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Abstract: Viruses produce nucleic acids during their replication, either during genomic
replication or transcription. These nucleic acids are present in the cytoplasm or endosome of
an infected cell, or in the extracellular space to be sensed by neighboring cells during lytic
infections. Cells have mechanisms of sensing virus-generated nucleic acids; these nucleic
acids act as flags to the cell, indicating an infection requiring defense mechanisms. The viral
nucleic acids are called pathogen-associated molecular patterns (PAMPs) and the sensors
that bind them are called pattern recognition receptors (PRRs). This review article focuses
on the most recent findings regarding nucleic acids PRRs in fish, including: Toll-like
receptors (TLRs), RIG-I-like receptors (RLRs), cytoplasmic DNA sensors (CDSs) and class
A scavenger receptors (SR-As). It also discusses what is currently known of the downstream
signaling molecules for each PRR family and the resulting antiviral response, either type I
interferons (IFNs) or pro-inflammatory cytokine production. The review highlights what is
known but also defines what still requires elucidation in this economically important animal.
Understanding innate immune systems to virus infections will aid in the development of
better antiviral therapies and vaccines for the future.

Keywords: pattern recognition receptors; fish; nucleic acids; dSRNA; PAMPs; type I interferon;
inflammation; toll-like receptors; RIG-I; SR-A
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1. Introduction

Nucleic acids, both RNA and DNA, are potent inducers of the innate immune system in vertebrates.
Innate immunity is based on the detection of pathogen-associated molecular patterns (PAMPs) by
host-derived pattern recognition receptors (PRRs). Under homeostatic cell conditions, genomic DNA is
contained within the nucleus and single-stranded mRNA is transported between the nucleus and
cytoplasm for protein translation. During virus replication, foreign nucleic acids are produced in either
an atypical cellular compartment (ex. dSSRNA or DNA in the cytoplasm, nucleic acids in endosomes) or
with a unique sequence, length, or molecular modification that differentiate them from endogenous
nucleic acids [1]. Host PRRs, which activate signaling pathways to mount responses that protect the cell,
recognize these foreign nucleic acids (PAMPs). The three types of nucleic acids produced during virus
infections are: single-stranded (ss)RNA, double-stranded (ds)RNA, and DNA. Host ssRNA molecules
contain a 5' cap and 3' poly A tail to aid in stability and transport within the cell. ssSRNA molecules present
during virus replication, either as viral genomes or transcripts, contain guanosine- and uridine-rich
sequences [2] or 5' triphosphates [3] that label them as PAMPs. dsRNA molecules are produced by
virtually all viruses at some point during their replication cycle; they can originate from dsRNA virus
genome fragments, from ssSRNA virus replicative intermediates, or as byproducts of DNA virus bidirectional
convergent transcription [4]. The dsSRNA helix is structurally unique compared to dsDNA and it is this
structure, combined with a minimum length of 30 bp that most PRRs use to sense dsSRNA as a PAMP.
Healthy host cells do make dsSRNA molecules for the RNAi pathway, used to control gene expression
and cellular homeostasis; however, these molecules are under 30 bp in vertebrates to avoid PRR
detection and the IFN response [5]. Moreover, DNA is also detected by several PRRs. Genomic DNA
from DNA viruses can be released into the cytoplasm by proteasomal degradation of their capsid [6].
DNA can then be sensed by cytosolic DNA PRRs and can also be transcribed into RNA by RNA
polymerase III, which enables sensing by cytosolic RNA sensors as well [7]. These nucleic acid PRRs
trigger signaling cascades, which culminate in the induction of either type I interferon (IFN) or
inflammasome-mediated inflammatory responses. This review provides an in-depth look at the current
literature regarding the families of PRRs that sense viral nucleic acids within teleost fish cells, including
toll-like receptors (TLRs), RIG-I-like receptors (RLRs), cytosolic DNA sensors (CDSs), and class A
scavenger receptors (SR-As), while also discussing their downstream signaling pathways and roles in
the teleost antiviral response. A summary of the known nucleic acid PRRs in fish, their cellular location,
and downstream signaling pathways are summarized in Figure 1.

