPSVTHQTTVLI ---GLVKDQMKVAEVVEDLSASERKRVLGEVSTGTEWERKTSVHAILRELRNF 203
Nile tilapia  AKGLLIYSVLLKHVEKEYRSS--LNFSDAPSNIGTLIDL JVTPLTSSEEEQLLKEVNSPDPYHRKLHAYSILRALKAF 198
Japanese pufferfish 1 EGLLIYSVLLKRVEEEFPSS--SILSEVRFYSNILI---KELENKVRDRDQVMRLTSSQEEQLLKDTDY PDTFHRKMTAHGILYNLHYF 193
Gilthead seabream  1,0GLPVYTALLKYVEKEEPKS--QIPSRFRQNSELLK-~-QRIT QUTPLTSSQEQQLLRDLDSSDTFHRKMTAHSILYQLRSF 194
Atlantic halibut  GEGLHTYMVLFKHVEKEYPSS--PILLYARYHGGALI---GLI TVPTSSQEQQLLQDVDSPNTEY ILRHLHDF 196
Bastard halibut  REGLHTYMVLFKHVEKEYPSS--S IéLHAR‘{HSGALI ~--GLIKEKMRNPGQVTVPTSRQEQQLLODMDNPSTFHRKMTAHNILRQLENF 196
Orange spotted grouper ~ VQGVLKYTVLLKHVEKEYPGS--LIESEVRYYGGLLV---SLTKGKMRNPDQVTALTSSQETQLLKDLDNPSTFHRKMTAHSILRELHIF 196
Tanaka's snailfish AHGLYIYTVLLKHVEKEYPGN--VIESVVKCYSGLLI---NLIKHKMRNPEQVTALSSNQEAQLLGGLNHLDAFQRKMTAHSILRQLHHF 184
hi1  AHGLRIYTVLLKHVEKEYPGN--LIESVVKYYSDLLI---NLSKDKMRNPEQVTALTSSQEAQLLGGLDHLDAFQRKMTAHSILRQLHHF 220
Lumpfishi2 AHGLRIYTVLLKHVEKEYPGN--LIESVVKYYSDLLI---NLSKDKMRNPEQUTALTSSQEAQLLGGLDHLDAFQRKMTAHSILRQLHHF 248
Human LQSSLRALRQM: 212 30%
Mouse LKVTLRSTRQT 211 26%
Zebrafish MIDACRAINYMS--RRKRGKDPKRTGDWGSADKN-——-—----— 231 30%
Rainbow trout B LVDTKTALRAWG--RGAKAASNHDITMVGRGVLDQAWSKYLH-- 242  34%
Rainbow trout 219 35%
Nile tilapia  1.SEGKRAVCRME--KRVNQSADTSC- 20 44%
Japanese pufferfish  1.ypcRRVINKRA--KI RAVTFYHPKKRS 227 53%
Gilthead seabream  LyDCKNAINKKE--KL TPVTLYYQ! 225 51%
Atlantic halibut  LRNGRVAIRKKEMPKQKRKDNGIIAPILPSY-——— 26 56%
Bastard halibut LRNGKVATRKREMPKQKRRKDDGIIPPIHPSYQMT 230 59%
Orange spotted grouper ~ LLDSKRQINKRE--RLRGSLAVRTMAPIGI- - 223 65%
Tanaka’s snailfish ~LVDSKRAITKKE--NGKNV--———-—=———- RQAFGT---YQLL 210 61%
Lumpfish i1 LVDSKRAITKRE--NTKARMADRLLAPISFYNQKFKDEIIQKHL 261 91%
Lumpfishi2 LVDSKRAITKRE--NTKARMADRLLAPISFYNQKFKDEIIQKHL 289 100%

Fig. 6. Multiple alignment of lumpfish IL-6 sequence with other reported teleost, human and murine IL-6 sequences. Cysteine residues are vertically shaded and
family signature is boxed in black. Earlier reported and predicted signal peptides is underlined. Putative intron converted aa is horizontally dark grey shaded and UTR
converted aa is light grey shaded. Bold letters and grey arrowhead indicate predicted caspase 1 cleavage site. Bold italicized letters and black arrowhead indicate
predicted signal peptidase cleavage site. Amino acid similarity percentage with lumpfish IL-6 is written as percentage at the end of the respective alignment.

sequences have a theoretic molecular weight of 24.2 kDa and isoelectric
point of pH 7.94. Comparative analysis with other IL-6 sequences re-
vealed that both isoforms of IulL-6 has two conservative cysteine re-
sidues. The first cysteine pair in human and mouse are absent in tele-
osts. Interestingly, 11 positions after the IL-6 family signature sequence,
a cysteine residue is present in IL-6 in lumpfish like orange-spotted
grouper and Tanaka's snailfish.

3.2. Phylogenetic analysis uTNF-a and IL-6

The phylogenetic position of IuUTNF-a was determined through a
maximum-likelihood based phylogram (Fig. 7). The teleost TNF-a se-
quences were divided into three main clades. Clade II contained se-
quences belonging to Elopomorpha, Osteoglossomorpha and Clupeii-
formes, the most basal members of Teleostei in this tree. The other
teleost sequences were clustered into two clades, corresponding to the
TNF-a type-definition proposed for rainbow trout by Hong et al.

(2013), clade III and IV. Further, two intra-Salmonidae clades of both
type I (clade III. a and III. b) and type II (clade IV. a and IV. b) were
present, and two intra-Cyprinae clades of type II (clade IV. c and IV. d)
were also present. LuTNF-a was clustered within the neoteleost clade
containing type I TNF-a members (clade III).

The phylogenetic position of lulL-6 was determined through a
maximum-likelihood based phylogram (Fig. 8). LulL-6 was clustered
together with other neoteleostei IL-6 sequences. The IL-6 tree reflected
the teleost specie tree (clade I, II and III), with the exception of sal-
moniformes sequences, where two intra-Salmonidae clades were present
(clade III. a and III. b).

3.3. Homology modelling based structure determination of luTNF-a and IL-
6

The structural comparison of luTNF-o monomer with its murine
counterpart (Fig. 9) revealed a three-dimensional structure consisting of
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Fig. 7. Phylogenetic tree of teleost TNF-a utilizing human and mouse as outgroup. Phylogenetic distance is indicated by branch length and decimal numbers (> 0.1),
fat bar indicates distance of 1 amino acid per sequence site. Whole numbers refer to bootstrap values (> 80) of 100000 iterations. Accession numbers are given in the
full phylogenetic trees (Supplementary Fig. S1 A, B). Ten clades are indicated by brackets and roman numbers; I — mammalian sequences, II - Elopomorpha,
osteoglossomorpha and clupeiiformes sequences, III - type I teleost sequences not present in clade II, IV - type II teleost sequences not present in clade II, V and IV —
intra-Salmonidae specific type I clades, IIV and IIX - intra-Salmonidae specific type II clades, IX and X - intra-Cyprinidae specific clades. The intra-clades have been
shaded with grey boxes. Alignment defining type affiliation are to the right of the species. Amino acids are colored according to their buried index, dark blue are
buried and bright green are not. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)

two anti-parallel B-pleated sheets, forming a jellyroll motif, which is the
typical protein structure of the TNF-family. LuTNF-a contained a third
cysteine residue, only found in lumpfish and Atlantic Bluefin tuna TNF-
al. Due to spatial prediction of this cysteine residue, it is not likely that
it contribute in any stabilizing disulfide bridges within the monomer,
but it may have a stabilizing function in the trimer, if TNF-a in teleosts
have similar quaternary structure as their mammalian counterparts.

The structural comparison of LulL-6 with its murine counterpart
(Fig. 9) showed that LulL-6 has four conserved a-helices, the typical
protein structure of the IL-6 family. LulL-6 contains a third cysteine
residue, presently only found in lumpfish, Tanaka's snailfish and orange
spotted grouper IL-6 (Fig. 5). This cysteine residue is placed spatially
different from the second cysteine pair known from mammals. The
model does not predict the di-sulfide bridge between the first cysteine
pair. However, the spatial placement could allow a di-sulfide bridge in
lulL-6.

3.4. Gene expression profiling of uTNF- a and wIL-6 in normal tissues

In order to gain insights into the expression of luTNF-a and lulL-6 in
different tissues during normal conditions, qPCR assays for luTNF-a and
lulL-6 were designed. LuRPS-20 was used as reference gene in a simplex
qPCR setup (Fig. 10). Transcripts of all three genes were measured in all
examined leukocytes and tissues. A two-way ANOVA showed that TNF-
a expression was dependent on tissue (F (17 186) = 8.048, p = 5.5E-
16, n* = 0.447). The highest level of TNF-a transcripts was measured in
HKL. It was significantly different from liver, gonad, muscle and gut.
The lowest level was measured in gonad and it was significantly dif-
ferent from gill arch, gill filament, HK, heart, HKL, PBL, skin mucus,
skin, spleen, thymus and tongue (Fig. 10A). Similar to TNF- a, IL-6
expression was also dependent on tissue (F (17 186) = 8.849,
p = 1.8E-16, 1> = 0.447). The highest level of IL-6 transcripts was in
brain. It was significantly different from liver, muscle, gut, gill arch, gill
filament, gonad, HK, pyloric caeca, skin, skin mucus, tongue. IL6 was
expressed at its lowest in gut, being significantly different from brain,
eye, gill arch, gill filament, gonad, HK, heart, HKL, PBL, skin, skin
mucus, spleen and thymus. (Fig. 10B). A direct comparison showed that
the expression level of TNF-a was higher than IL-6 in HKL and all ex-
amined organs except brain, eye, gonad and PBL (Fig. 10C). PBL con-
sisted of only two samples due to isolation issues, and therefore should
be exempted from questions regarding significance. The statistical
analyses showed that there is a significant effect of both tissue and gene
F (17, 186) = 4.278, p = 2.5E-7, n* = 0.281.

3.5. Modulation of luTNF-a and luIL-6 expression upon exposure to
different PAMPs

To further our knowledge of IuTNF- a and lulL-6, we stimulated
HKL with seven different ligands (Fig. 11). In general, luIL-6 induction
was higher than luTNF-a and flagellin was the most potent inducer of
IuTNF-a resulting in 16.8 times upregulation (p = 3.12E-15) and lulL-6
at 91.8 upregulation (p = 1.65E-7) compared with the control. LuTNF-
a was also significantly positively regulated by CpG (p = 0.0031)
(Fig. 11A). Although, 1ulL-6 responded higher than luTNF-q, it varied
too much to produce statistically significant results for the more mod-
erate inducers of lumpfish HKLs. The ANOVA analysis showed that the
examined PAMPs caused significant changes in the expression of both

IuTNF-a (F (7, 64) = 25.463, p = 3E-16, 1> = 0.736) and luIL6 (F (7,
64) = 9.218, p = 9E-8, n*> = 0.500). Also, there was slightly different
induction patterns between the genes (F (7, 64) = 2.214, p = 0.044,
1n? = 0.195). Both PAM3CSK4 and poly (I:C) was significant inducers of
the average measurement of luTNF-a and lulL-6 expression in HKL
(Fig. 11B).

4. Discussion

In this study lumpfish TNF-a and IL-6 were identified and char-
acterized. LuTNF-a exhibited all the hallmark traits of teleost TNF-a
including four exons and a TNF signature sequence. In addition to a
canonical IL-6 (lulL-6i1) which is similar to IL-6 in other species (Bird
et al., 2005; Castellana et al., 2008; Chen et al., 2012; Fujiki et al.,
2003; Iliev et al., 2007; Kaneda et al., 2012; Nam et al., 2007; Varela
et al.,, 2012; Wei et al., 2018; @vergard et al., 2012), an alternative
isoform retaining the first intron were identified (uIL-6i2) for the first
time in teleost IL-6 sequences. The IulL-6 gene have five exons and four
introns, of which intron 1 is alternatively retained in lu-IL6 i2. The first
exon in ulL-6 is larger than IL-6 in non-cyclopteidae/lipridae teleosts
containing 94 bp while the first exon contains 16 bp commonly (Valera
et al. 2012). Further, lulL-6 has a much shorter 5'UTR of 259 bp, while
other IL-6 sequences typically have 600 bp (Fig. 5). This suggests that
the reading frame have been shifted 78 bp upstream in lulL-6, and a
reduction of the 5’'UTR have occurred. The close lumpfish relative Ta-
naka's snailfish also contains an elongated IL-6 n-termini entailing that
the elongated exon is a feature shared by Cyclopteridae and Lipridae
(Fig. 6). The alternative isoform contained a potential Caspase 1 clea-
vage site, and in sillico analyses indicated that caspase 1 processing is
required to produce a signal peptide containing lu-IL6 i2 form. This
may lead to four different functionally fates; I — IL-6 i2 is dysfunctional,
II - IL-6 is functional intracellularly, III - IL-6 is functional and secreted
independent of the Golgi apparatus, and IV - IL6 i2 is functional and is
dependent on caspase 1 processing in order to be secreted. If fate IV is
true, the kinetics of lulL-6 would have bimodal distribution where the
extracellular levels would fluctuate as a consequence of lulL-I il levels,
and upon recruitment of the inflammasome the levels would increase as
the stores of lulL-6 i2 would be converted to IL-6 that is secretable.
These fates should be tested experimentally.

Lu TNF-a and IL-6 contain conserved cysteine residues, as other
teleosts, suggesting they have disulfide bridges. In addition, both ex-
amined lumpfish genes contains another cysteine residue, shared with a
few teleosts.

Teleosts have undergone several WGDs. The first teleost-specific
(TS) WGD occurred basally in teleosts approximately 320 million years
ago (mya), later a Salmonidae-specific (SS) WGD occurred approxi-
mately 80 mya and most recently a cyprinae-specific (CS) WGD occurred
8 mya, reviewed in Ravi and Venkatesh (2018). These WGD are im-
portant events, providing additional genetic raw material to evolution
giving rise to novel phenotypes. The most common fate of a duplicated
gene by WGD (ohnolog) is non-functionalization through accumulation
of deleterious mutations. The alternative to non-functionalization is
gene retention. Gene retention can take two forms: sub-functionaliza-
tion; the splitting of original functions and dividing them between the
ohnologs, or neo-funtionalization; one ohnolog retains the original
functions while the other adopts innovative functions. Species radiated
post SS-WGD have probably retained approximately 50% of their
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Fig. 8. Phylogenetic tree of teleost IL-6 amino acid sequences, utilizing human and mouse as outgroup. Phylogenetic distance is indicated by branch length and
decimal numbers (> 0.1), fat bar indicates distance of 1 amino acid per sequence site. Whole numbers refer to bootstrap values (> 80) of 100000 iterations.
Accession numbers are given in the full phylogenetic trees (Supplementary Fig. S2). Five clades are indicated by brackets and roman numbers; I - mammalian
sequences, II - Elopomorpha, osteoglossomorpha and otomorpha sequences, III — euteleostomorpha sequences, IV and V — intra-Salmonidae specific clades. The intra-

clades have been shaded with grey boxes.
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Fig. 9. Tertiary structure models of lumpfish TNF-a and IL-6 peptide sequences using murine templates (respectively: 2tnf.1.C and 213y.1.A). a-Helices, B-sheets and
sidechain atoms of cysteine residues are varyingly colored, the peptide backbone are in colored in grey.

duplicated genes (Allendorf, 1978), unsurprisingly this have effects in
the phylogeny of both TNF-a and IL-6. For IL-6 we observed two intra-
Salmonidae clades (clade III. a and III. b in Fig. 8) and for TNF-a we
observed four intra-Salmonidae clades, distributed evenly between one
type I clade (clade III. a and III. b in Fig. 7) and one type II clade (clade
IV. a and IV. b in Fig. 7) according to the definition by Kadowaki et al.
(2009). Due to the members present in both clades, these splits likely
rose from the SS-WGD. The IL-6 Salmonidae clades are the first evidence
of the existence of two IL-6 paralogs within Salmoniformes. We also
identified two intra-Cyprinae clades for TNF-a (clade IV. ¢ and IV. d in
Fig. 7). Due to the members present in both clades, it is likely rising
from the CS-WGD. Moreover regarding TNF-a, we also observed that all
teleosts not belonging to Elopomorpha, Osteoglossomorpha and Clupeii-
formes were divided into two clades (clade III and IV in Fig. 7) ac-
cording to the type affiliation defined by Kadowaki et al. (2009). It is
likely that this occurred because of the TS-WGD. The fate of these
paralogs had likely not been resolved before the first species were de-
lineated, explaining the more random type affiliation of clade II in
Fig. 7. According to the functional suggestion made by Hong et al.
(2013) regarding the function of type II TNF-a: “The fish type-II TNF-a
has a short stalk that may impact on its enzymatic release or restrict it

to a membrane-bound form”, the members of clade IV may not func-
tion, or have a reduced activity, as a secreted pro-inflammatory cyto-
kine. Highly interestingly all sequences belonging to Ostariophysi are
exclusively type II TNF-a. This may have profound consequences for the
TNF-a biology of the popular model-organism zebrafish and the most
important aquaculture species — the cyprinids — of which 44.7 million
tonnes were produced in 2017, at a value of 98 billion USD (FAO,
2019).