2. Pattern Recognition Receptors (PRRs)

This review will discuss the cellular PRRs by family, including: TLRs (endosomal and surface),
RLRs, CDSs and SR-As with their respective ligands, adaptor proteins, and downstream signaling
pathways discussed afterwards. Figure 2 schematically demonstrates the key domains vital for PAMP
recognition or downstream signaling activation for each PRR described within the present review and
Table 1 summarizes the current knowledge of PRR identification in key fish species.
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Figure 1. Fish nucleic acid PRR signaling pathways. The cell possesses a number of PRRs
capable of sensing nucleic acids (DNA, dsRNA, ssRNA), which can be found on the cell surface,
in endosomes, or the cytosol. On the cell surface, the fish-specific TLR22 can sense long
extracellular dSRNA molecules and recruit and activate the adaptor protein TICAM-1.
Surface SR-As bind nucleic acids (such as DNA and dsRNA) in the extracellular space and
transport these nucleic acids into endosomes. Endosomal nucleic acid PRRs include TLR3,
which recognizes dsRNA and recruits the adaptor protein TICAM-1. TLR7 and TLRS are
also located in the endosome, where they recognize ssSRNA and recruit the adaptor protein
MyDS8S8. Lastly, TLR9 and TLR21, located in the endosome, recognize DNA and, like TLR7,8,
recruit MyD88 for signaling. With respect to cytosolic nucleic acids, LGP2, RIG-1, and MDAS
(collectively referred to as RLRs) all recognize viral dsRNA in the cytosol and activate IPS-1
for downstream signaling. Endosomal dsSRNA can escape (through a yet unknown mechanism),
which may be recognized by cytosolic RLRs to activate the downstream signalling pathway
via IPS-1 (indicated by a dashed arrow). Cytosolic DNA, on other hand, is recognized by the
CDSs. In fish, DDX41 remains the only CDS described thus far. DDX41 activation leads to
the recruitment and activation of the adaptor protein STING and subsequent activation of
the kinase TBK 1. Whether additional CDSs exist is fish is an area of ongoing research. Once
the nucleic acid PRRs recognize their specific ligands, their associated adaptor proteins signal
through a series of intracellular kinases (not shown) to phosphorylate one, or a combination of,
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transcription factors (IRF3, 7, and NF-kB). Once activated, these transcription factors translocate
to the nucleus and bind to their corresponding regulatory domains to induce the expression of
type I IFN and pro-inflammatory cytokines, which together trigger antiviral functions within the
host. CDS = cytosolic DNA sensor; CpG DNA = cytosine-phosphate-guanosine deoxyribonucleic
acids (DNA); dsRNA = double-stranded ribonucleic acids (RNA); IFN = type I interferon;
IKK = IxB kinase; IPS-1 = IFN-[3 promoter stimulator 1; IRF = interferon regulatory factor;
LGP2 = laboratory of genetics and physiology 2; MDAS = melanoma differentiation-associated
gene 5; MyD88 = myeloid differentiation primary response protein 88; NF-kB = neural factor
kB; RIG-I = retinoic acid-inducible gene I; single-stranded RNA = ssRNA; STING = stimulator
of interferon genes; SR-A = class A scavenger receptor; TBKI = tank-binding kinase-1;
TICAM-1 = toll-like receptor adaptor molecule 1; TLR = toll-like receptor.
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Figure 2. Summary of structural domains found in fish nucleic acid sensors involved in
antiviral immunity. The key structural domains are labeled for each nucleic acid PRR family,
with the nucleic acid binding region indicated by lighter shading within the structure. The
ligands, binding domains, and cellular location for each PRR are listed in the table below.
* Depicted is the receptor structure, and associated domains, of SR-AI, a representative of
the SR-A group. Note that, in the case of SCARA4, a C-type lectin domain replaces the
SRCR domain, while SCARA3 contains neither. CARD = caspase activation and
recruitment domain; CTD = C-terminal domain; ECD = ectodomain; MDAS5 = melanoma
differentiation-associated gene 5; RIG-I = retinoic acid-inducible gene I; SRCR = scavenger
receptor cysteine rich domain; TIR = Toll/IL-1 receptor domain; TLRs = Toll-like receptors;
TM = transmembrane domain [2,8—10].
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Table 1. Currently validated nucleic acid sensing pattern recognition receptors (PRRs) in
model fish species. Eight model fish species are listed along the top row of the table; the
PRR families and specific PRRs are listed along the left column. The validation criteria
required the receptor to be amplified from tissue or a cell line at the transcript level at least,
unless otherwise noted, in a peer-reviewed journal; the article containing this evidence is
cited in the table. Sequences identified only through bioinformatic searches were not
included. A cross bar indicates that the PRR has not yet been identified in that particular fish
species. Abbreviations: Toll-like receptors (TLRs), RIG-I-like receptors (RLRs), Class A
scavenger receptors (SRAs), Cytosolic DNA sensors (CDS).