As expected for important immune genes, both TNF-a and IL-6 is
highly expressed in immune organs such as kidney, spleen, thymus and
PBL, in lumpfish and other studied teleosts (reviewed Zou and
Secombes (2016) and Secombes et al. (2016)). An association of high
IL-6 levels and neurological tissues were also observed in lumpfish, as
the highest IL-6 expressing organs were brain and eye. High IL-6 levels
in brain is also reported from Atlantic halibut (@vergard et al., 2012).
Interestingly, the liver during normal conditions has been identified in
several papers as a low TNF-a and IL-6 expressing organ in teleosts.
This might be due to the liver being a central vascular organ, and high
levels of pro-inflammatory cytokines are known to cause chronical
disease. This position is supported by our study as liver was the lowest
expressing organ for both genes. In general luTNF-a was significantly
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Fig. 10. Tissue distribution of relative expression of luTNF-a and lulL-6 to luRPS20. All data are log10-transfomed in advance of plotting. Error bars denote 1
standard error of the mean (SEM). Differing letters above bars denotes a significant relationship (Bonferroni corrected a-level = 0.05). Full name of abbreviated
tissues: HK — Head Kidney, HKL — Head Kidney Leucocytes and PBL — Peripheral Blood Leococytes. A. Tissue distribution of IL-6. B. Tissue distribution of TNF-a. C.
Comparison of genes within each tissue. Stars denotes significant comparisons (*p > 0.05, **P > 0.01, ***p > 0.001).
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Fig. 11. TNF-a and IL-6 stimulated gene expression post PAMP stimulation in HKLs. All data are log10-transformed in advance of plotting. Error bars denote 1
standard error of the mean (SEM). Differing letters above bars denotes a significant relationship (Bonferroni corrected a-level = 0.05) between PAMPs. A. Gene
separated PAMP stimulation. Uppercase letters denote TNF-a dependent, lowercase letters denote IL-6 dependent significant relationship between different PAMPs.
Stars denotes significant comparisons between genes with the same PAMP treatment (*p > 0.05, **P > 0.01, ***p > 0.001). B. PAMP inducible gene activity, in

terms of average TNF-a and IL-6 expression.

higher expressed than lulL-6, with the exception of the brain, eye and
gonad, suggesting a strong tissue preference of some high TNF-a and/or
IL-6 expressing cells or some tissue dependent regulation mechanisms.
Moreover, regarding IL-6, several studies have shown high level of IL-6
transcripts in the teleost brain. @vergard et al. (2012) reported the
highest abundance of IL-6 transcripts in the brain, and Varela et al.
(2012) revealed a clear appearance of IL-6 transcripts in neuromasts
and suggested a role for IL-6 in neurogenesis in zebrafish (Wei et al.,
2018). In addition to high expression in immune organs, luTNF-a was
also highly expressed in epithelial organs such as; gill, ILT, skin and skin
mucus, perhaps reflecting a higher concentration of TNF-a* sentinel
immune cells in these organs. IL-6 was more potently stimulated than
TNF-a, however IL-6 was expressed in a more varyingly manner. These
data underpin the known IL-6 behavior; causing more complex down-
stream effects than TNF-a. Both genes were highly affected by the
tested PAMPs.

Knowledge of pro-inflammatory cytokines and innate immunity in
lumpfish is interesting from both a comparative and applied perspec-
tive. In the current study, we have identified and characterized TNF-a
and IL-6 in lumpfish. Since both genes were highly affected by the
tested PAMPs, our study suggests that functional feed containing

immune stimulants may be an effective prophylactic measure against
bacterial and viral diseases in lumpfish. Our analyses form an important
basis for further functional analyses and the qPCR assays are valuable to
measure effect of immunostimulation and early immune responses in
lumpfish. Lumpfish is a novel and economically important species for
the farming industry due to its use as cleaner fish. However high
mortality caused by bacterial infections is a severe problem. Therefore,
to further our understanding of the host-pathogen interactions and the
immune system in lumpfish is of major importance.

Acknowledgement

We want to thank Mark M. Powell for valuable discussion about the
statistical analyses. The project has been financed by the Research
Council in Norway (grant 244148/E40, GTH) and the Univeristy of
Bergen.

Appendix A. Supplementary data

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.dci.2020.103608.



H.Q. Eggestol, et al.

References

Allendorf, F.W., 1978. Protein polymorphism and the rate of loss of duplicate gene ex-
pression. Nature 272, 76-78. https://doi.org/10.1038/272076a0.

Andus, T., Geiger, T., Hirano, T., Northoff, H., Ganter, U., Bauer, J., Kishimoto, T.,
Heinrich, P.C., 1987. Recombinant human B cell stimulatory factor 2 (BSF-2/IFN-
beta 2) regulates beta-fibrinogen and albumin mRNA levels in Fao-9 cells. FEBS Lett.
221, 18-22. https://doi.org/10.1016/0014-5793(87)80344-7.

Baeyens, K.J., De Bondt, H.L., Raeymaekers, A., Fiers, W., De Ranter, C.J., 1999. The
structure of mouse tumour-necrosis factor at 1.4 A resolution: towards modulation of
its selectivity and trimerization. Acta Crystallogr. Sect. D Biol. Crystallogr. 55,
772-778. https://doi.org/10.1107/s0907444998018435.

Bird, S., Zou, J., Savan, R., Kono, T., Sakai, M., Woo, J., Secombes, C., 2005.
Characterisation and expression analysis of an interleukin 6 homologue in the
Japanese pufferfish, Fugu rubripes. Dev. Comp. Immunol. 29, 775-789. https://doi.
0rg/10.1016/j.dci.2005.01.002.

Bobe, J., Goetz, F.W., 2001. Molecular cloning and expression of a TNF receptor and two
TNF ligands in the fish ovary. Comp. Biochem. Physiol. B Biochem. Mol. Biol. 129,
475-481. https://doi.org/10.1016/51096-4959(01)00353-0.

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., Madden,
T.L., 2009. BLAST +: architecture and applications. BMC Bioinf. 10, 421. https://doi.
org/10.1186/1471-2105-10-421.

Castellana, B., Iliev, D.B., Sepulcre, M.P., Mackenzie, S., Goetz, F.W., Mulero, V., Planas,
J.V., 2008. Molecular characterization of interleukin-6 in the gilthead seabream
(Sparus aurata). Mol. Immunol. 45, 3363-3370. https://doi.org/10.1016/j.molimm.
2008.04.012.

Chen, H.H., Lin, H.T., Foung, Y.F., Han-You Lin, J., 2012. The bioactivity of teleost IL-6:
IL-6 protein in orange-spotted grouper (Epinephelus coioides) induces Th2 cell dif-
ferentiation pathway and antibody production. Dev. Comp. Immunol. 38, 285-294.
https://doi.org/10.1016/j.dci.2012.06.013.

Cock, P.J., Chilton, J.M., Gruning, B., Johnson, J.E., Soranzo, N., 2015. NCBI BLAST +
integrated into Galaxy. GigaScience 4, 39. https://doi.org/10.1186/513742-015-
0080-7.

Dubravec, D.B., Spriggs, D.R., Mannick, J.A., Rodrick, M.L., 1990. Circulating human
peripheral blood granulocytes synthesize and secrete tumor necrosis factor alpha.
Proc. Natl. Acad. Sci. U.S.A. 87, 6758-6761. https://doi.org/10.1073/pnas.87.17.
6758.

Edgar, R.C., 2004. MUSCLE: a multiple sequence alignment method with reduced time
and space complexity. BMC Bioinf. 5, 113. https://doi.org/10.1186/1471-2105-5-
113.

Eggestol, H.Q., Lunde, H.S., Rgnneseth, A., Fredman, D., Petersen, K., Mishra, C.K.,
Furmanek, T., Colquhoun, D.J., Wergeland, H.I., Haugland, G.T., 2018.
Transcriptome-wide mapping of signaling pathways and early immune responses in
lumpfish leukocytes upon in vitro bacterial exposure. Sci. Rep. 8, 5261. https://doi.
org/10.1038/541598-018-23667-x.

Eimon, P.M., Kratz, E., Varfolomeev, E., Hymowitz, S.G., Stern, H., Zha, J., Ashkenazi, A.,
2006. Delineation of the cell-extrinsic apoptosis pathway in the zebrafish. Cell Death
Differ. 13, 1619-1630. https://doi.org/10.1038/sj.cdd.4402015.

Fisheries and aquaculture software, 2019. FishStatJ - Software for Fishery and
Aquaculture Statistical Time Series. http://www.fao.org/fishery/statistics/global-
aquaculture-production/en, Accessed date: 15 November 2019.

Fujiki, K., Nakao, M., Dixon, B., 2003. Molecular cloning and characterisation of a carp
(Cyprinus carpio) cytokine-like cDNA that shares sequence similarity with IL-6 sub-
family cytokines CNTF, OSM and LIF. Dev. Comp. Immunol. 27, 127-136. https://
doi.org/10.1016/50145-305x(02)00074-5.

Garcia-Castillo, J., Pelegrin, P., Mulero, V., Meseguer, J., 2002. Molecular cloning and
expression analysis of tumor necrosis factor alpha from a marine fish reveal its
constitutive expression and ubiq nature. I 1etics 54, 200-207.
https://doi.org/10.1007/500251-002-0451-y.

Gauldie, J., Richards, C., Harnish, D., Lansdorp, P., Baumann, H., 1987. Interferon beta 2/
B-cell stimulatory factor type 2 shares identity with monocyte-derived hepatocyte-
stimulating factor and regulates the major acute phase protein response in liver cells.
Proc. Natl. Acad. Sci. U.S.A. 84, 7251-7255. https://doi.org/10.1073/pnas.84.20.
7251.

Grayfer, L., Walsh, J.G., Belosevic, M., 2008. Characterization and functional analysis of
goldfish (Carassius auratus L.) tumor necrosis factor-alpha. Dev. Comp. Immunol. 32,
532-543. https://doi.org/10.1016/j.dci.2007.09.009.

Haugland, G.T., Jakobsen, R.A., Vestvik, N., Ulven, K., Stokka, L., Wergeland, H.I., 2012.
Phagocytosis and respiratory burst activity in lumpsucker (Cyclopterus lumpus L.)
leucocytes analysed by flow cytometry. PLoS One 7, e47909. https://doi.org/10.
1371/journal.pone.0047909.

Hirano, T., Taga, T., Nakano, N., Yasukawa, K., Kashiwamura, S., Shimizu, K., Nakajima,
K., Pyun, K.H., Kishimoto, T., 1985. Purification to homogeneity and characterization
of human B-cell differentiation factor (BCDF or BSFp-2). Proc. Natl. Acad. Sci. U.S.A.
82, 5490-5494. https://doi.org/10.1073/pnas.82.16.5490.

Hirano, T., Yasukawa, K., Harada, H., Taga, T., Watanabe, Y., Matsuda, T., Kashiwamura,
S., Nakajima, K., Koyama, K., Iwamatsu, A., et al., 1986. Complementary DNA for a
novel human interleukin (BSF-2) that induces B lymphocytes to produce im-
munoglobulin. Nature 324, 73-76. https://doi.org/10.1038/324073a0.

Hirono, I., Nam, B.H., Kurobe, T., Aoki, T., 2000. Molecular cloning, characterization, and
expression of TNF ¢cDNA and gene from Japanese flounder Paralychthys olivaceus. J.
Immunol. 165, 4423-4427. https://doi.org/10.4049/jimmunol.165.8.4423.

Hong, S., Li, R., Xu, Q., Secombes, C.J., Wang, T., 2013. Two types of TNF-alpha exist in
teleost fish: phylogeny, expression, and bioactivity analysis of type-II TNF-alpha3 in
rainbow trout Oncorhynchus mykiss. J. Immunol. 191, 5959-5972. https://doi.org/

Developmental and Comparative Inmunology 105 (2020) 103608

10.4049/jimmunol.1301584.

Hu, W., Wu, W,, Sun, S., Liu, Z., Li, A., Gao, L., Liu, X., Liu, D., Deng, H., Zhao, B., Liu, B.,
Pang, Q., 2019. Identification and characterization of a TNF receptor-associated
factor in Dugesia japonica. Gene 681, 52-61. https://doi.org/10.1016/j.gene.2018.09.
038.

Iliev, D.B., Castellana, B., Mackenzie, S., Planas, J.V., Goetz, F.W., 2007. Cloning and
expression analysis of an IL-6 homolog in rainbow trout (Oncorhynchus mykiss). Mol.
Immunol. 44, 1803-1807. https://doi.org/10.1016/j.molimm.2006.07.297.

Jones, P., Binns, D., Chang, H.Y., Fraser, M., Li, W., Mcanulla, C., Mcwilliam, H., Maslen,
J., Mitchell, A., Nuka, G., Pesseat, S., Quinn, A.F., Sangrador-Vegas, A.,
Scheremetjew, M., Yong, S.Y., Lopez, R., Hunter, S., 2014. InterProScan 5: genome-
scale protein function classification. Bioinformatics 30, 1236-1240. https://doi.org/
10.1093/bioinformatics/btu031.

Kadowaki, T., Harada, H., Sawada, Y., Kohchi, C., Soma, G., Takahashi, Y., Inagawa, H.,
2009. Two types of tumor necrosis factor-alpha in bluefin tuna (Thunnus orientalis)
genes: molecular cloning and expression profile in response to several immunological
stimulants. Fish Shellfish Immunol. 27, 585-594. https://doi.org/10.1016/j.fsi.2008.
12.006.

Kalyaanamoorthy, S., Minh, B.Q., Wong, T.K.F., Von Haeseler, A., Jermiin, L.S., 2017.
ModelFinder: fast model selection for accurate phylogenetic estimates. Nat. Methods
14, 587-589. https://doi.org/10.1038/nmeth.4285.

Kaneda, M., Odaka, T., Suetake, H., Tahara, D., Miyadai, T., 2012. Teleost IL-6 promotes
antibody production through STAT3 signaling via IL-6R and gp130. Dev. Comp.
Immunol. 38, 224-231. https://doi.org/10.1016/j.dci.2012.02.002.

Karsch-Mizrachi, I., Takagi, T., Cochrane, G., 2018. The international nucleotide sequence
database collaboration. Nucleic Acids Res. 46, D48-D51. https://doi.org/10.1093/
nar/gkx1097.

Kim, M.S., Hwang, Y.J., Yoon, K.J., Zenke, K., Nam, Y.K., Kim, S.K., Kim, K.H., 2009.
Molecular cloning of rock bream (Oplegnathus fasciatus) tumor necrosis factor-alpha
and its effect on the respiratory burst activity of phagocytes. Fish Shellfish Immunol.
27, 618-624. https://doi.org/10.1016/j.fsi.2009.07.007.

Knutsen, T.M., 2018. Lumpfish (Cyclopterus lumpus) Draft Genome Assembly, Figshare
Pubishing Tool. https://doi.org/10.6084/M9.FIGSHARE.7301546.

Krueger, J.M., Fang, J., Taishi, P., Chen, Z., Kushikata, T., Gardi, J., 1998. Sleep. A
physiologic role for IL-1 beta and TNF-alpha. Ann. N. Y. Acad. Sci. 856, 148-159.
https://doi.org/10.1111/j.1749-6632.1998.tb08323.x.

Laing, K.J., Wang, T., Zou, J., Holland, J., Hong, S., Bols, N., Hirono, 1., Aoki, T.,
Secombes, C.J., 2001. Cloning and expression analysis of rainbow trout Oncorhynchus
mykiss tumour necrosis factor-alpha. Eur. J. Biochem. 268, 1315-1322. https://doi.
org/10.1046/j.1432-1327.2001.01996.x.

Lepen Pleic, 1., Secombes, C.J., Bird, S., Mladineo, I., 2014. Characterization of three pro-
inflammatory cytokines, TNFalphal, TNFalpha2 and IL-1beta, in cage-reared Atlantic
bluefin tuna Thunnus thynnus. Fish Shellfish Immunol. 36, 98-112. https://doi.org/
10.1016/j.fsi.2013.10.011.

Letunic, L., Bork, P., 2018. 20 years of the SMART protein domain annotation resource.
Nucleic Acids Res. 46, D493-D496. https://doi.org/10.1093/nar/gkx922.

Li, M.F., Zhang, J., 2016. CsTNF1, a teleost tumor necrosis factor that promotes anti-
bacterial and antiviral immune defense in a manner that depends on the conserved
receptor binding site. Dev. Comp. Immunol. 55, 65-75. https://doi.org/10.1016/j.
dci.2015.10.010.

Li, X., Jia, Z., Wang, W., Wang, L., Liu, Z., Yang, B., Jia, Y., Song, X., Yi, Q., Qiu, L., Song,
L., 2017. Glycogen synthase kinase-3 (GSK3) regulates TNF production and haemo-
cyte phagocytosis in the immune response of Chinese mitten crab Eriocheir sinensis.
Dev. Comp. Immunol. 73, 144-155. https://doi.org/10.1016/j.dci.2017.03.022.

Minh, B.Q., Nguyen, M.A., Von Haeseler, A., 2013. Ultrafast approximation for phylo-
genetic bootstrap. Mol. Biol. Evol. 30, 1188-1195. https://doi.org/10.1093/molbev/
mst024.

Nam, B.H., Byon, J.Y., Kim, Y.O., Park, E.M., Cho, Y.C., Cheong, J., 2007. Molecular
cloning and characterisation of the flounder (Paralichthys olivaceus) interleukin-6
gene. Fish Shellfish Immunol. 23, 231-236. https://doi.org/10.1016/j.fsi.2006.10.
001.

Nguyen, L.T., Schmidt, H.A., Von Haeseler, A., Minh, B.Q., 2015. IQ-TREE: a fast and
effective stochastic algorithm for estimating maximum-likelihood phylogenies. Mol.
Biol. Evol. 32, 268-274. https://doi.org/10.1093/molbev/msu300.

Ordas, M.C., Costa, M.M., Roca, F.J., Lopez-Castejon, G., Mulero, V., Meseguer, J.,
Figueras, A., Novoa, B., 2007. Turbot TNFalpha gene: molecular characterization and
biological activity of the recombinant protein. Mol. Immunol. 44, 389-400. https://
doi.org/10.1016/j.molimm.2006.02.028.

@vergard, A.C., Nepstad, I., Nerland, A.H., Patel, S., 2012. Characterisation and expres-
sion analysis of the Atlantic halibut (Hippoglossus hippoglossus L.) cytokines: IL-1beta,
IL-6, IL-11, IL-12beta and IFNgamma. Mol. Biol. Rep. 39, 2201-2213. https://doi.
0rg/10.1007/s11033-011-0969-x.

Powell, A., Treasurer, J.W., Pooley, C.L., Keay, A.J., Lloyd, R., Imsland, A.K., Garcia De
Leaniz, C., 2018. Use of lumpfish for sea-lice control in salmon farming: challenges
and opportunities. Rev. Aquac. 10, 683-702. https://doi.org/10.1111/raq.12194.

Praveen, K., Evans, D.L., Jaso-Friedmann, L., 2006. Constitutive expression of tumor
necrosis factor-alpha in cytotoxic cells of teleosts and its role in regulation of cell-
mediated cytotoxicity. Mol. Immunol. 43, 279-291. https://doi.org/10.1016/j.
molimm.2005.01.012.

Qu, F., Xiang, Z., Zhou, Y., Qin, Y., 2017. A molluscan TNF receptor-associated factor 2
(TRAF2) was involved in host defense against immune challenges. Fish Shellfish
Immunol. 71, 105-115. https://doi.org/10.1016/j.fsi.2017.09.076.

Ravi, V., Venkatesh, B., 2018. The divergent genomes of teleosts. Annu. Rev. Anim.
Biosci. 6, 47-68. https://doi.org/10.1146/annurev-animal-030117-014821.

Saeij, J.P.J., Stet, R.J.M., De Vries, B.J., Van Muiswinkel, W.B., Wiegertjes, G.F., 2003.
Molecular and functional characterization of carp TNF: a link between TNF



H.Q. Eggestgl, et al.

polymorphism and trypanotolerance? Dev. Comp. Immunol. 27, 29-41. https://doi.
0rg/10.1016/50145-305x(02)00064-2.

Savan, R., Sakai, M., 2004. Presence of multiple isoforms of TNF alpha in carp (Cyprinus
carpio L.): genomic and expression analysis. Fish Shellfish Immunol. 17, 87-94.
https://doi.org/10.1016/j.£51.2003.11.001.

Scholz, F., Glosvik, H., Marcos-Lopez, M., 2018. Cleaner fish health. In: Treasurer, J.
(Ed.), Cleaner Fish Biology and Aquaculture Applications. 5M Publishing Ltd., UK,
pp. 221-257.

Secombes, C.J., Wang, T., Bird, S., 2016. Vertebrate cytokines and their evolution. In:
Malagoli, D. (Ed.), The Evolution of the Immune System. Academic Press, pp.
87-150.

Sievers, F., Higgins, D.G., 2014. Clustal omega. Curr. Protoc. Bioinform. 48, 3. https://
doi.org/10.1002/0471250953.bi0313s48. 13.11-13.13.16.

Uenobe, M., Kohchi, C., Yoshioka, N., Yuasa, A., Inagawa, H., Morii, K., Nishizawa, T.,
Takahashi, Y., Soma, G., 2007. Cloning and characterization of a TNF-like protein of
Plecoglossus altivelis (ayu fish). Mol. Immunol. 44, 1115-1122. https://doi.org/10.
1016/j.molimm.2006.07.281.

Varela, M., Dios, S., Novoa, B., Figueras, A., 2012. Characterisation, expression and on-
togeny of interleukin-6 and its receptors in zebrafish (Danio rerio). Dev. Comp.
Immunol. 37, 97-106. https://doi.org/10.1016/j.dci.2011.11.004.

Walde, C., Gulla, S., Hansen, H., Mjolnergd, E., Borng, G., 2019. Fish Health Report
2018. The Health of Cleaner Fish (In Norwegian), vols. 119-125 The Norwegian
Veterinary Institute.

Warner, S.J., Libby, P., 1989. Human vascular smooth muscle cells. Target for and source
of tumor necrosis factor. J. Immunol. 142, 100-109.

Waterhouse, A., Bertoni, M., Bienert, S., Studer, G., Tauriello, G., Gumienny, R., Heer,
F.T., De Beer, T.a.P., Rempfer, C., Bordoli, L., Lepore, R., Schwede, T., 2018. SWISS-
MODEL: homology modelling of protein structures and complexes. Nucleic Acids Res.

Developmental and Comparative Inmunology 105 (2020) 103608

46, W296-W303. https://doi.org/10.1093/nar/gky427.

Wei, X., Li, B., Wy, L., Yin, X, Zhong, X., Li, Y., Wang, Y., Guo, Z., Ye, J., 2018.
Interleukin-6 gets involved in response to bacterial infection and promotes antibody
production in Nile tilapia (Oreochromis niloticus). Dev. Comp. Immunol. 89, 141-151.
https://doi.org/10.1016/j.dci.2018.08.012.

Young, J.D., Liu, C.C., Butler, G., Cohn, Z.A., Galli, S.J., 1987. Identification, purification,
and characterization of a mast cell-associated cytolytic factor related to tumor ne-
crosis factor. Proc. Natl. Acad. Sci. U.S.A. 84, 9175-9179. https://doi.org/10.1073/
pnas.84.24.9175.

Zhang, A., Chen, D., Wei, H., Du, L., Zhao, T., Wang, X., Zhou, H., 2012. Functional
characterization of TNF-alpha in grass carp head kidney leukocytes: induction and
involvement in the regulation of NF-kappaB signaling. Fish Shellfish Immunol. 33,
1123-1132. https://doi.org/10.1016/j.fsi.2012.08.029.

Zou, J., Secombes, C.J., 2016. The function of fish cytokines. Biology 5. https://doi.org/
10.3390/biology5020023.

Zou, J., Wang, T., Hirono, 1., Aoki, T., Inagawa, H., Honda, T., Soma, G.I., Ototake, M.,
Nakanishi, T., Ellis, A.E., Secombes, C.J., 2002. Differential expression of two tumor
necrosis factor genes in rainbow trout, Oncorhynchus mykiss. Dev. Comp. Immunol.
26, 161-172. https://doi.org/10.1016/50145-305X(01)00058-1.

Zou, J., Peddie, S., Scapigliati, G., Zhang, Y., Bols, N.C., Ellis, A.E., Secombes, C.J., 2003a.
Functional characterisation of the recombinant tumor necrosis factors in rainbow
trout, Oncorhynchus mykiss. Dev. Comp. Immunol. 27, 813-822. https://doi.org/10.
1016/50145-305X(03)00077-6.

Zou, J., Secombes, C.J., Long, S., Miller, N., Clem, L.W., Chinchar, V.G., 2003b. Molecular
identification and expression analysis of tumor necrosis factor in channel catfish
(Ictalurus p ). Dev. Comp. 1. 27, 845-858. https://doi.org/10.1016/
50145-305X(03)00085-5.













N —

10
11

12

13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

:' frontiers

Interleukin-1 ligands and receptors in lumpfish (Cyclopterus lumpus L.):
molecular characterization, phylogeny, gene expression and transcriptome
analyses

Havard O. Eggestel'", Harald S. Lunde', Tim Martin Knutsen? and Gyri T. Haugland!"

! Department of Biological Sciences, Bergen High-Technology Centre, University of Bergen, PO
box 7803, NO-5020 Bergen, Norway

2 Aquagen AS, P.O. Box 1240, NO-7462 Trondheim, Norway

*Corresponding authors: Havard.Eggestol@uib.no, Gyri.Haugland@uib.no

Keywords: IL-1 beta;, IL-182, nIL-1F3, IL-1Fm24, IL-1Rs, lumpsuckers, innate immune
responsesz, inflammationg

Abstract

The interleukin (IL)-1 family play a fundamental role as immune system modulators. Our previous
transcriptome-analyses of leukocytes from lumpfish (Cyclopterus lumpus L.) showed that IL-13
was among the most highly upregulated genes following bacterial exposure. In the present study,
we characterized IL-1 signaling pathways, identified and characterized four ligands of the IL-1
family in lumpfish; IL-1f, IL-18 and the two fish specific IL-1 family members nIL-1F and IL-
1Fm2, both at mRNA and gene levels. Furthermore, a comprehensive phylogenetic analysis of 277
IL-1 ligands showed that nIL-1F, in common with IL-1B, likely represents an ancestral gene, as
representatives for nIL-1F were found in cartilaginous and lobe-finned fish, in addition to teleosts.
This shows that nIL-1F is not exclusively present in teleosts as previously suggested. IL-1Fm?2 is
identified only in the most evolutionary advanced teleosts, and is most closely related to type I IL-
1 B. Furthermore, we have determined transcription levels of the IL-1 ligands in leukocytes and 16
different tissues, and their responses upon in vitro stimulation with seven different ligands. In
addition, we have identified the IL-1 receptors IL-1R1, IL-1R2, IL-1R4 (ST2/IL-33 receptor/IL-
1RL), IL-1R5 (IL-18R1) and partial sequences of DIGIRR and IL-1R3 (IL-RAcP). Identification
of immune molecules and description of innate responses in lumpfish is interesting for comparative
and evolutionary studies and our study constitutes a solid basis for further functional analyses of
IL-1 ligands and receptors in lumpfish. Furthermore, since lumpfish are now farmed in large

numbers to be used as cleaner fish for removal of sea lice on farmed salmon, in-depth knowledge
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of key immune molecules, signaling pathways and innate immune responses is needed, as the basis

for design of efficient immune prophylactic measures such as vaccination.

1 Introduction

Cytokines belonging to the IL-1 family are key mediators of the body’s response to microbial
invasion, inflammation, immunological reactions and tissue injury. In mammals, the IL-1 family
consists of 11 cytokines. Of these, seven have pro-inflammatory activity (IL-1a, IL-1f, IL-18, IL-
33, IL-360, IL-36p and IL-36y), three are antagonistic (IL-1Ra which is also known as IL-1RN,
IL-36RN and IL-38) and one has anti-inflammatory properties (IL-37) (1). Of these, only IL-1
and IL-18, also referred to as IL-1F2 and IL-1F4, respectively, have been identified in teleosts thus
far. Fish have, however, multiple paralogues of many cytokines (2) and multiple IL-1p have been
identified in several fish species, including channel catfish (3), salmon, trout (4, 5) and carp (3, 6).
The genes encoding IL-1f in teleost fish are divided into two groups (type I and IT) based on the
number of exon/intron and synteny analyses (4, 7). Gene expression studies of IL-1p have shown
that it is significantly upregulated in immune tissues, in primary cultures and cell lines in response

to immunostimulants, immune response modifiers and/or pathogens (reviewed in (2)).

IL-18 contains an IL-1 like signature sequence and has, like IL-1f, 12 B-sheet strands that
form a B-trefoil structure (8). IL-18 has been described in trout and identified in other species like
Japanese — and green spotted pufferfish (9) and seabass (2). In trout, like in mammals, IL-18 is
constitutively expressed in a wide range of tissues (9). Transcription of IL-18 is not modulated by
LPS, poly(I:C) or trout recombinant IL-1f in head kidney leukocytes (HKL) and a macrophage
cell line. A shorter, alternative spliced transcript of IL-18 is, on the other hand, upregulated in
RTG-2 cells (a fibroblast cell line from rainbow trout) after stimulation with LPS or poly(I:C),
suggesting that proteolytic cleavage may be crucial for mediating a biologically active IL-18 in
fish, as in mammals (7). Mammalian IL-18 has multiple functions in both innate and adaptive
immunity, such as induction of IFN-y in Th1 and NK cells, promotion of T and NK cell maturation
and neutrophil activation. Recently, it was also shown that IL-18 is also involved in Th2 responses

(10). In fish, the functions of IL-18 are less understood (9).
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The teleost specific IL-1 family members are termed novel IL-1 family members (nIL-1F,
also known as nIL-1Fm) and IL-1 family member 2 (IL-1Fm2) (11-14). nIL-1F has been identified
in three-spined stickleback (Gasterosteus aculeatus), European seabass (Dicentrarchus labrax),
Japanese flounder (Paralichthys olivaceus), Nile tilapia (Oreochromis niloticus), southern
platyfish (Xiphophorus maculatus), Japanese puffer (Takifugu rubripes), spotted green pufferfish
(Tetraodon nigroviridis), Japanese rice fish (Oryzias latipes), rainbow trout (Oncorhynchus
mykiss), zebrafish (Danio rerio), channel catfish (Ictalurus punctatus) and grass carp
(Ctenopharyngodon idella) (11-14). Thus far, IL-1Fm2 has only been identified in the most
evolutionary advanced fishes, such as gilthead seabream (Sparus aurata), European seabass, three-
spined stickleback, Nile tilapia, southern platyfish, Japanese rice fish and Japanese flounder (11).
nlL-1F and IL-1Fm?2 show low sequence identity with IL-1f, but contain the IL-1 family signature
[FC]-x-S- [ASLV]-x(2)- [FYLIV]- [LI]- [SCA]-T-x(7)- [LIVM] (prosite, PDOC00226) and a f3-
trefoil structure with B -sheets. It has been suggested that nIL-1F antagonizes IL-1f activity similar

to IL-1Ra in mammals (13-15).

In mammals, IL-1f and IL-18 are produced as pro-peptides and require proteolytic cleavage
for activation. The IL-1B precursor is cleaved typically with cytosol caspase-1/ interleukin-1
converting enzyme (ICE) between the aspartate amino acid at position 116 and alanine at position
117 to form mature proteins. Alternatively, pro-IL1p can also be cleaved by enzymes like granzyme
A, trypsin, chymase, elastase, cathepsin G, collagenase, matrix metalloproteases or serine proteases
(2). Fish and other non-mammalian species do not have the conserved Asp!!®. Caspases are,
however, also involved in processing of IL-1 B in fish. In zebrafish, Caspases A and B cleave IL-
1B at position D104 and D122. Alternatively, zebrafish caspase B cleaves IL1J at position D88
instead of D104 (16). Sea bass caspase-1 cleaves prolL-1f at D100 (17). It has been suggested that
IL-18 in fish, as in mammals, needs proteolytic processing to become a functionally active protein.
Potential ICE cut sites have been predicted for IL-18 and nIL-1F, but functional analyses are
required to verify this (9, 13, reviewed in 7). Gilthead seabream IL-1Fm? is processed before being
released, but the mechanism is not known as it does not have a conserved caspase-1 processing site

and neither inhibitors of pan-caspase nor caspase-1 inhibit its processing (11).

The IL-1 receptor (IL-1R) family comprises 10 members and includes cytokine-specific
receptors, co-receptors and inhibitory receptors (18-20). A novel receptor nomenclature has been

3
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proposed by Boraschi et al. (18) and will be followed here. There are two types of receptors that
bind mammalian IL-10/B: type I IL-1 receptor (IL-1R1) which binds to the accessory receptor
protein IL-1R3 (also known as IL-1RAcP and IL-1RAP) and type I IL-1 receptor (IL-1R2), which
also binds to IL-1R3. IL-1R2 is a decoy receptor that is structurally incapable of signaling (21) due
to the lack of an intracellular domain. Thus, IL-1R2 serves as a negative regulator, both by
competing with IL-1R1 for IL-1f and by complexing with IL-1R3, preventing dimerization of IL-
1R3 with IL-1R1. Interaction between IL-1R1 and IL-1R3 is needed for downstream signaling
from IL-1R1 after IL-1p binding. Both IL-1R1 and IL-1R2, in addition to IL-1R3 are described in
fish, such as miiuy croaker (Miichthys miiuy), grass carp, Atlantic salmon (Salmo salar), orange-
spotted grouper (Epinephelus coioides), gilthead seabream, rainbow trout, Japanese flounder (22,
23, 24, reviewed in 7). The IL-18 receptor in mammals consists of two subunits, IL-1R5 (also
known as IL18Ra) and IL-1R7 (IL-18Rp), while in fish, only one IL-18 receptor, IL-18R1, has
been described thus far (7). In mammals, the soluble IL-18-binding protein (IL-18BP) regulates
IL-18 activity (25). In grass carp, IL1R8, two isoforms of ILIR9 and ILIR10 have also been
described (24). nIL-1F binds to the type I IL-1f receptor competing with IL-1f (14). The receptor
for IL-1Fm?2 is not yet identified.

The aim of the current study was to identify and characterize IL-1 family ligands and
receptors in lumpfish, as well as the signaling pathways NF-kB and MAPK to gain further insight
into the role of the IL-1 family in innate immunity. In addition, a comprehensive phylogenetic

analysis was performed to investigate the evolution of IL-1 ligands.

2 Materials and methods

2.1. Fish and rearing conditions

Unvaccinated, farmed lumpfish were provided by Fjord Forsk Sogn AS, a commercial breeder in
Sogn & Fjordane County, Norway and kept in a 500 L tank in the rearing facilities at the Industrial
and Aquatic Laboratory (ILAB) at Bergen High-Technology Centre under normal optimal rearing
conditions, with an average temperature of 10.7 £1.7°C, oxygen level of 88 + 6.4 % (n= 147 days),
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salinity of 34 PPT and light regime 12 h light: 12 h dark. The fish were fed with dry commercial
feed (Gemma Silk (3 mm) Skretting, Norway).

2.2. Tissue sampling and homogenization

The fish (282.7 + 56.5 g and 18.5 £1.1 cm) were randomly selected and killed by a sharp blow to
the head, which is an appropriate procedure under Norwegian law. Peripheral blood (0.7 mL) was
collected from the vena caudalis and transferred to heparinised containers. Skin mucus was
harvested by scraping a sterile scalpel blade along the most lateral skin on the left side of the fish.
The skin sample was dissected from a square, were the cranial-ventral corner touched the third skin
knot. The muscle sample was harvested from the underlying white musculature. Thymus was
harvested by scraping the most cranial-dorsolateral surface tissue of the mouth cavity with a sterile
scalpel. Gill tissues, sampled from the second gill arch on the left side, consisted of filaments from
the most caudal point on the gill arch. The gill arch sample consisted of the most proximal
millimeter of the gill filament, intra-branchial tissue and the gill arch. The tongue, liver, spleen,
pyloric caeca, heart and gut were dissected out aseptically. The posterior piece of the testes or ovary
constituted the gonad sample. A posterior section of the right lobe constituted the head kidney
sample. The eye sample was the area of the eye surrounding the end of the nervus opticus. A section
of the medulla oblongata constituted the brain sample. Homogenization of the tissue-samples was
performed as described previously (26). Briefly, up to 40 mg of tissue were transferred to FastPrep
Tubes containing SS metal beads lysing matrix (MP biomedicals) and lysisbuffer and homogenized

in a FastPrep-24 5G homogenizator (MP biomedicals).

2.3 Isolation of leukocytes and in vitro stimulation

Peripheral blood leukocytes (PBL) and head kidney leukocytes (HKL), were isolated from
lumpfish (n=8) using discontinuous Percoll gradients as described previously (27). A gentleMACS
Dissociator (Miltenyi Biotec) was used to homogenize of the head kidney tissues. For the in vitro

stimulation experiment, HKLs (4 x 107 cells/well) were added to 24-well plates and stimulated for
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18 hours at 15 °C with seven different ligands: 0.3 pg/ml triacylated lipopeptide (Pam3CSK4,
Invivogen), 0.1 ng/ml diacylated lipopeptide (FSL-1, Invivogen), 20 pg/ml flagellin (FLA-BS,
Invivogen), 50 pg/ml poly(I:C) (tIrl-pic, Invivogen), 10 pg/mg ssPoly (U)/LyoVec (Invivogen), 2
puM CpG (Eurogentec) or 2 uM GpC (Eurogentec). A leukocyte sample with medium added instead

of ligands represented the non-stimulated control.

2.4. RNA isolation and cDNA synthesis

Total RNA was isolated from tissues and leukocytes using GenElute Mammalian Total RNA
miniprep kit (Sigma) and treated with DNase I (Sigma) according to the manufacturer’s
instructions. A maximum of 2500 ng RNA was used per 10 ul DNase reaction. To ensure that all
traces of genomic DNA were removed from the samples and to validate the integrity and quality
of the RNA, DNase treated RNA was assessed on a 1% agarose gel containing GelRed (Biotium)
and quantified in a NanoDrop®ND 1000 UV-Vis spectrophotometer (NanoDrop Technologies).
Subsequently, the RNA was reverse transcribed into cDNA using a qScript cDNA synthesis kit
(Quanta Biosciences) according to the manufacturer’s instructions using maximum 1000 ng RNA

per 20 pl reaction. The synthesized cDNA samples were stored at -20°C.