Pattern Atlantic Channel Japanese Large Yellow
Grass Carp Fugu Rainbow Trout  Zebrafish
Recognition Salmon Catfish Flounder Croaker
C. idella T. rubripes O. mykiss D. rerio
Receptor S. salar 1. punctatus P. olivaceus L. crocea
TLR3 Al . V28] o33 34 S S48 o531
TLR7 A2 20 el A3 A3 i Wl VA5
TLRS Wik 21 301 o331 360+ W& 491 o531
TLRs  TLR9 e e e e e v VA e
TLR13 vl VB
TLR21 Wi V23] el A3 JB61 VA5
TLR22 161 24 29 o331 o381 W 161 o531
RIG-I Vi V] w2 w4
RLRs  MDAS A VA VA2 ) VA VAT Vs
LGP2 el V32 A4 A5 V5]
SCARA3 g
SCARA4 w2 (e
SRAs
SCARAS w4
MARCO WA w7
CDS DDX41 vl

* Identified through transcriptome shotgun analysis, however was not identified in tissue study [29];

** Identified in genome through BAC analysis with probe analysis support.
2.1. Toll-Like Receptors (TLRs)

The toll-like receptors (TLRs) are a family of transmembrane proteins that consist of 19-25 tandem
copies of the leucine-rich repeat (LRR) motif [58]. The LRR domain is capped on the N- and C- terminals
by type-specific motifs [58]. TLRs can be divided into two broad categories: (i) those that recognize
microbial lipids, sugars, and proteins, and (i1) those that recognize nucleic acid derivatives of viral or
bacterial origin [59]. To date, 13 TLRs have been identified in mice, 10 TLRs in humans and 20 TLRs
in fish including: TLR1, 2, 3, 4, 5M (membrane bound), 5S (soluble), 7, 8, 9, 13, 14, 18, 19, 20, 21, 22,
23, 24, 25, and 26 [60]. Some TLRs, such as TLR6 and TLR10, have been identified in mammals but
do not appear to be present in fish. While these 20 TLRs have been identified in fish, the ligand specificities
for many TLRs in fish remain unclear. Based on experimental data, the nucleic acid specific TLRs in fish
appear to be: TLR3, which recognizes viral dSsSRNA intermediates, TLR7 and TLR&, which recognize ssRNA
and TLR9, which recognizes unmethylated CpG DNA from viral or bacterial pathogens [2,61]. The
ligand for TLR13 is thought to be 23S rRNA, but further research is required for clarification of this
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receptor’s ligand specificity [62]. The fish specific nucleic acid binding TLRs include: TLR21, which is
found in chicken and fish, but not mammals, and is believed to play a similar role as TLR9 in recognizing
unmethylated CpG DNA [63], and TLR22, which functions as a surface receptor for dSRNA [64]. What
follows is a description of the nucleic acid-specific TLRs in fish, with particular attention to their
mammalian counterparts in order to highlight the many similarities and differences between the two.