2.5. Quantitative PCR (qPCR)

qPCR was performed using a C1000 Touch Thermal Cycler with CFX96 Real-Time System
(BioRad) using SYBR green JumpStart Taq Ready Mix kit for quantitative PCR (Sigma) and
custom desalt primers from Sigma (see Table 1). The PCR reaction contained 12.5 pl 2xSYBR
Green JumpStart Taq Ready Mix, 10 pl cDNA (2 ng/pl for target genes and 0.2 ng/pl for reference
genes), 1 pl (10 mM) forward and reverse primer and 0.5 pl nuclease and salt free water (Sigma).
The reactions were thermo-cycled for 94 °C at 5 minutes, followed by 40 cycles of 15 seconds at
94 °C and 1 minute at 60 °C, until melt curve analysis were performed. Two-fold dilution curves
(80 ng-0.16 ng for the target and reference gene) were made for efficiency (E) calculations. Three

parallel reactions were performed for all genes. Negative controls without template (NTC) and
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cDNA reactions without reverse transcriptase (-RT) were included for all master mixes. The -RT

reaction ensured that the primers did not bind non-specifically.

The gene expression in normal tissues were calculated by the ACq-method (Equation 1). The
in vitro stimulation experiment was calculated by the AACg-method (Equation 2). All gene
expression calculations utilized the housekeeping gene RPS20 as reference gene. Stability of the

reference gene across tissues is shown in Supplemental Table 1.

. Eta'rget_)?
Equation 1: ACt, = ————

E —X
reference

X
Etarget

. = —
Equation 2: 44Ct,, = Creference

Etarget >

E‘reference 4

2.6. Statistics

gPCR data were analyzed by two-way ANOVA in IBM® SPSS® Statistics (version 25.0.0.2) on
log10 transformed data. The normal tissue data were followed up by Bonferroni corrected pairwise
comparisons and the ligand stimulation data were followed up by Tukey’s honest square difference
post hoc test. F values refers to the F statistic, df values refers to the degrees of freedom, p values
refer to the probability that the statistical summary of the population is equal or more extreme than
the observed values of the sample, given that the null hypothesis is true (p < 0.05 is considered
significant), and n? refers to the effect size, or how much the relevant variable explains the observed

variance.

2.7 Sequence identification and database mining

Individual transcripts in the transcriptome were annotated with BLAST matches, protein domains
and GO terms using the Trinotate toolkit (https//trinotate.github.io). The annotated transcriptome
and differential gene expression (DEG)-data have been submitted to Array Express under accession

number E-MTAB-6388.
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Automatic annotated transcripts of IL-1f and nlIL-1F in lumpfish were identified in a
previous study (34). Further searches within the transcriptome using known sequences of IL-18,
IL-1Fm2 and IL-1 family receptors from other fish species, gave hits to several transcripts.
Candidate sequences were identified by BLASTX against NCBI’s non-redundant database and by
phylogenetic analysis, which included all known full teleost sequences and swiss-prot entries for
humans and mice. In order to perform multiple sequence alignment and phylogenetic analysis,
sequences were mined from NCBI’s protein database. Analysis of IL-1 family ligands was
restricted to those from teleosts and the top 100 BLASTP hits using the lumpfish IL-1 family ligand
sequences against NCBIs non-redundant database, in addition to sequences from (13) and (11).
Replicate sequences, sequences <100 aa (amino acids) and >400 aa and severely deviating
sequences were removed. This constituted a database of 273 teleost IL-1 family sequences, in

addition to IL-1 and IL-18 sequences from humans and mouse (Suppl. Fig 5 and Suppl. Table 4).

2.8. Bioinformatic analysis

Multiple sequence alignment was performed using MUSCLE (28) in UGENE (29). The
phylogenetic maximum likelihood tree was constructed with IQ-TREE (30) using automatic model
selection (31), followed by 100 000 bootstraps (32). An overview of species and gene identifier
(GI) numbers included in the phylogenetic analysis are included in Suppl. Figure 5 and Suppl.
Table 4. Domain predictions were performed using InterproScan (33). Transcriptome-wide DEG
analyses of the signaling pathways NF-kB (KEGG map04064) and MAPK (KEGG map 04010)
upon bacterial exposure were performed using data generated in Eggestol et al. (34) and KEGG
pathway analysis/KEGG Mapper tool as described previously (34). The synteny analyses were
performed using Genomics (35). B-sheets in IL-1  and IL-18 were identified using the human
sequences as reference. The B-sheets in nIL-1F and IL-1Fm2 were predicted using BETApro
Protein Beta Sheet Predictor (http://betapro.proteomics.ics.uci.edu/). Prediction of enzymatic cut
sites in  the lumpfish  sequences were predicted wusing Peptide cutter

(https://web.expasy.org/peptide_cutter/).
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2.9. Gene sequencing

The gene sequences of the four IL-1 family members were obtained from genome assembly (36)
and/ or Sanger sequencing. A full-length IL-1 B gene was found in the assembled genome. The IL-
18, nIL-1F and IL-1Fm2 genes were PCR amplified from genomic DNA (isolated using Pure Core
kit A, Quiagen, according to the manufacturer’s instractions) using Phusion High-Fidelity DNA
polymerase (Thermo scientific) and primers shown in Table 1. PCR products were purified by gel
extraction (E.N.Z.A., Omega bio-tek) and sequenced at the DNA Sequencing Facility at the High
Technology Centre in Bergen, Norway. The gene structure and exon-intron boundaries were
determined by comparing transcripts from RNA sequencing of head kidney leukocytes from
lumpfish (34) with scaffolds from genome assembly (36) and/or sequences obtained by Sanger

sequencing.

2.10. Ethics statement

The present work with lumpfish was conducted according to the approved national guidelines and
performed according to prevailing animal welfare regulation. Rearing of fish under normal, optimal
conditions does not require ethical approval under Norwegian law (FOR 1996-01-15 nr 23). All
work in this manuscript has been done on tissues and cells harvested from dead fish. Fish were

sacrificed with a sharp blow to the head, which is an appropriate procedure under Norwegian law.

3 Results

3.1. DEG analysis of the NF-kappa B — and MAPK signaling pathways

IL-1 B was the most significantly upregulated gene in lumpfish leukocytes 24 hrs post bacterial
exposure (hpe) and was highly upregulated at both 6 and 24 hpe ((34); Fig. 1, Supplemental Table
2 and 3). To get further insight into the IL-1 signaling pathways, transcriptome-wide analysis of
the NF-kappa B— and MAPK pathways were performed (Fig. 1A, B). Most members of both
pathways were identified in lumpfish (Fig. 1, Supplemental Table 2 and 3). The DEG analysis upon
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bacterial exposure showed that the transcript level of genes belonging to the canonical NF-kappa
B pathway (e.g. IL-1 B, IL-8, TNFa and COX2) were most highly upregulated compared with the
atypical and non-canonical pathway (Fig. 1A and Supplemental Table 2), and the level of
expression was higher at 24 hpe than 6 hpe (Fig. 1A). Interestingly, IL1R2, the decoy receptor was
among the most highly upregulated genes. Three TNFAIP3 transcripts were identified in the
lumpfish transcriptome and these were regulated differently (Fig. 1A, Supplemental Table 2), one
(TNFAIP3a) being highly upregulated (Log2 fold 2.9 and 3.5 at 6 and 24 hpe, respectively), one
(TNFAIP3c) strongly downregulated at 24 hpe (Log2 fold 0 and —2.6 at 6 and 24 hpe, respectively)
and one (TNFAIP3b) that was not differentially regulated. In addition to TNFAIP3c, the transcripts
that were most downregulated were the lymphotoxin beta receptor TNFR superfamily member 3
(TNFR3), Tumor necrosis factor receptor superfamily member 5 (CD40) and tumor necrosis factor

receptor superfamily member 11A (TNFSF11a).

In the MAPK signaling pathway, transcription factors belonging to the classical MAP
kinase pathway, JNK and p38 MAP kinase pathway and ERKS pathway were upregulated. These
included; brain-derived neurotrophic factor (BDNF), nuclear factor of activated T cells 3 (NFAT4),
serum response factor (SRF) and Dual specificity Map kinase phosphatase (Fig. 1B, Supplemental
Table 3). Activation of these transcription factors leads to proliferation, differentiation and
inflammation. The most downregulated transcripts in the MAPK signaling pathway were platelet-
derived growth factor subunit B (PDGFB), transforming growth factor beta-3 (TGFB3) and the
mitogen-activated kinases MAP3K 12 and MK04.

3.2. Identification and molecular characterization of IL-1 family ligands in lumpfish

In the previous transcriptome-wide analysis of lumpfish leukocytes, transcripts of IL-1B and a
partial sequence of a new IL-1 family member (nIL-1F) were identified ((34)). To identify and get
further insight into the ligands of the IL-1 family, sequences of known IL-1 family members from
other teleost species were used as query sequences to search the lumpfish transcriptome. Using this
approach, another transcript of nIL-1F was identified, as well as IL-1Fm2 and IL-18. All four
family members contained the IL-1 family domain (Fig. 2A). The IL-1 B transcript consisted of

10
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1711 bp with a 759-bp open reading frame encoding a full-length protein of 252 aa (Fig. 2A,
Supplemental Fig. 1). The deduced protein sequence contained an interleukin-1 propeptide
(IPR00302) and the IL-1 family domain (IPR000975) (Fig. 2A). IL-1 3 showed highest similarity
to IL-1 B of the sculpin Trachidermus fasciatus (Blast E- value 1E-142, 78% identity). An IL-18
candidate was identified. The transcript of 2171 bp contained a 594-bp open reading frame
encoding a 198 aa sequence that contained the IL-1 family domain and the IL-18 domain
(IPRO15529) (Fig. 2A, and Supplemental Fig. 2). The blast hits with highest scores were five
uncharacterized proteins and IL-18 from Miichthys miiuy. To obtain the full-length nIL-1F, two
overlapping transcripts were merged. The sequence of the merged transcript, confirmed by Sanger
sequencing, was 1322 bp and contained an open reading frame of 1059 bp encoding a 352 aa
sequence. The start code was determined based on identification of a Kozak sequence (5°-
G/ANNAUGG-3"). nIL-1F contained the IL-1 family domain and a PDZ domain (IPR001478)
(Fig. 2A, Supplemental Fig. 3). The sequence showed highest similarity to an uncharacterized
protein of Notothenia coriiceps (Blast E value 0.0, 71% identity) and nIL-1F in Gasterosteus
aculeatus (BLAST E value 2E-158, identity 71%). The transcript encoding the IL-1Fm2 (1168 bp)
contained an open reading frame of 543-bp encoding a 180 aa sequence. The lumpfish IL-1Fm2
sequence was shorter than IL-1Fm2 sequences in Paralichthys olivaceus and G. aculeatus
(Supplemental Fig. 4). A stop codon after the first predicted 11 amino acids was confirmed by
Sanger sequencing. The sequence contained an IL-1 family domain (Fig. 2A). The sequence
showed highest similarity to an interleukin-1 receptor antagonist protein in Larimichthys crocea
(E- value 1<e-58, 52% identity). Caspase-1 and thrombin cut sites were only predicted in the nIL-
1F sequence (Fig. 2A)

3.3. Gene structure of the IL-1 family ligands in lumpfish

Two types of IL-1P exist in fish, type I and type II, based on exon- intron structure. To determine
the subtype of IL-1p in lumpfish, the gene sequence was analyzed. The IL-1  gene in lumpfish
was 3547 bp, contained five exon and four introns and is therefore a type II (Fig. 2B, Supplemental
Fig. 6). IL-18 had five exons and four introns, including the conserved short exon 2 and a predicted

cut site (Fig. 2B, Supplemental Fig. 7). The nIL-1F gene consisted of eight exons and seven introns

11
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(Fig. 2B, Supplemental Fig. 8). IL-1Fm2 consisted of six exons and five introns. Interestingly,
compared with other IL-1Fm2, the translated lumpfish sequence was much shorter (Fig. 2B,
Supplemental Fig. 4, Supplemental Fig. 9). A stop codon was present 33 bp downstream of the
start codon followed by a deletion of 270 bp that corresponded to almost two whole exons
(Supplemental Fig. 4). The sequence upstream of the stop codon encoded MSDFDLSQALKR,
which is similar to other ILIFm2 sequences (Supplemental Fig. 4), showing that the stop codon
and deletion is unique for lumpfish. Sanger sequencing confirmed the stop codon and deletion.
Therefore, we predict that the lumpfish IL-1Fm2 consist of four exons. The first one is very short

(MLQHD, due to the deletion) followed by three exons that are conserved in IL-1Fm2 sequences.

Comparison of gene structure of lumpfish IL-1 § with other type I and type II sequences
confirmed that lumpfish have a type II IL-1 § (Fig. 2C). Also, the lumpfish sequence has the same
intron phases as the other IL-1 B sequences. Interestingly, the typical gene structure of IL-1Fm2
sequences are very similar to the type I sequences (Fig. 2C). Due to deletion, only the three exons
in the C-terminal are similar to other sequences (Fig. 2C, Supplemental Fig. 4). Lumpfish IL-1Fm2
also have an extra exon N-terminal compared with other sequences, but that may be an artifact as

this region consists exclusively of “g” and “t” (Supplemental Fig. 4).

3.4. Synteny

Synteny analyses were performed for the IL-1 ligands. The locus of IL-1f in lumpfish was present
on scaffold jcf7180000034562. The 5° and 3’-end of the lumpfish IL-18 gene was present on two
different scaffolds; jcf7180000029304 (position 1 to 1554) and jcf7180000030343 (position 1542-
4248). Sanger sequencing was performed to obtain a full-length IL-18 gene, and the two scaffolds
were combined. IL-1Fm?2 was present in scaffold jcf7180000030343. nIL-1F was found on scaffold
53, contig 235.

There is a lack of well-characterized genomes from species closely related to lumpfish. In
the comparative analysis, Japanese medaka, turbot, zebrafish and human were chosen as they all
provide well characterized genomes of varying divergence time, approximately; 125, 125, 250 and

425 million years ago, respectively. The synteny of IL-13 was conserved among type Il sequences
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and located in proximity to the genes death-associated protein kinase 1 (DAPK1), phospholipid-
transcporting ATPase (ATP8B5A), cyclin and CBS domain divalent metal cation transport
mediator 4b (CNMM4B), cytokskeleton-associated protein 2-like (CKAP2L), purine-rich element
binding protein Bb (PURBB) and histone H2A (H2AFVA) (Fig. 3). In humans, the synteny of IL-
1B is different from fish, and only IL-1f3 and CKAP2L are shared. Human IL-1f clusters together
with IL-1o and other IL-1 family ligands. Synteny of the lumpfish IL-18 scaffolds, were similar to
other species, except that succinate dehydrogenase complex, subunit D, integral membrane protein
a (SDHDA) and I-amino acid oxidase (LA AO) have shifted position (Fig. 3). Further, the upstream
context lacks tricalbin-1 (TCB1) and sortilin related receptor 1 (SORL1). Lumpfish IL-1Fm2
possessed the same synteny as turbot, both lacking sialidase-3 (NEU3B) present in Japanese
medaka (Fig. 3). Synteny analysis of nIL-1F was identical for all the species.

3.5 Phylogenetic analysis of IL-1 family members

To investigate the relationships among the IL-1 family ligands, a phylogenetic tree was constructed
(Fig. 4). All full-length teleost (taxid: 32443) IL-1 sequences available in NCBI, IL-1 ligand
sequences described in the literature (11, 13), and human and mouse sequences (Supplemental Fig.
5, Supplemental Table 4) were included. In addition, as many of the fish sequences are as yet
uncharacterized, we included all full-length teleost hits with adequate quality from a BLAST search
using the lumpfish sequences as query sequences. The phylogenetic tree showed that nIL-1F and
IL-1P, share a common ancestor. (Fig. 4). The nIL1F1 clade is a separate clade with sequences
from all groups of fish, including cartilaginous (Chondrichthyes) and lobe-finned fish
(Sarcopterygii). This suggest that nIL-1, as IL-1, may be an ancestral gene. IL-1f is divided into
two subgroups; type II found in Neoteleostei and Protacanthopterygii, and type I found in species
belonging to Elopomorpha, Otomorpha and Osteoglossomorpha (EOO), and IL-1p3 which thus far
only are described from Salmoniformes. Interestingly, the IL-1p sequences from Clupeiformes
cluster together with IL-133. IL-1Fm2, which has only been reported from modern teleosts
belonging to Neoteleostei shows highest similarity to IL-1 B type I. The lumpfish sequences

grouped within their expected group.
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3.6. Expression pattern of IL1p, IL-18, nIL-1F and IL-1Fm?2 in tissues and leukocytes.

mRNA transcript levels of the four IL-1 family ligands were measured by qPCR in sixteen tissues,
as well as PBL and HKL. A two-way ANOVA analysis, investigating the effect of gene and tissue,
showed that there was a significant effect of both gene (F (3, 372) = 44.996, p =7.8E-25, n? =
0.266) and tissue (F (17, 372) = 2.458, p=0.001, 1> = 0.101). An interaction effect was, however,
not observed (F (51, 372) = 0.547, p = 0.995, n?> =0.070) between the factors, meaning that the
genes were expressed in the different tissues, but at different levels. After examining the Bonferroni
corrected post hoc multiple comparisons and the column chart of the tissue-independent gene
expression, it became apparent that the level of IL-18 and nIL-1F transcripts are statistically
significantly higher than IL-1p and IL-1Fm?2 transcripts (p< 0.001) throughout the tested tissues.
IL-1B expression was highly variable, from an MNE value of 0.04 in tongue to more than 2.3 in
PBL, skin mucus, head kidney, HKL and spleen (Fig. 5 A). IL-18 and nIL-1F were abundant in
most of the tissues analyzed (Fig. 5 B, C). High levels of IL-18 and nIL-1F transcripts were detected
in skin and skin mucus, but surprisingly, also in muscle. The lowest detected level of nIL-1Fm was
in the gonads. In contrast to IL-1p, the lowest values of IL-18 were in head kidney, HKL and
spleen. The relative expression of IL-1Fm2 was generally low, except in the liver (Fig. 5 D).
Comparisons of the average transcript levels showed that the levels of IL-13 and IL-1Fm2 are

statistically significantly lower than IL-18 and nIL-1F (Fig. 5E).