2.1.1. Endosomal TLRs

In mammals, all nucleic acid-sensing TLRs are endosomal, with the exception of TLR3, which has been
detected on the cell surface of some cell types [65—67], and are localized to the endoplasmic reticulum
prior to PAMP stimulation, after which they move to an endosome for activation [68]. Non-mammalian
PRRs, such as chicken TLR21, follow the same localization pattern [69] and TLR19 and 20 were found
intracellular in salmon cells [15]. While it is often assumed that fish PRRs are located in the same
compartments as their mammalian or avian counterparts, there is limited empirical verification of this
assumption. Studies using chloroquine, a compound that blocks endosomal acidification, suggest that
TLR3 and TLRY are endosomal in fish models [49,70]. There is contradictory evidence seen with fish
TLR7/8, as the effects of the TLR7/8 agonist R848 were inhibited by chloroquine treatment in Japanese
flounder (Paralichthys olivaceus) [71], but not in rainbow trout (Oncorhynchus mykiss) [49]. The
cellular location of other nucleic acid sensing TLRs has yet to be described in fish.

Endosomal TLRs can gain access to extracellular PAMPs, such as dsRNA, ssRNA, and DNA, when
they are brought into the cell through scavenger receptor binding and endocytosis; this will be discussed
more thoroughly in later sections of this review [72,73]. Autophagy is a process by which cells digest
proteins or organelles from their cytosol, but also enables them to deliver cytosolic PAMPs to their cognate
endosomal receptors [74]. Cytosolic PAMPs are sequestered into an autophagosome and are topologically
inverted to bring the PAMPs to the same side of the membrane as the receptor portion of the endosomal
TLRs [74].

2.1.1.1. TLR3

TLR3 is a dsRNA sensor found in mammals and fish and is activated by viral dsRNA or synthetic
dsRNA molecules, such as polyinosinic:polycytidylic acid (poly I:C). TLR3 activates the type I IFN and
inflammatory pathways via the adaptor molecule toll-like receptor adaptor molecule 1 (TICAM-1), and
subsequent activation of the transcription factors IRF3 and nuclear factor-kappa B (NF-xB) [75]. In fish,
TLR3 recognizes virus sequence-derived dsRNA and poly I:C [64,76]. TLR3 sequences have been
identified in many fish species, (Table 1). TLR3 transcripts have a broad tissue distribution in fish. For
instance, in Atlantic salmon (Salmo salar), TLR3 is found in the head kidney, liver, heart, gill, muscle,
gut, and spleen; in zebrafish TLR3 was found in the gill, spleen, kidney, heart, brain, and liver [11,77].
Poly I:C treatment or virus infection induces increased TLR3 expression in fish [42,76,78]. Overexpression
of TLR3 in Japanese flounder, followed by poly I:C treatment, resulted in an increase in pro-inflammatory
and IFN stimulated genes (ISGs) expression [34]. TLR3 knockdown in Japanese flounder resulted in a
decreased poly I:C-induced immune response and antiviral activity [79]. Thus, TLR3 mediates antiviral
activity in fish in response to dsRNA, similar to what is observed in mammals.
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2.1.1.2. TLR7/8

TLR7 and TLRS both belong to the TLR7 family and have similar roles in the innate immune response.
The ligand specificity of these receptors has some variation based on species; however, the ligand is typically
ssRNA [2,80]. Mouse TLR7, as well as human TLR7, and -8, have been shown to respond to ssRNA [80,81].
Murine TLRS8 does not respond to the human TLR7/8 agonist R848 or ssRNA and is therefore believed
to be nonfunctional, suggesting there are differences in the receptors between species [80,82]. Mice
deficient in (myeloid differentiation factor 88) Myd88 (a TLR adaptor molecule) or TLR7 no longer
respond to R848 [82]. While human TLR7 and TLRS both recognize similar ligands, TLR7-specific
agonists induce IFN-o and IFN-regulated chemokines, and TLR8-specific agonists induce pro-inflammatory
cytokines and chemokines [83].

TLR7 and TLR8 have been identified in fish and are present in many fish species (Table 1). TLR7
has a broad tissue distribution; Atlantic salmon TLR7 transcripts have been identified in the head kidney,
liver, gut, and spleen; with strongest expression seen in the spleen and head kidney [11]. Grass carp
TLRS8 was found in all tissues tested, this included immune tissues, such as spleen and head kidney [84].
In yellow croaker, TLR7 and TLRS8 were constitutively expressed in all tissues, with higher expression
seen in immune tissues [43].