3.7. Modulation of IL1 B, nIL-1F, IL-1Fm2 and IL-18 expression in head kidney leukocytes after

stimulation with various ligands in vitro

Transcriptome analyses of head kidney leukocytes upon bacterial exposure, showed that only IL-
1B and, to a lesser extent, nIL1F, was upregulated (33, Fig. 1A)). IL-18 was slightly, but
significantly, downregulated (0.3-fold change) and IL-1Fm2 was not regulated. To compare the
results from RNA sequencing (transcriptome data) with qPCR, we made cDNA of the RNA
samples (n=4) in the transcriptome analyses and performed qPCR. The results from RNA
sequencing correlated well with qPCR analyses (R2-value= 0.988) (Fig. 6A). To further our
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understanding of the IL-1 family members’ role in innate immunity, we stimulated head kidney
leukocytes with seven different ligands (Fig. 6B). IL-1p and nIL1F1 were most highly upregulated
upon exposure to flagellin (FLA BS), 100 and 12.7 fold change, respectively (p-values < 0.0001).
These two genes were also highly upregulated upon exposure to poly (I:C) and CpG. nIL1Fm?2 and
IL-18 did not respond highly to any of the ligands, but they were both significantly upregulated
upon exposure to Pam3CSK4 which is a synthetic triacylated lipopeptide (Fig. 6B). The correlation
analyses between the genes, showed that the expression levels of IL-1p and nIL1F are similar. IL18
and IL-1Fm?2 are similar to each other, but different from the two aforementioned genes (Fig. 6B).
In summary, flagellin had the most highly significant effect on the HKL (p < 0.001), followed by
CpG, Pam3CSK4 and poly (I:C) (Fig. 6). GpC, the diacylated lipoprotein FSL-1 and Poly(U) did

not have a statistic significant effect on the expression levels of the IL-1 family members.

3.7. Identification of IL-family member receptors.

In the lumpfish transcriptome, full-length sequences of the receptors IL-1R1 (two transcripts),
ILIR2, IL1R3 (also known as IL-1RAcP), IL-1R4 (also known as ST2, which bind IL-33), IL-1R5
(also known as IL-18Ra) IL-1R9 (also known as TIGIRR-2) and DIGIRR were identified (Table
3 and Fig. 7). Both IL-1R1 transcripts were significantly upregulated at 24 h post bacterial
exposure. IL-1R2 was also significantly upregulated at both times points. Interestingly, both IL-
1R4 and IL-1R5 were down regulated. As shown in Figure 7, the full-length IL-1R1s, IL-1R3, IL-
1R4, IL-1R5 and IL-1R9 have a signal peptide, three immunoglobulin domains, a transmembrane
region and an intracellular domain. IL-1R2 is similar, but lacks the intracellular domain needed for
downstream signaling. Furthermore, a lumpfish transcript showing high similarity to the C-
terminal of fish specific IL-1R like family member double Ig-1R related molecule (DIGIRR) was
identified (Table 3), having the conserved amino acid sequences ISRSRRLIV and
FWKELALAMP, similar to other described DIGIRR sequences (35). IL-18R2 and IL-36R were

searched for using known sequences from teleosts but were not found in the transcriptome.
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Discussion

In a previous transcriptome-wide study of lumpfish leukocytes, we identified IL-1f and a partial
sequence of a new interleukin-1 family member, nIL-1F. Both were upregulated upon bacterial
exposure (34). To further our understanding of the biological processes involving IL-1p, we
characterized the NF-kB and MAPK pathways by identifying signaling components and performed
differential gene expression analyses upon bacterial exposure. Most components of the signaling
pathways were found in the lumpfish transcriptome. In addition to the pro-inflammatory cytokines
(IL-1 B, TNF-a and COX-2) which were highly upregulated, two of the most highly upregulated
genes were IKBA and IL-1R2, both involved in regulation of IL-1B. IL-1p is regulated both at the
transcriptional — and protein level where antagonists, IL-1Ra in mammals and nIL-1F in fish, bind
to the IL-1R1 and block downstream signaling (14). There are also so-called decoy receptors, as
they lack an intracellular signaling domain that bind to IL-1 and prevent downstream signaling.
Knowledge of the underlying mechanisms for regulation and signaling pathway is important as

dysregulation can lead to acute and chronic inflammatory conditions (20, 25, 38).

Mammalian species have 11 ligands belonging to the IL-1 family. To date, only two of
these are identified in fish; IL-1p and IL-18 (7). Fish have, however, two members that are unique
for fish; the nIL-1F and IL-1Fm2. In the current study, we have identified and characterized full-
length sequences of IL-1pB, IL-18, nIL-1F and IL-1Fm2. Analysis of their predicted protein
sequences showed that they all possess the IL-1 signature sequence. Interestingly, the lumpfish IL-
1Fm2 is shorter than other teleost sequences. After the 12 first amino acids, a stop codon is present,
and it lacks 69 amino acids N-terminally compared with Japanese flounder (Supplemental Fig. 4).
The rest of the lumpfish IL-1Fm2 sequence, which encodes the IL-1 signature and the characteristic
[B-strands that form a beta barrel, is present and shows similarity to IL-1Fm2 described in other

teleosts (11).

Gene expression analyses of the four IL-1 family members in different tissues and
leukocytes from peripheral blood and head kidney in lumpfish showed that IL-18 is constitutively
expressed in all tested organs. This is similar to other studies (reviewed in (7)). Upon stimulation
of head kidney leukocytes with various PAMPs, there were no significant difference in expression

levels of lumpfish IL-18. Lack of differential IL-18 gene expression upon stimulation in vitro with
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PAMPs, recombinant proteins or pathogens has also been reported for other species such as trout
(9) and sea bream (39). In chicken, IL-18 is a major growth factor for CD4+ T-cells and can
stimulate their IFN-y production. Use of IL-18 as an adjuvant in anti-viral vaccines has shown
promising results (2). IL-18 is involved in both T cell type 1 and type 2 responses (10). Much less
is known about the function and regulation of IL-18 in fish, but it has been suggested that
alternative splicing might regulate IL-18 activity (2). IL-18BP in human is a secreted protein with
high affinity for IL-18. IL-18BP is involved in down-regulation of Thl responses, as well as
controlling Th2 cytokine responses (reviewed in (25). IL-18BP candidates from different species

of fish are present in public databases, but these have not yet been characterized functionally.

Our results show that nIL-1F, like IL-18, was highly expressed in most organs. Upon
exposure to various PAMPs, the expression pattern to nIL-1F was similar to IL1J, being most
highly upregulated upon stimulation with flagellin and CpG. Studies from other species have
shown that nIL-1F inhibits expression of IL-1f rather than initiates expression of pro-inflammatory
cytokines, suggesting it is an antagonist of IL-1p (13). Antagonistic effect of nIL-1F has also been
demonstrated in grass carp where it binds to IL-1f receptor type 1 and attenuates IL-1  activity in
HKL (14). The other fish specific IL-1 family members, IL-1Fm2, was expressed at low levels in
most studied organs in lumpfish and stimulation with different PAMPs did not cause significant
differences in expression levels. Weak induction of IL-1Fm2 upon PAMP activation has also been
shown in gilthead seabream (11) and Japanese flounder (12). The function of IL-1Fm?2 is not fully
understood, but it plays a role in innate immunity activating respiratory burst activity of phagocytes
(11). Down-stream signaling of IL-1Fm2 has not yet been investigated, but crosstalk between Toll-
like receptors (TLRs) and IL-1Fm2 has been suggested by (11).

Our phylogenetic analysis confirms that lumpfish possess all perciform IL-1 ligands. In
addition, it demonstrates that only Neoteleostei species (including Acanthopterygii, lanternfish,
lizardfish and oarfish) possess IL-1Fm2. This gene is possibly a paralog of a last common ancestor
(LCA) leading to IL-1PB3 in salmoniforms, as it is the sister group to the IL-1Fm2 clade, and a case
of neofunctionalization leading to the creation of a new gene. Alternatively, since only type II IL-
1B is described in the most advanced fishes, it is tempting to speculate that IL-1Fm?2 is an equivalent
to type I IL-1B found in Protacanthopterygii/EOO. Further, the nIL1-F1 clade contains members
from Sarcopterygii (Latimeria chalumnae) and Chondrichthyes (Callorhinchus milii), and is placed
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between the IL-1f and IL-18 clades, indicating that this is an old gene that stems back to before
the spilt of Eugnathostomata (approximately. 430 mya) and the development of the adaptive
immune system. It is likely that the tetrapod lineage has lost the nIL-1F gene somewhere along its
evolution. Interstingly, the Neoteleostei clade is placed closer to the Euteleostomorpha clade than
the Elopomorpha/Otomorpha/Osteoglossomorpha clade, displaying that the Otomorpha clade is
evolutionarily more distant to most teleosts than the ghost shark and lobe-finned fishes, in terms of
nIL-1F homology. It is therefore likely that Otomorpha nIL-1F gene possesses traits that are not
necessarily consistent with other teleost nIL-1F traits. Moreover, our analysis supports that the
type-division between the IL-1f sequences is a phylogenetically dependent division, as all type |

member are members of Otomorpha.

In the current study, we have also identified six IL-1R like receptors; IL-1R1 (two
transcripts), IL-1R2, IL-1R3, IL-1R4, IL-1RS and IL-1R9 in addition to a double Ig IL-1R related
molecule (DIGIRR). Differential gene expression analyses of lumpfish HKL exposed to V.
anguillarum, showed that both transcripts of ILIR1, IL1R2 and IL-1R3 were significantly
upregulated. Of these, IL1R2, which is a negative regulator for the IL-1 system, was most highly
upregulated (18-fold upregulated). It is of major importance to balance amplification of innate
immunity and uncontrolled inflammation that can lead to diseases (reviewed in (20, 40)). In
mammals, IL1R2 negatively regulates IL-1 activity by different mechanisms (reviewed in (41)). In
short, it can act as a decoy receptor for IL-1 (both IL-1 o and IL-1 B), a dominant —negative
molecule and scavenger. Also, IL1R2 can bind to prolL-1a and prolL-1 B in cytoplasm and thus
avoid processing by caspase-1 and thus activation. Another negative regulator of the IL-1 signaling
in mammals is the receptor called single Ig IL-1R related molecule (SIGIRR, also known as TIRS8/
IL-1R8). SIGIRR is also present in ancient vertebrates such as zebrafish (42). However, some fish
such as green spotted puffer, Japanese puffer and three-spined stickleback do not have SIGIRR,
but have instead a related receptor with two Ig domains called double Ig IL-1R related molecule
(DIGIRR) which is a negative regulator of IL-1 signaling similar to SIGIRR (37)). In lumpfish, we
found a DIGIRR candidate with two Ig domains and the conserved amino acids A L similar to
other DIGIRR sequences. An understanding of how production of cytokines is regulated, through
their receptors and signaling pathways, gives the potential to modulate their activity, e.g. through

immune stimulation.
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Conclusion:

In the current study, we have identified and characterized members of the IL-1 family of cytokines,
as well as their receptors and down-stream signaling pathways. Our data constitutes an important
foundation for further elucidation of cytokine functions, protein-protein interactions and the
underlying mechanisms for regulation of these molecules in lumpfish. In-depth knowledge of the
innate and adaptive immunity will contribute to increased welfare of lumpfish as it forms the basis
for development for immune prophylactic measures. Furthermore, genomic and transcriptomic
data of lumpfish is also of interest as it represents a phylogenetic group (Cottales) that is usually

not included in comparative and phylogenetic analyses.
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Figure legends

Figure 1. Overview of NF-xB and MAPK signaling pathway in lumpfish. (A) NF-«xB signaling
pathway (modified from KEGG map 04064) and (B) MAPK signaling pathway (modified from
KEGG map 04010).The colors of the boxes refers to the respective gene’s differential expression
upon bacterial exposure and whether or not they are present in the lumpfish transcriptome.: grey —
not present, a scale ranging from deep blue (very negative, log2 fold change = -10), through white
(neutral, log2 fold change = 0), to brown-red (very positive, log2 fold change = 10) refers to the
differentially expressed genes at 24 hours. All genes that are identified in lumpfish, but not
significant (adjusted p-value > 0.05) regulated is shown as white boxes. Differently regulated
transcripts of the same gene are represented with horizontal bars within the respective gene-box.
The 11 most regulated genes at 24h are shown in the Tables in the Figure. See Supplemental Table
2 and 3 for a full list of DEG at 6 and 24 h post bacterial exposure.
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Figure 2. Molecular characterization of IL-1 ligands. (A) Domain and cut site prediction of IL-1f3,
IL-18, nIL-1F and IL-1Fm2. The x-axis is the number of amino acids from N-terminus to C-
terminus of the proteins. IL-1 family domain is defined as IPR00097, IL-1 propeptide as IPR00302
and PDZ domain by IPR001478. (B) Exon/intron structure of the IL-1 ligands. Black boxes are
non-coding exons, white boxes are coding exons. Red exon indicates remnants of the deleted exon
in lumpfish IL-1Fm2. Thin lines are introns. Dotted lines are not to scale. (C) Non-coding exons
(black boxes), coding exons (white boxes) for selected IL-1 B type I and type II and IL-1Fm2

sequences. Roman numerals represent intron phases.

Figure 3. Synteny analysis of type II IL-1p, IL-18, nIL-1F and IL-1Fm2. Schematic diagrams
showing the genomic regions containing the IL-1 ligands. Lumpfish sequences are compared with
Japanese medaka, stickleback, turbot, zebrafish, platyfish and human. Conserved genes in the IL-
1B and IL-18 locus in humans are shown for comparison. The IL-1 family ligands are shown in

black boxes. Identical genes have same color.

Figure 4. Phylogenetic tree of IL-13, IL-18, nIL-1F and IL-1Fm?2. All full-length fish IL-1 ligands,
and the human and mouse IL-1f and IL-18 sequences, are included. The phylogenetic tree was
made using maximum likelihood as described in material and methods. Phylogenetic distance is
indicated by branch length. Bar indicates distance of 1 substitution per amino acid site. A detailed
phylogenetic tree which include sequence information (species and accession numbers) and
bootstrap values (>80%) of 100000 iterations is shown in Supplemental Figure 5 and listed in
Supplemental Table 4.

Figure 5. Tissue distribution of IL-1 ligand family members. Mean Normalized Expression (MNE)
of the IL-1 ligands are shown relative to the reference gene (RPS20), plotted on a log10 scale. Error
bars denote 1 standard deviation (SD). HKL — Head Kidney Leucocytes and PBL — Peripheral
Blood Leukocytes. (A) IL-18. (B) IL18. (C) nIL-1F. (D) IL1-Fm2. (E) Tissue-independent

expression of IL-1 ligands. Single letters= measurement that is statistically different the other.

Figure 6. Gene expression of IL-1f, IL-18, nIL-1F and IL1-Fm2. (A) Correlation between logl0
gPCR and RNA seq data of the IL-1 family members. (B) qPCR analyses of the IL-1 family

members upon stimulation with various ligands. Error bars denote 1 standard deviation (SD). Stars

23



676
677

678
679
680
681
682
683
684
685

686
687
688
689

690
691
692
693
694

695
696
697
698
699

700
701
702

:' frontiers

denotes significant change compared with control (* P < 0.05, ** P < 0.01, *** P < 0.001). The

control is set to 1.

Figure 7. IL-1 receptors. (A) Phylogenetic tree including IL-1 receptors identified in lumpfish and
in other species. Accession/trinity numbers of the sequences and bootstrap values are shown in the
tree. (B) Schematic figure of full-length IL-1Rs identified in lumpfish transcriptome. The following
domains are identified by interproscan: TIR domains (IPR035897) = pink, immunoglobulin
domains (IPR007110) = red,transmembrane domain= light blue, signal peptide= dark blue. The
ILIR3b sequence is not completely full-length, lacking about 10 amino acids in the N and C
terminals. (C) DEG analysis of IL-1 receptors in lumpfish upon bacterial exposure. The color of

the boxes reflects the DEG-value. Brown = upregulated, blue= downregulated.

Supplemental Figure 1. IL1 alignment. Alignment of IL-1f sequences from human, mouse and
teleosts, including the lumpfish sequence. Underlined amino acids are members of the IL-1 family
signature. The purple horizontal line indicates the mammalian caspase 1 cut site.  -sheets are

indicated by grey boxes.

Supplemental Figure 2. IL18 alignment. Alignment of IL-18 sequences from human, mouse and
teleosts, including the lumpfish sequence. Underlined amino acids are members of the IL-1 family
signature. The first purple horizontal line indicates a teleost cut site identified in Zou et al. (2004).
The second purple horizontal line indicates the mammalian caspase 1 or 4 cut site. Regions that

contain f -sheets are indicated by grey boxes.

Supplemental Figure 3. nIL-1F alignment. Alignment of teleost, including lumpfish, IL-1§
sequences. Underlined amino acids are members of the IL-1 family signature. The purple
horizontal line indicates the caspase 1 cut site predicted in the lumpfish sequence. The blue
horizontal lines indicate the thrombin cut sites predicted in the lumpfish sequence. 3 -sheets are

indicated by grey boxes.