Currently there is no evidence for direct binding of TLR7 or TLRS to their cognate ligands in fish
models [59]. When TLRS8 was knocked down in a grass carp cell line, down-regulation of IFN transcripts
and no change in expression of MyD88, IRF7, or Mx1 were observed; however, TLR8 knockdowns
were highly resistant to grass carp reovirus (GCRV) infection [84]. This may suggest TLRS is a negative
regulator of the antiviral response though more research is required to support this hypothesis [84].
Several single nucleotide polymorphisms (SNPs) were identified in grass carp TLR8 and two of the
SNPs exhibited a correlation with resistance/susceptibility in grass carp to GCRV, which supports the
role of TLRS in antiviral immunity, however it does not shed light on any potential positive or negative
regulations [21]. R848 is a specific TLR7/8 agonist, which, in Japanese flounder, caused inhibition of
viral replication, enhanced cell proliferation, and reduced apoptosis [71]. The effects of R848 were
blocked by treatment with chloroquine, which prevents endosomal acidification, suggesting that TLR7/8 in
fish require endosomal maturation to activate [71]. Inhibition of MyD88 activation impaired the proliferation
and anti-apoptosis effects of R848; when NF-kB was inactivated, these effects were significantly decreased.
These results suggest that the immune response from R848 in Japanese flounder is likely due to TLR7/8
signaling, which is MyD88 and NF-kB dependent [71]. In grass carp kidney cells, TLR7 transcripts were
induced by virus infection or poly I:C treatment, which is interesting as poly I:C is a dSRNA molecule [20].
Poly I:C also induced TLR7 and TLRS8 expression in yellow croaker and grass carp [43,84]. In mammals,
there is no evidence that poly I:C induces TLR7 or TLR8; however, poly I:C responses were not affected
by TLR7 knockout in mice [80]. While TLR7 and TLRS appear similar to their mammalian counterparts,
further research is needed to understand if there are differences in pathway activation between the receptors,
such as those seen in mammals, and to fully understand the role of TLRS in the antiviral response.
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2.1.1.3. TLR9

TLRY is a member of the TLR7 family that, in mammals, is required for recognition of unmethylated
CpG motifs in synthetic oligodeoxynucleotides (ODNSs), as well as bacterial and viral DNA [85]. Activated
TLRY signals through MyD88 and NF-kB to induce a pro-inflammatory response and expression of type I
IFNs [86]. In murine models, the length of CpG-DNA is related to immunostimulatory potential, and in
regards to ODNs, double-stranded ODNSs are only weakly stimulatory compared to their single-stranded
counterparts [87,88]. Macrophages have length-dependent mechanisms for the uptake of DNA and
longer ODNs were taken up more efficiently [87].

TLRO has been identified in many fish species (Table 1), and its expression profile in teleost species,
such as zebrafish, Atlantic salmon and rainbow trout, is relatively broad irrespective of tissue type and
developmental stage [60]. In unstimulated gilthead seabream (Sparus aurata), there were high levels of
TLRY transcript expression in gill, head kidney and spleen [89]. Injection of cobia (Rachycentron
canadum) with ODNs induced high levels of TLR9 expression and pro-inflammatory cytokines in the
spleen and liver [90]. In salmon, TLRY transcript expression was upregulated in head kidney leukocytes
after in vitro stimulation with CpG ODNs [14]. However, contrary to what was seen in cobia, when
Atlantic salmon were treated in vivo with CpG ODNSs, only a minor fold-change increase in TLR9 gene
expression was observed in the spleen and head kidney [91]. TLR9 has been identified in zebrafish and
upregulated in response to treatment with CpG ODNs [53,63].

In fish, the ligand specificity of TLR9 remains unclear [60]. In Atlantic salmon, plasmid DNA and
synthetic unmethylated CpG ODNs induced an immune response, but GpC ODNs and methylated CpG
motifs did not [92]. These results correspond with results in Japanese flounder cells where CpG motifs
had a stimulatory effect, but GpC motifs did not [37]. In Atlantic salmon, a pull-down approach determined
TLR9 could bind CpG ODNSs; however, results demonstrated that TLR9 could bind both CpG and GpC
ODN:ss similarly [60]. As in mammals, pH is important for TLR9 binding interactions in fish. In Atlantic
salmon, TLRY appeared to interact with synthetic ODNs through a pH-dependent, but CpG-independent
mechanism [93]. Thus, the ability of fish cells to respond to CpG motifs requires further elucidation as
contradictory evidence of TLR9’s binding abilities exist; the role of fish TLR9 in the antiviral response
is even less well understood.

2.1.1.4. TLRI13

TLRI13 is a recently identified endosomal PRR that is expressed in mice, but has not yet been identified
in humans [62]. TLR13 is a PRR that recognizes bacterial 23S rRNA with a CGGAAAGACC motif,
and is expressed in the spleen, dendritic cells, and macrophages [94]. In mice, TLR13 recognizes 13
residues within the V domain of 23S rRNA and appears to be unique among the nucleic acid sensors in
that its ligand binding is sequence-specific [62]. Initial work suggests that TLR13 induces IL-1f through
a MyD88-dependent pathway [62]. TLR13 does not however, exclusively sense bacterial PAMPs. In
response to vesicular stomatitis virus (VSV) infection, TLR13 activated a MyD88-dependent pathway,
resulting in the activation of NF-«kB and type I IFN through IRF7, and cells without TLR13 are highly
susceptible to VSV infection [95]. TLR13 has been identified in Atlantic salmon (Table 1) and channel
catfish via cDNA library or transcriptome analysis; although TLR13 was not identified in catfish tissue
samples as it was in Atlantic salmon tissues [29,30,96], specifically in the head kidney and spleen [11]. As
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this receptor has been recently identified, more studies will need to be completed to determine the ligand
specificity in fish and the molecules involved in TLR13 signaling.

2.1.1.5. TLR21

TLR21 is a non-mammalian PRR that binds CpG DNA and is found within the endosome in chickens [69].
TLR21 is present in a variety of fish species (Table 1). When TLR21 was knocked-down in chicken
cells, ODN mediated responses were reduced [69,97]. Likewise, when chicken TLR21 was overexpressed
in HEK-293 cells there was activation of NF-xB following CpG-ODN stimulation [69,97]. In fish, TLR21
is expressed mainly in organs related to the immune system, including the spleen [98]. The function of
TLR21 is not yet fully understood. Studies in chickens suggest that TLR21 has a similar function to
TLRO. Interestingly, chickens lack TLR9, while fish express both receptors [63,69]. In zebrafish, there is
evidence that both TLR9 and TLR21 respond to CpG-ODN. Using the PRR ectodomains, it was determined
that TLR9 had a broader sequence specificity range than TLR21, which had a preferred CpG motif [63].
TLR21 was identified in rock bream and was found to be expressed in immune tissues, and upregulated
in vivo in response to rock bream iridovirus [99]. Atlantic salmon TLR21 was down-regulated in response
to infectious salmon anemia virus infection [15]. TLR21 represents a uniquely non-mammalian PRR.

2.1.2. Surface TLRs

Some TLRs, such as TLR3, are expressed on the cell surface in some cell types [66]. However, it is
important to note that TLRs require maturation in an acidified endosome for ligand binding [100]. Thus,
nucleic acid-binding TLRs are considered endosomal PRRs, as this is where their ligand binding
capabilities exist. The exception to this rule appears to be the fish-specific receptor TLR22.