Supplemental Figure 4. IL-1Fm2 alignment. Alignment of teleost, including lumpfish, IL-
1Fm2sequences. Underlined amino acids are members of the IL-1 family signature.  -sheets are

indicated by grey boxes.
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703 Supplemental Figure 5. Phylogenetic tree of IL-1 ligands with accession numbers. The colors of
704  the clades are similar to Fig. 4. Bootstrap values >80 % (of 100000 iterations) are shown in the
705  tree. The lumpfish sequences are written with red letters.
706  Supplemental Figure 6. Nucleotide and deduced amino acid sequences for lumpfish IL-1f3. gDNA
707  specific sequence is represented with lower case, cDNA sequence with upper case and cDNA
708  sequence is represented with bold letter. Intron-exon boundaries (gt and ag) are encircled.
709  Supplemental Figure 7. Nucleotide and deduced amino acid sequences for lumpfish IL-18. gDNA
710  specific sequence is represented with lower case, cDNA sequence with upper case and cDNA
711  sequence is represented with bold letter. Intron-exon boundaries (gt and ag) are encircled.
712 Supplemental Figure 8. Nucleotide and deduced amino acid sequences for lumpfish nIL-1F.
713 gDNA specific sequence is represented with lower case, cDNA sequence with upper case and
714 c¢DNA sequence is represented with bold letter. Intron-exon boundaries (gt and ag) are encircle.
715 Supplemental Figure 9. Nucleotide and deduced amino acid sequences for lumpfish IL-1Fm2.
716  gDNA specific sequence is represented with lower case, cDNA sequence with upper case and
717  cDNA sequence is represented with bold letter. Intron-exon boundaries (gt and ag) are encircled.
718
719  Table 1. Primers used for qPCR, PCR and Sanger sequencing.
Gene Primer name Sequence 5°-3° Application
RPS20 RPS20 F GGAGAAGAGCCTGAAGGTGAAG gPCR
RPS20 R GAGTTTTCCTGGTGGTGATGC gPCR
1IL-1P IL-1B F GACGGCGAGAAGCGGACCATAG gPCR
IL-1B R TCAGGACAACTTTCTTGAGGTCAG qPCR
1L-18 IL-18 F CCACCACAAGGCGCTGTTCTACA gPCR
IL-18 R AGGCGGAGGACTCGAACTCGTA gPCR
IL-18intr_F1 CTGTTTCTTTCCAGAGTGCAAGTT PCR and Sanger seq.
IL-18intr R1 TCCACCTCGTCTTTGGCTTTTTC PCR and Sanger seq.
nlL-1F nlL-1F F CAAGTCCAACTGCTTCCTCCG qPCR
nlL-1F R ATCTTCTTCAACCTCTGCTTCTCG gPCR
nlL-1F F353 ATGCAAAGCGGAAGCACAGACG PCR and Sanger seq.
nlL-1F R354 AAGTCTGAATGACGAAGAGGAACGATT PCR and Sanger seq.
nlL-1F_F355 ACAGACGCACTGGGGGCTTTTA Sanger seq.
nlL-1F R356 TGAATGACGAAGAGGAACGATTC Sanger seq.
nIL-1F_F357 ACAGTACTCAGTTTCAGCATGGAGATG Sanger seq.
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nlL-1F R358 ACCTCCTCTTGGAACGAGCATCACCT Sanger seq.
nlL_1F_R360 AACGAGCATCACCTCGCTGGATT Sanger seq.
nIL-1F_F422 CACATCCATCAGTGTCAGTGGCCTCTCAGTCCTAC | PCR and Sanger seq.
IL-1Fm2 | IL-1Fm2 F GAACATCAGCGACCACGAGGACAT gPCR
IL-1IFm2 R CAGGGACTCGAAGGTGTTCAGGGA gqPCR
IL-1Fm2intr F156 ATGAGCGACTTTGATCTGTCTCAAGC PCR and Sanger seq.
IL-1Fm2intr F362 TCGTCACGGCGACACAGAACT PCR and Sanger seq.
IL-1Fm2intr R363 ATCATAATGGAAACCTTCAAGCTGCACTAAA PCR and Sanger seq.
720
721  Table 2. qPCR assays
Target Y R? E qPCR-
product (bp)
RPS20 -3.30 0.999 2.01 74
1L-1B -3.45 0.999 1.95 97
1L-18 -3.27 0.999 2.02 71
nlL-1F -3.40 0.998 1.97 90
IL-1Fm2 -3.51 0.999 1.93 85
722
723 Table 3. Overview of the IL1-family receptors identified in lumpfish
Lumpfish
Name* Alias Gene-ID | BLAST hit gene BLAST hit specie | E-value Acc.no
interleukin-1 receptor type 1-
[L-1R] IL-IR1a TR84990|c3 like isoform X1 Monopterus albus 0 XP_020469769.1
interleukin-1 receptor type 1- .
IL-1R1b TR22841|cl like isoform X2 Lates calcarifer 0 XP_018551896.1
IL-1R2 IL-1R2 TR83610|c2 | IL-1RII Miichthys miiuy 8.00E-143 | AQR55702.1
IL-1RAcP/ interleukin-1 receptor
IL-1R3 IL-1RAP TR35281|cl accessory protein-like 1 isoX3 Monopterus albus 0 XP_020447933.1
IL-1R4 ST2 /IL33R | TR80915|cO | interleukin-1 receptor-like 1 Larimichthys crocea |0 XP 027147138.1
PREDICTED: interleukin-18 .
IL-1R5 IL-18Ra TR33815|cl receptor 1-like Lates calcarifer 0 XP _018539216.1
IL-1R9 TIGIRR-2 | TR47117co | Imterleukin-1 receptor. Mastacembelus 2.00E-177 | XP_026183142.1
accessory protein-like iso X1 armatus
double immunoglobulin IL-1R- | Gasterosteus
DIGIRR DIGIRR TR66708|c0 related protein aculeatus 1.00E-132 | ACAS1853.1
724  *Same nomenclature as Boraschi et al. (18)
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Supplementary Results of Trinity RSEM

Table 1. Read count matrix from RSEM output

Genes expressed

>2 21
Sample proper_pairs total aligned FPKM FPKM
1 24,189,368 29,980,237 39,506 66,391
. - - -
S 2 27,178,664 32,937,998 36,077 65,219
3 28,659,252 37,114,067 36,250 66,468
4 24,899,860 31,065,905 36,935 65,105
3 5 21,999,490 27,276,150 37,203 63,440
@
[} - - -
" 6 24,627,776 30,329,773 37,970 66,678
7 26,683,856 33,281,629 36,291 62,730
N - - -
S 8 23,200,556 29,769,028 38,483 64,273
9 26,758,676 32,816,055 36,797 63,158
10 25,713,468 31,888,148 35,393 60,377
T 1n 23,517,108 29,484,868 37,826 64,233
@
(4] - - -
" 12 22,513,278 27,487,774 39,037 67,158
13 20,204,506 26,674,188 39,580 65,727

Treated-3

Note: Vector contaminated seq were removed before RSEM output.

51



T
## Counts of transcripts, etc.
AR
Total trinity 'genes": 221659

Total trinity transcripts: 346430
Percent GC: 46.65

S e e e
Stats based on ALL transcript contigs:
HHHHHAH R

Contig N10: 6782
Contig N20: 4988
Contig N30: 3947
Contig N40: 3144
Contig N50: 2502

Median contig length: 585
Average contig: 1250.14
Total assembled bases: 433087424

S e e e e e e
## Stats based on ONLY LONGEST ISOFORM per 'GENE"
HH B

Contig N10: 5514
Contig N20: 3647
Contig N30: 2446
Contig N40: 1608
Contig N50: 1071

Median contig length: 401
Average contig: 735.04
Total assembled bases: 162928446
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Supplementary Fig. S1
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Human MAEVPELASEMMAYYSGNEDDLFFEADGPKQMKCSFQDLDLCPLDGGIQLRISDHHYSKG G- 60
Mouse MATVPELNCEMPPFDS -DENDLTFFEVDGPQKMKGCFQTFDLGCPDESIQLQISQQHTINKS - 59
Rainbow trout - - - - - - - - - - - - - - - .- - - -MDFESNYSLIKNTSESAAWSSKLPQGLDLEVSHHPITS-- - 37
Stickleback - - - - - - - - - - -------------MES----VRESNGSGAWSPKMPQGMDFETISRHPLT---- 31
Atlantic halibut MES----KMQCNVSQMWGPKMPQGLDLETISHHPMT - - - 31
Europeanseabass - - - - - - - - - - - - - . . . ... ... _-MES----EMKCNMSEMWRSKMPQGLDLETITHHPLT- - - 31
Atlanticsalmon - - - - - - MDFDLADALPSSCSSMEFETKYHLPDAKSGPEMERCGLHAGLSLDLEVILQHRGG G 55
Zebrafish -MACGQYEVTIAPKNLWETDSAVYSDSDEMDCSDPLAMSYRCDMHEGIRLEMWTSQHEK-- - 57
Atlantic cod S - - - s - - - - - - - - - ----MAFQCEYSSMKQTTSSEHWSDRMPQGMDLETITNHPLT- - - 37
Fugu S - - - s - - - - - - - - - ----MES----QMKSNESKMLQSQMPEGLELEITHHPLT-- - 31
Lumpfish - - - - - - - - - - - - - - - --------MES----EMKCNVSDTWSPKMPEGLDFEVSHHPLT-- - 31
Human FRQAASVVVAMDKLREKS-----MLVP--CPQTFQENDLSTFFPFIFEEEPIFFDTWDN-- - - 110
Mouse FRQAVSLIVAVEKLWQ---=-=-LPVS FPWTFQDEDMSTFFSFIFEEEPILCDSWDDDD - - 111
Rainbow trout MRHIANLIIAMERLKGS------GEGVTMGTEFKDKDLLNFLLESAVEEHIVLELESAPPAS 92
Stickleback MKQVVNLIIAMERFKGS-----DGSELLMSSEFRDEDMLNIMLDGLVEEETIVTLCSSPP-- - 84
Atlantichalibut M R RV V NLI I AMERLKDG -----GASEAVLSTSFRDESLLNIMMESTIVEEHIVFERSSSP--- 84
Europeanseabass M R R VV NL I I AMERLKGS=-----FSSETLMSTEFRDENLVLNIMLESIVEEKIVFERGTTP-- - 84
Atlanticsalmon M R Q VA HLVIALHRMKNPFQKSDSTHTSMDMECTDEQFCSIIMDNLVYVEECVMVPMQEPMG - - 114
Zebrafish MKQLVNVIIALNRMKHS-----1KPQ---STEFGEKEVLDMLMANVYVIQEREVNVVDSVP--- 107
Atlantic cod MRQVVNLVIAMDRLKGS=-----SQSEKVQSSEFRDEDLLNLLLENALDEQLVLELTEAAP - - 091
Fugu MKSVVNLVIAMERLKGS-----NRSESLLSTEFRDENLLSMMMDTIVEEQIVFERYSAPP - - 85
Lumpfish MKQVVNLIVAMERFKS-------GSESLTSTEFRDEDLLSMMLDSFMEEEIVFELGSAP-- - 84
Human - EAYVHD|APVR s QQ - HLQGQDMEQQV VQGEE- 167
Mouse - NLLVCD|VPIR EQQ - HLNGQNTINQQV VQGEP - 168
Rainbow trout RRAAGEFS|STS S EN N MLQGGSSYHKVH VTPVPI 15
Stickleback - -HLQISWTG - Q EK 3 MLQGGSEAKKVL LHPAP - 141
Atlantic halibut - - P D Q F SJR T G - s QK Q MLQGGSDNRKVL VHPSP - 141
Europeanseabass - - T A Q Y SfK R R S E K P MLQGGSDRCKVQ LDRTFP 141
Atlanticsalmon - - A G T F EJQ I G HHQ H TIQGGN-NRRAR SNASTT 174
Zebrafish - - - - s YNKTK QY K G TLRAGSSDLEKVR ASPSAP 164
Atlantic cod --PRGFT|ATE HQ K K RLQGGTTDHEVS LDPRP - 149
Fugu - -VQKYMRMS S E K 3 MLQGGSECRKVN VHLES - 142
Lumpfish --QPQIRWTG G E K Q MLQGGSDLKEKVYV LNPAP - 139
Human - SNDK K E KN D D VDPKNYPK- - - - - - -KKMEKRFUV 217
Mouse - S NDK K G KN D G VDPKQYPK=---------KKMEKRFYV 218
Rainbow trout -ETEA KGS N s G VADKDQLK=----S1SQQSDMVREFLF 207
Stickleback -SVPG RGTN D G VEDRSTLSGADTSIGVNSDLVRFLF 200
Atlantic halibut - T I E A KD TD ED VEDKTSLK=----TITRESEMVREFLF 196
European seabass - S A E A KGTN D G V-DKASLA----NITSDSDMVRFLF 197
Atlanticsalmon T T N Q A D KWK D s CEDQLTTIRG--=-=---AHEKTVRFLF 226
Zebrafish -ATSA S KSN EG 1SGSLETI ----KAGDPNGYDQLLF 220
Atlantic cod - SASA RGTK K A VENTDDLK----51SKDSDMVRFLF 204
Fugu - SINA RGTN D G VEDKEQLS ----51SSDSELVRFLEF 197
Lumpfish -GV EG KDTN D G VEDRTMLSGSDTSISLDSDMVREFLEF 198
Human N N TKGGQDITD VSS - - - - - - - 269
Mouse K S NNSGQDTITID vVSS- - - - - - - 269
Rainbow trout vV D KAAPNRLTT HN- - - - - - - - 260
Stickleback VN KTSP-RSQV EVERSSAPRYV 25
Atlantic halibut VN ESAQ-5SYQT QS - - - - - - - - 246
European sea bass L N ESAR-RHRA LKVDPTTEDRQ 253
Atlantic salmon F s KQDARKLTIN R T R 275
Zebrafish s s KDTE-RIIN KVRI - - - - - - 272
Atlantic cod v's QSES-RYRS G - - - - - - - - 253
Fugu I N ESAQ-RNTI LKKTPTCEEG 25
Lumpfish VN KSSN-HSQTI EVEHQS - - - - 25
Human R 269

Mouse R 269

Rainbow trout - - - - - - - - 260

Stickleback DSA- - - - - 262

Atlantic halibut R 246

Europeanseabass V. C P L L N G Q 261

Atlantic salmon B 275
Zebrafish - - - - - - - - 272
Atlantic cod - - - - - - - - 253
Fugu PF - - - - - - 25
Lumpfish - - - - - oo 252
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tttcaaacagggtctttgcttctcttactttgacaggacacattcagtgagttgtgttgt
tgttgttgttgttgttgttgtcattaataaactagtaactagaggatttattatgtttct
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M E S E M K
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taccccccctttttcccaccctq:gGCCGTGGAGGACAGAACCATGTTGAGCGGATCGGA
AV E D R T M L S G S D
CACGAGCATCAGCTTGGACAGCGACATGGTGCGATTCCTCTTCTACAGACAGGACACCGG
T s I s L b s D M V R F L F Y R Q D T G
GGTGAACATCAGCACCCTCATGTCCGTCGCCTACCAGAACTGGTACGTCAGCACTGCGCA
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AGACCGTAACGCTTGCATCATAACAGACTGAAGCTGACCCTGCAG aagttaaaaatg
ctgcctgacctggtgcaaagtgtgtttgecgtttgtcaacaaactaaagctgttcgaggeyg
catattcaaaagggagatttaacacattttcatactctgctaaaagccagtgagcaagtc
accagcgccgccctgaaaagaaaagagacagatatgcaacactggttgcaaacctgcaca
aagctttgtgacccggttctgtgatctacaactgaaaagaccacagattatgttcctegt
cgacccatttaatgcggagacagactgtttgaaagcccecgctcecgtcacagatgaggetge
ggctgagttggagatgatcgacctttgtgaggaggatcaactgaaagctgttttaaggga
agggaccgttgagttctggaaaagtgtgccaattgaaaaataccccaacatcaaacgagce
tgcgcttaagatactgtccatgtttgggtcaacgtacgtctgecgagtctgtgttttctac
cctgaaacaaacaaatcaaagcatcgatctgttctgactgacactcatttgaaagaattyg
cttagagtggcaacaacagaatacaagccagatttgaagaggattgttcaagataaggaa
tgccagaagtctcactaagcagcatagtaagagaaagatgttattgaaaattattctatt
attgtttgtttgaactgagagtgtgtgtgtgtgtgagacagtgcacacaatgttaactgt
tgaaaattactgatattatcatgttggtgtggttattttcattagatctggctgagcaga
ggtctgtgtatgcgtgcatacatgattaaaagatgatgttcttgtgtacccatgtgtatg
atgtggctctttgcagtaacgcagaaaaaaaagtggctcttagtctctgactagttggec
acccctgceccecctatcctaacgtcttgacacacagtacattaacaacatatattataaaaaa
acatgttgtggttatgtccgacccacctgaatgtggaattccttcatcacctcagacagce
aaggggtcctgttcgacatcaagttggcagccggtggcgagccagatcatatctceccagtce
cagtggccccccagtgctgagtgagaggctccaggectggetecctgtagcaccagetgge
ttcactcacctggacagtcgcatgagattgatgtaaaaaccttccattcaccacactctce
aacttcacgcccatgctccgctacctgacagtacgtcttcatgtccaccecgtecattecag
gatgaacggctgcaggtgggacgtaggcctccggggtgacggctectectttectegect
ggcgaatcatagccaggcgtttgtggaggctccgctcattgtagaactgecctcaggtagg
cttggccatccatcttgatgccgtgctccacgtgggagtaacggcccaccaggctctcca
cgtcgcccacgtcaaactgctttaactgcaggagaaacaacgaggacctgatgecgettgt
gctggaggccgacagctatatctacagttatggtctgcatgcagcttcacactgtcacta
gacctggaggtgcttcctcatgacccatgtcacacggctggcaccttgctgcagggcaat
tgagacgacatgagcgctggtcagacctccaccaactaccattactctctgeccecctgectce
acacactacacacacgtctacacacacaaacagcacttgtaaaggaaaattgtgcgacga
ggacgggggatcaaatcaaaaacctcaggtgaaagcaacgttttattgattattctgcaa
aaaacaaaaaaacactagtaaatgggcattgagtctgaaaaagaaggcctaaatattgtt
tccctgcagagtttttctgtattattgtgatgtgacataatgctcagaggaaagctgact
taccttgagtgggaaaagtgtctttctgtttttgccgagecggttggcagectggtgecatga
ggtgcactgtgtgttgcaagcgctcctctgggtagectctctgcaatgettttcacccatg
aagggatgtttgccatctgggcacgggtcggacctgtcgccataacgacctggcgggcett
ttagggacgatgccctcttgaaggtggacttgaaaatacctcaccctcttecttteggte
actctcttggcttcacactcagccctgtccteccaccacgggggecgatgtgectccactgtt
cccttcagcagcactttgtccaagttgtatctctccacctgtatgttcagattcactage
tcagaaaatagaaacgctcagatcccggtgctcatgctgcttaatggataacatgttcac
gtattttttccatctactgtaagtgaagacacaaatatttaacaaacgagtctaagattt
tctttttaaaggtgcaatgtacgggattaagagcattgataaagcagcaaaccccttcag
cactgttagcaccattagctgttgccgccagctecgeccagtcgacatgttgagaggtgttyg
aaaggcaatagaattgctcccaatctcatataaagcacctttaaagtgacacgtttcatt
ggagtattgtataatgcaagcttgtgattatatatttctatctgttctttcttcgattte
agatttcagaacacacacccacaaatatatgctgcgtctaacctgatctttaaagaaatc
cacacttagattggttcctggcagactgaaggataaactcttcttgagtgttgtagtgac
gttgaggcgtttcctctcectttecctgeccgagectcatgtcattgaaaaatgegttttegte
cagaatgtaaacctggtctgggagactgtgaagctctgcagagcgatccgactttaaaac
aaagtcctgcagggctttctgacaaagaaaaacacacacacacacctgcttctttacatce
ctgtaaaagcaccttcctggcttctacttcaggggaagttggttgtgcttctaccttatt
gagagggtctgtgtgcaccagtgtgtgtgagcgcagatgagggatgttcagagctgtgaa
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5161
5221
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5641
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6001
6061
6121
6181
6241

ctggctctcccacagagttgtccactctccataagaatccaccacacggagactcaacgg
gggaagtggaccctctctgacatcgttgacttgtctggtcgectceccttcagtgtcgagect
gcaactaatcacagagagcaaaacacattgaactgggagtccgtttgattgtggtgcgtce
acatttatgtcaaaatgaagaagtgggaacagtgacaaaggatcagccatttattgtgtg
ccttctttgtgatgcaaccgggttcaataacatttttaattgaatgaatgaagtctgaat
atcaagctgatagcaaactcattcctgctgggaaaatcaaccggacaggatcgacaggcc
gaagtcaaaagtaagtcaggagagaagctgatgaaaaaatattgtgatttactcaattca
aatgatttctcaaaataatgagatagttgtacttgttcataatttgtgtgactagttcag
aatttaaattatgactaggtaaatcaaactgatttaactgaattttaagtatgaattatg
agaaatgaaaaagaagcgatgacttactagataaagatataacaaaacaattgacttact
gactggtaatgcaaaaattccccatttatgtcattatgtggcaacttgtgattttttttt
catcatcgattaatctgctaattattttctcaaagagttgatttctgaatagttggggac
atttttttgtttttttacagaacacgggtgaaaatatccttcagaatcttcccaaattaa
catcttcaaaatatctaattttgttcgaccaacagtctaaaaccccaacataaagagttt
agtattgcataagagccaagagattagaacattctcacaatttagaaactggatcgttgce
aatgtttgaccaataataagtcaaaactctcaacttatgtaaatatgtagtatatgattt
agtgagtgaaacccagctcatggtaccagctgcgactcttctcttcttcecctgecaccgea
gcttttgttgtttgatgtttctgggtttgtctgaggccccgaagggtccgaggaggaaga
ggaggaggaggaggaggagagggctaagtcatgtccgaggtctgagtgtggatcagggtce
agggttggatagcaagctggcgagggtcaaggcatgagggccaccccctattattaacac
atcgagtatccccatctgaaacacacgcagacacaatacagacagggcagtgctgttgta
gttgtgatggttacttgtactttcaaagccagacagttccttaaaatatcacatgtgagt
caatctgaggctatggcggtttgacttctcagatgaccgttttttcgagtgttcagttca
gcattcatgaaatgaactctatgaattattactaaagattaaaacgacacatttcaaaca
acacctcgtagcaaagctgtgtgtgattggttgaaataatgaaagtgcctcaaactttat
catccaactgtaaaaccaagtgaaatgcactgcagaggtcaacggtactcgacaccttca
gctgctacgataatgaaactgttctgggcccatgcagcacatcgtatacagtttatgatce
agtgcctcacaatacctgcttgagtttggatcgtcaccgecgtgeccgectctgagacggtyg
gaaatgtgcggcactgggcggtggcagacctcaaggttttgcgacagtggecgtgtgcettce
ccatgtaactcaatccacctcagagccgacagatttagctggactggaaatagecttcagt
gtgtgtttgtttgtgtgtgcgtgtgtgtgtgtgtgtgtgagtgtgagtgtgcctgtttaa
atattagcacagctcatcccagtattaaaactactttacttaattaaaaaaaattagaat
tagaggaaatattcctacttcttaagctaaataaatgtaaaaggccctttggatcagectg
gaaaatgaatcatcaccgagctgaaaaagggccatttctcttcatggttcccacagaacg
tgatgcattaatatagattaaactaaccaacagcaaataaaggagttgaaaacatcttca
gccgtaaaatgcgacacacacattaatgcaaaagagatatcgtacataatagtaaaacac
agacagggaacagttgacctcataatgagtacttgacagtttaactacatgttgctgata
atacttacacacttgtactgaagtaaggtttagaatgtaggactttttgttttggggtat
tttcagtgtggtattagtacgagtagtaatataaaaattttagacagagaacatttaata
aaatcaaagtaaaaaggtaaaacatgaaggctatgtaaacatttgttgtttactatattc
accttttaataaaataccagcctgacatcatgtgaagccaaaaagtaacaaaatggctat
tttagtttgtgaagagccgttaatgattgcttcctttcaattaggacattgttgaaccac
acatcgtatacattgaaatccactacagttactgtcacataggaagtcatgccttccect
agttcctatgtttaatgtgagatcaaccataatttcctcttatttctgtttcctgtaata
actttataggtattactaaaaatcaagaagtgaacatccagtaatagaacaaaagaagtg
ttttctatttgacatgcagtacagtatagaatgagcgtgagagtcagataacatcacttg
gcttctagcttttctcagtgagacctttgctggtgctacagaatgatcacaggtggacca
ggtaccgaaacagatgaactctctcctcaacttctgttttatactaaaaagatcaataaa
aaataatacattcgagtctccgatttcattgtaccaatcttcattcacttcctecttctga
catcpgl'TCCACATCCATCAGTGTCAGTGGCCTCTCAGTCCTACTTCCCCCTCTGTTCAT
GCAAAGCGGAAGCACAGACGCACTGGGGGCTTTTAAATGCCAGCGCGTTCCCTGGGGACG
GCTTCAGTCTTTTGCTTTACCAGCAACGGACACCGGCAGCACCATGGATCTGGAq:gggg
M D L E
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6301
6361
6421

tgacagaatctttaccacagcaccgctatatatatatatatatatatatatatatatata
tatatatatatatatatatatatatatatatatatatgtatatatatatgggatgctttt
taaaagatgtgattgcgtatattgtgttgatgtgtaaagtttgecctatctgtccgtaaac

6481 (9GATTCTATGGTTAAGGGAGGCGTGCTGATTGTCCACCACGTCCACGAGGGAAAGCACC
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p s M v K 6 G v L. I v H H VvV H E G K H 0
AGTACAAAGTGGAGAATGTGAAGTACAAAAGGGCGTGCGACAAAGCGTTTGCCAGC9att
Yy K v E N v K ¥ K R A C D K A F A R
gatcagattgttgttttgttttggattatgaaacaaaccacacaaaaccccaagaagaag
gattctatttgaagagcactttttaagcacagaccacaaagtgcttttgaataaatctag
taagaaaaagaaaaatggaaaatatataacacacaggataagaacaacagcataaagggc
tttaaagaaatgtgatttgaaaacgagaattattattactttatcaaaaacatgatgcaa
gaaaatattaaaaagaaactttggcatacagaaatatgacatcactttttagtctttaga
aacaatgacactgaaaatacaaacttattaaatgtgaaataaccaaaacttccaacttca
gcggaacaatttatgttaatgttggaccccatcactcaaattaagaggctgattcaggaa
ataaaagttgacatgggcttgaataacttcttttctgactctctaagagagtttttaatt
gtaatgaatggattgtgatccagatgctctgtcgctctctacagcaacacagatggatgg
agtttccctaattaatggcttataacacagtttgttaacattacaattaaaacaccttaa
taaagcacatgcctttaatgttttcatttatgttccAGAGGAGACAAACTGATGCA
R 6 D K L M Q
GATAAACGGCATTGACCTGCAGGATCTCACACCTGAGGAGTTGGCACAGTCCTTAGCGAC
I N GG I DL ¢ D L T P E E L A Q S L A T
AGATAATCCAATGCchggagttcattggctgacacagtcttgcacactagtttattttt
D N P M L
ctgaatccgttgtcactcattattttagtggaatagtccaccgtgccagactcttgttat
acaatataaatattaatattgttggactaaatatacatgtggttgtcataattcacatgc
aaaatgacttaatgttaagtcttttcacgatggtaattgtcgctgtttttatggtgttgt
gattgggatacacgaagacatgaaattgaatgtgaatgttgctgacgtgacactatctat
gtgaacaactttacttgttattcaccagaggacgaacacacacattgtcactttgacagt
aactgtgtttttaggtgttttaaggtggagaacagacagaaataaacacggactaaatac
tcagacaccgtccacttcctctctccccctccctccggtcttctCGGTGCACAAGGC
T VvV H K A
CAGCAGGACGAAAGAGCACACTGAGCAGGTCTTCCCAGCTGAGGACACTTTACATCCCTT
S R T K E H T E Q VvV F P A E D T L H P F
CTCCAAGGAATCCACAGTACTCAGTTTCAGCATGGAGATGAGGAGGGAGGAAGACCTGCA
s K . s T v L S ¥ S M E M R R E E D L Q
GCAGAATGAAGTGGGGCGGGAGGCGGAGAGAGAGGGGGGAGGGGCTAAAGAGGAGGAGGT
Q N E VvV G R E A E R E G G G A K E E E V
TTGCCAACCTGAAAACAAGGAGAATGGGGAGAGGGGGGATCTGCTCATCATATCCATGAC
c ¢ P E N K EN G E R G DL L I I s M T
GAAGACCAGCATCTCCGTGGTGAGCGGGAGGGGCTGCGACAACCGGAGCCCCTGTCAGGA
Kk T s 1 s v v s G R G C D N R S P C Q0 E
GGGATGTAAGGGCACAGGATGTACCTTTAATGAAGTTGTCATGGTGTCAGAATCCAGCGA
G ¢ K 6 T G ¢C T F N E V V M V S E S S E
GGTGATGCTC agtaagttgtgttttagtctacgatcttctcttctatccgtctaat
v M L V
ttgttctacattttattgtacattcatacagatagcctcactgacatcaggatctctatt
tcaacagaggaaagaaaatacagtaatacagtccagagataatttccaaagatttgcatt
tggaattcagaaaaactggaggattaagttctccattattgttttttgtaagctaaataa
accatttcatgaaaagttgacttcttgggcatacatacatgtcaaggaaacagtcaaaag
ttcagagagcagagacatgtgcagtgcaacgcccttctattggtaaaacgtattcataca
cagataaaataggtagtgagagatgaatcaccctcaatcttgttgttcgtaccaaagggt
tacgaactagqagctccatgccctttgtttgattgttccctgtgtccctgtgtcc(EFTC
P
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CAAGAGGAGGTGGATGTTTACGTCTGCTAAAGTCATTGAACACTGCAATCGAACATTTGC
R G 6 G ¢ L R L L K S LN T ATIEH L P
CGTCTCATCTATACCTCAGAGGTCTCTGCTCACAGAAGGCTATATATGCTTCACCGAACC
s H L ¥y L R G L ¢ S Q9 K A I Y A S P N P
CAtgttattcagagcagcagattcatttacggtcatcacaaatgttgttttggatt

tctgttttcaattgattagtgaaatcacttgtttgttttcatttctttcgtgtcc(?}GG
E

AGATGACCATTTACTACTACAAGTCAACCAGTTTCACCTTCAGAGGACAGCCCGTGGTCC
M T I Y Y Y K s T s ¥ T F R G Q P V V L
TGAACTTTAGCAAGTCCAACTGCTTCCTCCGGTGCTGCAAGGAAGGGGACAGGGTGTTCC
N F S K S N C F L R C C K E G D R V F L
TACAAGTGGAaataactqctactgcgtgagttcatgtacacatagttagatttaaca
Q V E
tgcatcgacctgacttttgctctaaagtgaccaacaggttgacactttttggctttcectyg
aaatttaaaaccaaactgttacatggactaccatttggcagctgaaaaggctcatgaata
cttggacacagacaacatcacttgaatgactcaatctcgtcgactaactgaagtgaaaat
aatctttgtttggctgagcggcaatactcacaaacatgggcacatgctacggctageatc
catttagcgggtcaaagatcagcagcacttgtttggatgcagtttctctcatgagtatct
gttgaaagagcggcacaagataaagagggaagtagttactgtcagaaacaaaggaagagt
ccttttctcttatgtttgcattctttaaggtcacagaatgtcgtgaaaacggtcctegtce
ccatttaatgtactgcacaacagcatgtgtctctctatcaggcgatatccatggtttatt
actatttaggttcggacaagtgcatttggtgaagaattaggatctacatatcatttaaaa
cccaaagtgtaggattgggaacttgatctgggatttcagctacttgtcagaaatgactcg
ctccaacctctgaaaaatatataatgtcattaagtgttaagtggcaagtctccagtcatyg
ctctgtgtggctgtacgtaagcacagcgctggttttagctaattgctcacataatgettg
cttgttaatgtttgcaggtataatgtttactcaccatcttgctgatgatacttacagtgce
atacttttactgaagtaaggttttgaatgtaggacattgctaatatttgttaataagcac
taaacacaaagttatgcggaggctgatgggaatgtcatgagttattatgcaggtattcgg
tcaccgcctttctgccaggatgttaaagagccacctgtcectcecttcatgacggatgtccac
atctttgttgttgctgCTTGCGAGAAGCAGAGGTTGAAGAAGATCTCCAAGAACGA
T ¢C E K 9 R L K K I S K N D
CGAGGGCGCCCTCTCCTTCGTCTTCTACATGAAGGCCGGGGGGACCAAACATCGGACGTT
E G A L S F V F YM KA G G T K H R T F
TGAGTCAGCGCTGCACGGCGGCTGGTTCATCCAAATAGACACCACCGATTTAGTGGCCAT
E S A L H G G W F I ¢ I D T T D L V A M
GGCAACCCTGGATGGAGGGACGGGGAACGAATCGTTCCTCTTCGTCATTCAGACTTAAAA
AT L D G G T G N E S F L F V I Q T*

GTTTACCATTCAAATTCACGTGCCGGAAAGACAAACATGAGAGGAGTTCTTTAGTTTGAC
CCACCTGGGCCTGTGACAGAAAAAACACGTCACTGTGTCAAATTCTGTTATTGCAGAAGT
GTGTAGATATGTATCATACAACTAGATCTAATTAAAAAATGTTTTGTGTGCGTGTAAGCA
TGTAATCTATTTTGTTGTTTATGGTGACCTTTCAAACTGATTGTTG

Supplemental Figure 8
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CGCGCACAAAAAAGCAAGAAAAAGAAGAAGGAAATGAAACGGGAATAGCGCTCTTCTGTT
GGACTTCTTTCACTTTCACTTCCGCGTTGTGCCGGATTAGGAAACGCGCGTGCGTGTGCG
CGCCCGTCCTTTTCAAACCTCTGCGCGTAGTTTCCCACCAGAGCAAATCACGACTGGAGT
CCAGAACCCGTCTGTCAGAGAACCA! gacacacacggtgctgctgttgttgttgttgt
tgttgttgtttagaagtacttcatagaCttagagaagcggggccgagggaacaatgacat
cttgtttcgtgtgtttcccegtttga CGAGCTGAAGACCGACAGTGAACCCGCACCT
TCACA @. cgtgaacgcaacacctccacaggtacgtgaacgcaacacctccacaggtac
gtgaacdccgcacctaacgaaccagtttgacttgacgtcgaggttcacggggacttgttyg
tttattgttgtttataatatatatatatatacacatatgcacacacacacataaatacag
tgtgtgtatatatatatatatatatgtatatatgtatatatatatgtgtgtatatatatg
tatatatatatatgtgtatatatatatgtatatatatatatatatatgtatatatacata
catatatatatatgtatgtatatatatgtatgtatatatacatacatatatatatgtgta
tatatatatatacatatatatatatacatatatatatgtatgtatatatacatatatata
tgtatgtatatatatacatatatttatatatatacatacatatatatatgtgtgtatata
tatatacatacacacatatatatatgtgtatatatatgtatgtatatatatacatatatg
tatatatatatacatacatatatatatgtgtgtatatatatatatatatacatacataca
tacatacatacatacatacatacatacatacatgtggaagagactggtgatcattccttt
gagaaacatccgttgttctcctaactttgtaaaacaaaagtcccacataaatacacageg
actgaatcctttataatagctgctqgtttcccacACTCCCTGATGGCGACCAGTAG
M A T_ S S
CTGCTCCCCGGTCACATGTGTTGGTACACTTACGGATGCCTTCTACTTTAAAGothaccy
c s p VvV T C V G T L T D A F Y F K V
tggttttaatgacgatcacacgccatgaaacatgttaacgctgttgatgttcagaccctg
acgtgttctcttgtgtcttcttctctgtaa@l‘GGGGGCAGCAGGAACAaggctct
G A A G T D
tcctgcatgttcccagttgttcecteecgtggttgtgcgacgectgtgacaacgtgttgtttgt
tgtttgttgtttgtttctcccgatgtaTGTGGTCGACGACAGTTTCAACATTTCCA
v v D D S F N I S K
AACACTCCCTCCCATCTTGTTGGGTCCAAAGCAAAGACAACAAATTCCTGCTTTTAAACA
H s L p s C W V Q S K bD N K F L L L_N S
GCGAGCATCAATTTCAAGTCCAGAACTTAACCAGCCAACAGCTGAACCAGCCG aga
E H Q F Q V Q N L T S Q Q@ L N Q P E
catatatatatatatatatatatatatatatgtatatatatatatatatatatgtgtata
tatacatatatatgtgtatatatatatatatacacatatatatatatatatatatgtata
tatatacatatatatatatacacacatatatatatatatatatgtatatatatgtgtatg
tatgtatgtatgtgtgtgtatatatatatgtatgtatatatatatatacatacatacaca
tatatatatatatgtgtatgtgtgtatgtatgtatgtgtgtatgtatgtgtatgtatgta
tatatatatatatatatatatatacatacacatatatatatatatatgtgtatgtgtgta
tgtatgtatgtgtgtatgtatgtatatatatatatatatatatatacatacatacacata
tatatatatgtgtatgtgtgtatgtatgtatgtatgtatgtgtgtgtatatatatatgta
tgtatgtatgtatatatatatatatatacatacatacacatatatatatatgtgtatgta
tgtatgtatatatatatatatatatatatatatattcctcgtgctcatcctgtttcttte
ca;“GTGCAAGTTTAAAATCCAGATTTACTTTGACTTTGAGCGCGGAGGAGAAGAGAAGA
c K ¥F K I 9 I ¥ F D F E R G G E E K R
GGAACGCCGCCATGCTGTACGTGAAGAGCGAGGGCAAGAACGTGGTGGCGTGCTGCAGCC
R A A ML Y V K S E G K N V V A C C S Q
AGGAGCACGCCGTCCACGCCGAGGACAquggagcaccgggtacaatacacaacaatact
E H A V H A E D M
ggaggactgtgtatgagacgtggacgtcgtcatggtgacggcacacgttggtttcttttyg
gactgacgtttgtcgaagcctgttgttcggccatacgtggtgtcgacctgtcaatcacct
tgtagccccgeccctaaagcatccecctgetttatggtctgtttgactctaaatgaccataa
tttactaaatgaacatcacgctgtattgaagaagacttgaaactagagattgagaccaaa
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aactaatgtttacaatgtttactgagggaataaatcaagggtaaaattacatttataata
gtttf{ttattttgaatcctggttctcgtgtgtgtcccceccececectcaccecececctcacccea
tgcéfFAGGTTCTGCCGATCCACATCGAGGAGACCCACCACAAGGCGCTGTTCTACATGA
E vL. p I H I E E T HH K A L F Y M T
CGGAGCTCACGCCCTCTCACACCTACGAGTTCGAGTCCTCCGCCTACCCGTCCCGGTTCC
E L. T p S H T Y E F E S S A Y P S R F L
TGGGCTTCGAGCCCGACGGCTGCGACCCGTCGCTCGTCAAGCTGGTGCTGCACGAAAAAG
G F E P D GGCD P S L V K L V L H E K A
CCAAAGACGAGGTGGACGAGTCGTGCCACGTCATTCTATGTCGTTAACGACTTTATGAAA
K D EV D E S C H V I L C R *
TGAATAAATCTCGTCGACGACGAAGCGGTTTACGGGCGACCTGCAGCCGTCACTTCAAAG
TGTTCAATATTAAATAAATAAGACGTTATTAAAGAATATGAATGAGTTGAGTAAAATACC
TAAATTAGCTACTTATTCATTTATGTAATATTGAACACTGGTGAGATACGTTTGTGTTTT
TACGGTAACGTACCGTAATTTAACAAAGTACATTTGTTTCCTCCTCTGGCTTTTTTTTTT
TAAACATTTAGTTTTTTAATGAAACTAATGTGCTTTCTTTGTCGATTTTAAATTGAGTGG
TTTTTTTATAATAGTTTTTTCACTTTTAAATGTGCAGATATTTTTGGATTCACCCGTTTT
ATTGATTGTTTTTCTTCTTTTTCTTTTTTCGACAATTGAGACGAAAAGCAAATTTCAGAC
TATGTTCAGGAAATATGTTCTCGCCCCCAAAGAAGAATTAAATGATAAAAACGTACGTTT
AGAACACTTTTTATATTTTGAATTAGTTTCCCAGTCTAGGAAAGCTCGATAATTACTGAA
CTCTAAATCTTGAGTTTGTCTCTGTGGTGAAAGTTAAGGTTTAAACTGCACTAAACCTTA
AAGTAATCTATTTATATTGTGCAGTGGTTAATTTCATCTTTTTCCAAGGTGCTTTATTGT
GAAACAGGAAGTTGTTCCCATAAATCTTTCTTTTACCAACAAAATGTTGATTTCTTCTTC
TTTGTCTCTTTCTGGTTGAACAGATTTTGCTCCTCCGTGTTTTAAACTAAATAACTAGTT
AAGAGGACTTTCCTACAAAATAAAAGCATTAAAAGACAATAATAGAGGATCAGAAAAGCT
TGATTCGTTAGTTTGGTGACCCCAAACTTTAGAACAGTGTGAAACCTTTTGTTCTCTATT
GTTGTAAACATTGTTCATTAAAACATTTTAATGTGAAAAAATAAAATAAATCTTTTTCTC
CAAGTGAATAAAAACAGTAATTTTAGTTCCCAGAACACGGCGCTCGATTGATAAAATAGT
TTTAGTGGTGGTTTGTGTGTAGAAAACGACTTCAGTGTCTTTAGAACTGTCATTTTAAAT
ATATTGTACATTGTTTAATAATGAAATGTTAAAAAAATAAAATAAACAATCTGCAAAGCA
ACTTTATTTGCGCCGAGACTGGAACAGAGCAAATATTTTATTGCCACATCTCATTTTTTT
TTCTTTGTTTTTTAATCTGAAAAGATGTTAATGCAACAGAAATGTACAAAGTGATGATGT
TTGAAGACGGAAACAGACAAACTTTTTTTAATTTTTTTTTTTTTAAAG

Supplemental Figure 7
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tatatcattaaataattatatttaaaacaggagacacattttaatgacgtgaaactgaat
acttagaaagatactttgtagctgaacgtctcactttatactacatctcagaggtacttt
atagaggtactttataccacatctaagaggtactttatactacatctaagaggtacttta
tactacatctcagaggtactttatactacatctaagaggtactttataccacatctcaga
ggtactttatactacatctaagaggtacttcataccacatctcagaggtactttatacta
catctaagaggtactttataccacatctaagaggtactttatactacatctaagaggtac
tttataccacatctcagaggtactttataccacatctaagaggtactttatagaggtact
ttataccacatctaagaggtactttatactacatctcagaggtactttataccacatctc
agaggtactttataccacatctcagaggtactttataccacatctaagaggtactttata
ccacatctaagaggtactttataccacatctaacaggtactttataccacatctaagagg
tactttataccacatctcagaggtactttataccacatctaagaggtactttataccaca
tctcagaggtactttatactacatctaagaggtactttataccacatctaagaggtactt
tatagaggtactttataccacatctaagaggtactttatactacatctcagaggtacttt
ataccacatctaagaggtactttatataggtactttataccacatctaagaggtacttta
taccacatctaagaggtactttatactacatctcagaggtactttataccacatctaaga
ggtactttatagaggtactttataccacatctaagaggtactttataccacatctaagag
gtactttatacctacatctcagaggtactttataccacatctaagaggtactttatacca
catccaagaggtactttataccacatctcagaggtactttatactacatctcagaggtac
tttataccacatctcagaggtactttataccacatctaagaggtactttataccacatct
cagaggtactttataccacatctcagaggtactttataccacatctaagaggtactttat
agaggtactttataccacatctaagaggtactttatactacatctcagaggtactttata
ccacatctaagaggtactttatagaggtactttataccacatctaagaggtactttatac
tacatctaacaggtactttataccacatctaagaggtactttatactacatctaacaggt
actttataccacatctaagaggtactttataccacatctaagaggtactttataccacat
ctcagaggtactttatacgacatctcagaggtactttatactacatctcagaggtacttt
atactacatctcagaggtactttatactacatctcagaggtactttataccacatctaag
aggtactttatagaggtactttataccacatctaagaggtactttgtactacatctcaga
ggtactttataccacatctaagaggtactttatagaggtactttataccacatctaagag
gtactttataccacatctaagaggtactttatactacatctcagaggtactttataccac
atctaagaggtactttataccacatctaagaggtactttataccacatctcagaggtact
ttatactacatctcagaggtactttataccacatctcagaggtactttataccacatcta
agaggtactttataccacatctcagaggtactttataccacatctcagaggtactttata
ccacatctaagaggtactttatagaggtactttataccacatctaagaggtactttatac
tacatctcagaggtactttataccacatctaagaggtactttatagaggtactttatacc
acatctaagaggtactttataccacatctaagaggtactttatactacatctcagaggta
ctttataaccacatctaagaggtactttatagaggtactttatactacatctcagaggta
ctttataccacatataagaggtactttatagaggtactttataccacatctaagaggtac
tttatactacatctaacaggtactttatacgacatctcagaggtactttatactacatct
cagaggtactttataccacatctcagaggtactttatactacatctcagaggtactttat
actacatctcagaggtactttataccacatctaagaggtactttataccacatctaagag
gtactttatactacatctcagaggtactttataccacatctaagaggtactttatagagg
tactttataccacatctaagaggtactttatactacatctcagaggtactttataccaca
tctaagaggtactttatactacatctaacaggtactttataccacatctaagaggtactt
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tataccacatctaagaggtactttataccacatctcagaggtactttatactacatctca
gaggtactttatactacatctcagaggtactttataccacatctcagaggtactttatac
cacatctaagaggtactttataccacatctaagaggtactttataccacatctcagaggt
actttatacgacatctcagaggtactttataccacatctcagaggtactttatactacat
ctcagaggtactttatactacatctcagaggtactttataccacatctaagaggtacttt
atagaggtactttataccacatctaagaggtactttatactacatctcagaggtacttta
taccacatctaagaggtactttatactacatctaacaggtactttataccacatctaaga
ggtactttataccacatctaagaggtactttataccacatctcagaggtactttatacta
catctcagaggtactttatactacatctcagaggtactttataccacatctcagaggtac
tttataccacatctaagaggtactttataccacatctaagaggtactttataccacatct
cagaggtactttataccacatctaagaggtactttatactacatctcagaggtactttat
accacatctcagaggtactttataccacatctcagaggtactttataccacatctaagag
gtactttataccacatctaagaggtactttataccacatctaacaggtactttataccac
atctaagaggtactttataccacatctcagaggtactttataccacatctaagaggtact
ttataccacatctcagaggtactttatactacatctaagaggtactttataccacatcta
agaggtactttatagaggtactttataccacatctaagaggtactttatactacatctca
gaggtactttatactacatctaacaggtactttataccacatctaagaggtactttatat
aggtactttataccacatctaagaggtactttataccacatctaagaggtactttatact
acatctcagaggtactttataccacatctaagaggtactttatagaggtactttatacca
catctaagaggtactttataccacatctaagaggtactttataccacatctcaagaggta
ctttataccacatctaagaggtactttataccacatctaagaggtactttataccacatc
tcagaggtactttatactacatctcagaggtactttataccacatctcagaggtacttta
taccacatctaagaggtactttatagaggtactttataccacatctaagaggtactttat
accacatctaagaggtactttataccacatctcagaggtactttataccacatctaagag
gtactttatagaggtactttataccacatctaagaggtactttataccacatctaagagg
tactttatactacatctcagaggtactttataccacatctaagaggtactttatagaggt
actttatactacatctcagaggtactttataccacatctaagaggtactttatagaggta
ctttataccacatctaagaggtactttatactacatctaacaggtactttatacgacatc
tcagaggtactttatactacatctcagaggtactttataccacatctcagaggtacttta
tactacatctcagaggtactttatactacatctcagaggtactttataccacatctaaga
ggtactttataccacatctaagaggtactttatactacatctcagaggtactttatacca
catctaagaggtactttatagaggtactttataccacatctaagaggtactttatactac
atctcagaggtactttataccacatctaagaggtactttatactacatctaacaggtact
ttataccacatctaagaggtactttataccacatctaagaggtactttataccacatctc
agaggtactttatactacatctcagaggtactttatactacatctcagaggtactttata
ccacatctcagaggtactttataccacatctaagaggtactttataccacatctaagagg
tactttataccacatctcagaggtactttatacgacatctcagaggtactttataccaca
tctcagaggtactttatactacatctcagaggtactttataccacatctcagaggtacat
atagtactttaaacagtactacatatcagaggtacatgtagtactttattcagtactcca
tatcagaggtacatatagtactttatacagtactacatctcagaggtacatatagtactt
tatacagtactacatctcagaggtactttatactacatctcagaggtacatgtagtactt
tatacagtactacattcatgtatttgttttaaatccatatgttgtgtatttTGAGA
CACGATGCTTCAACATGAcchgagaatctgaaagatataattcacttaattcacttcct
M L QO H D E
ctccagtattttcactctcatattcaacagtttcacactcatgtactctttcagatgtgt
gtgagaagagaatgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgagaagagaatgt
gtgtgtgtgtgtgtgagaagagaatgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtyg
agaagagaatgtgtgtgtgtgtgtgtgtgtgtgtgagaagagaatgtgtgtgtgtgtgtyg
tgtgtgtgtgtgtgtgtgtgtgtgtgtgtgtgagaagagaatgtgtgtgtgtgtgtgaga
agagaatgtgtgtgtgtgtgtgtgtgagaagagaatgtgtgtgtgtgtgtgtgtgtgtgt
gtgtgtgagaagagaatgtgtccgtcceccttcatctctccgtececcteccatcecectecatcete
atcatctctccatctcatcatctcteccgttttccatctcteccatcecttcatctectecgt
ctctccatccctccatctcatcatctctececgtctctceccatctcatcatcectecteccatctea
tcatctctccgtctctccatctecttcatctectececgtectectecatectectecgtetetecat
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ctcatcatctctccgtccctceccatcecctccatctcatcatecteteccatetcaccatectet
ccgtccctccatcecteccatctcatcatctecteccatcectcecatcatectectecgtetetecat
ctcatcatctctccatctcatcatctctcecgtctctccatctcatcatctcteccatectet
ccatcccttcatctctceccgtctctccatctcectececgtececcttecatectectectgteecctecat
ccctccatctcatcatctcectececgtececctecatececteccatcectcatcatctectecatcectea
tcatctctccgtttttccatctctccatcececcttcatctectecgtetectecatecectecat
ctcatcatctctccgtctctccatctcatcatctctccatctcatcatctcecteecgtetet
ccatctcatcatctctccgtctctccatctctccatcecttcatctectececgtectetecat
ctctccatcccttcatctctctgtceccteccatececctceccatcectcatcatctectecgtecct
ccatccctccatctcatcatctctccatcecccttcatctectecgtetectecatecteteecgt
cccttcatctctceccgtecccteccatececteca ap"‘CCGTCGTCACGGCGACACAGAAC
T v VvV T A T Q N
TGGTCCACGAGCGTGGGGAGGACGTTTCAGCGTTTCAACAGCGAAGAAGTCGTCACTCTG
w s T S vV G R T F Q R F N S E E VvV VvV T L
TGCGACTTCTCCCAGAAGGACGTGGTCCTGGCTGCAGGAGACCTGAAGCTGAAGGCCGTC
c b rF S 0 K DV VL A A G D L K L K A V
ATCCTGAAGGGAGGAAGCTGTGAGCGCAGAG&)accgcggaccgggcgagaagtacttca
I L K G G S C E R R V
ccgagtactttcagggtgtacctgtacttgtacttgtagatttgatactttgtacccggt
agtatacaaagtatctcaaattggctctaaatgtatgacctttaacatcaaaatactctc
atgtgaatctattagtcataacaacgtaaacatataatattctataataataaaacacag
tattacattaattgaagtacatttcactaatattactacttttactttactgtacatttt
gaatgcaggactggttgtgagaaacaataatgaaataatgaacttcccctctettettet
ccecegt GACCTTCCAACTGGCGAGGTACCTGAACTCCGGCGTCTCCCGTGGCGACG
T ¥F 0 L A R Y L N S G V S R G D G
GCCTGGTGGTGGTGCTGTCCGTCACCGGCAGCCGGCACATCTCCTGCTGCATGCAGGGGG
L v v v. S v T 6 S R H I s CcC C M QQ G G
GGCGGGCGCTGCTGGAGCTGGAaagctgctggaggctcctgatggggttatagtgc
R A L L E L E
attaaaatacaacgctgggactttaatagcatacatttatttatttttatctcgtaattyg
taacttttatctcttgattattatcgttaaacgaataattctgactttaatctcacaatt
ctttttttttacctaataattctgaagttttatcgaataattctaattctaatctaataa
ttataatgttcttctcatcattttgacctctgatataatactttatacttttccttgtaa
agtgtactttttagagtcagatttaactactaattttgaccttttatctaatatttccat
cttttatctcataatgttgacctttaatctaataatttagactttttatctcttaattca
tacttttatctcttaattattatcgtttaatgaataattcagactttaatctcataattc
ttttttttacctaataattctgacgttttatcgaataattctaatctaataattataatg
ttcttctcatcattttgacctctaatataatactttatacttttccttgtaaagttttta
gaatctgatttaactcctaattttgaccttttatctaatatttccatcttttatctcata
atgttgacctttaatctaataatgtagacttcttatctcataattcatacttatccttat
acattttacttgttatcatgaatctgaaacaactaatgtgtaatagttgactttaaatca
tgattaacttttaatatattattatttcgcccccectectttttgttttttactgttaaa
actctactttcattgtcgtggqC9GAATGCAGCAAACAAAAGCTGCAGAACATCAGCGAC
E C S K 9 K L 9 N I s D
CACGAGGACATGGACCGCTTCCTGTTCTTCAAGAGGACCGTGGGCTTCTCCCTGAACACC
H E D M D R F L ¥ F K R T V G F S L N T
TTCGAGTCCCTGAAGCACCCCGGATGGTTCATCAGCACCTCGGACCAGGACCAGGACGAG
F E S L K H P G W F I S T S D Q D Q D E
TCCATGGAGATGTGCAGGGTGGACGACGCACGCCGCCTCATCTCCTTCAAGATGATCTAA
s M E M C R V D DAU R R L I S F K M I *
AAACACACTTTAGTGCAGCTTGAAGGTTTCCATTATGATGCTGAGCTGTTCCCTGCCTCG
CCACCAGATGGCGCCGTTGTCTGTTAATGATGGAGCAAGAATCCATTAAAAATGTGTTGT
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9001 TGTTTTTTTTTACTCACTGATGTTTTCTCCTTTGAAAGAGAAAGTTGTAACAGGATATTC
9061 CTCAAAAAGTTTTTCGTTTATTATTCTGAATAAAGTTGTATTTTTAGAACCAGGCTTGAA
9121 AGTGTACTATACGTATAATTAACACAAATTTTATTGTGTTTTATTGTTATTTATTTTAGG
9181 TGTGTTTATGTAAGTATTTTGTGTTTCCACGAAGAATAAGAATGGCATGTTAATCCTTGT
9241 TTTTACAAATTATAGTTGTAACAAATTCTCACACCGATGCAAATTATGTTATAACTATTA
9301 AAATGACTCTCTAAAAAAA

Supplemental Figure 9
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Supplemental Table 1. Ct-values of RPS20 in selected tissues and leukocytes.

Sample Individual Replicate CT value

HKL (non-stimulated) 24.75
24.70
24.70
25.15
25.06
25.06
23.19
23.16
23.94
23.84
23.86
24.88
24.89
24.87
23.30
23.33
2333
26.71
26.86
26.75
26.50
26.54
26.32
26.50
26.64
26.40
25.19
25.40
25.36
25.50
25.73
25.75
26.16
26.19
26.12
26.83
27.01
26.98
26.95
27.09
26.99
26.42
26.44
26.38

HKL (stimulated with CpG)

Skin mucus

Head kidney

Brain
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