TLR22

TLR22 is a surface-expressed PRR involved in the recognition of dsRNA, and its expression is
exclusive to teleost fish [64]. TLR22 belongs to the TLR11 family, however it appears to function
similarly to TLR3, and signals through TICAM to induce IFN [64]. TLR22 is specific to fish and has
been found in many species (Table 1). In turbot, TLR22 was constitutively expressed in a broad range
of tissues, with higher transcript levels identified in kidney, head kidney, and spleen [101]. In gilthead
seabream, poly [:C treatment did not lead to upregulation of TLR22 in acidophilic granulocytes, but did
induce its expression in macrophages [102]. TLR22 expression was upregulated in the turbot gills, head
kidney, spleen, and muscle following treatment with poly I:C, lipopolysaccharide (LPS, a bacterial
PAMP), or turbot reddish body iridovirus infection [101]. Rohu (Labeo rohita) TLR22 was constitutively
expressed in all embryonic developmental stages and in all tissues. Interestingly, poly 1:C stimulation
only resulted in significant TLR22 upregulation in the liver [103]. Fugu TLR22 expressed in human
cells exhibited a dose-dependent increase in IFN-f activity following poly I:C treatment [64]. The length
of the dsSRNA molecule appears to affect TLR22-mediated antiviral responses, as IFN-f activity was
greatest with dSRNA molecules of 1000 bp in length [64]. More data is needed to confirm the ligand
specificity of TLR22 in fish species as its expression was induced by both bacterial and viral PAMPs
(and by both nucleic acids and lipoglycans).
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2.1.3. Downstream Signaling: MyD88 and TICAM-1

Once the TLRs are activated, adaptor proteins are recruited to their cytosolic tails [77]. These adaptor
proteins include MyD88 and TICAM-1 (also known as TIR-domain-containing adapter-inducing
interferon-p, TRIF); simply put, MyD88 and TICAM-1 mediate the inflammatory and type I IFN
responses within the cell. MyD88 sequences have been identified in fish species including: Atlantic
salmon [13], grass carp [104], Japanese flounder [105], large yellow croaker [106], rainbow trout [107],
and zebrafish [108]. MyD88-expression was induced in peripheral blood leukocytes of Japanese flounder
following stimulation with poly I:C [105]. MyD88-binding to an activated PRR leads to activation of
the mitogen-activated protein kinase (MAPK) signaling cascade, NF-kB activation and translocation
followed by expression of pro-inflammatory cytokines [76]. Some of the important signaling proteins of
the MyD88-activated signaling pathways include IRAK-4, a protein kinase, and TRAF6, an E3 ubiquitin
protein ligase [76,109]. IRAK-4 and TRAF6 have been cloned in zebrafish. Overexpression of IRAK-4
or TRAF6 resulted in stimulation of NF-xB in zebrafish cells and TRAF6 transcript levels increased
following infection with snakehead rhabdovirus [76]. When orange-spotted grouper IRAK-4 was
over-expressed in human HEK-293 cells in conjunction with MyD88, there was significant impairment
of NF-«xB activity [110]. This suggests that IRAK-4 may have a different role in signal transduction in
fish compared to its mammalian counterparts, possibly because grouper IRAK-4 lacks IRAK-2 interaction
sites and has one altered autophosphorylation site [110]. In Indian major carp, MyD88 and TRAF6 were
found in a broad range of tissues [111]. In addition to the NF-kB mediated inflammatory response,
MyD88 has also been shown to interact with the type I IFN pathway associated transcription factors,
interferon regulatory factor (IRF)-3 and -7. Interestingly, a synergistic effect on IFN promoter activity
was observed between MyD88 and IRF-3 while MyD88 and IRF-7 associates resulted in attenuated
promoter activity [112].

While the majority of TLRs signal through MyD88, TLR3 and TLR22 signal through TICAM-1. TICAM
has been identified in multiple species including channel catfish [113], fugu [64], and zebrafish [114].
TICAM-1 in zebrafish localizes to the Golgi apparatus, this has not been observed in other fish or mammalian
models [114]. TICAM-1 is able to activate the NF-«kB response promoter in zebrafish [114] and activates
the IRF3- and IRF7-mediated pathways [115]. Zebrafish TICAM-1 lacks N-terminal and C-terminal
proline-rich domains found in the mammalian protein [114]. Fugu TLR3 and TLR22 induce type [ IFN
through interactions with TICAM-1; poly I:C stimulation causes TLR3 and TLR22 to recruit TICAM-1 [64].
While fish TICAM-1 does appear to have similarities to its mammalian counterpart such as its activation
of specific signaling pathways and IFN production; however, there are structural differences between
the two [116].

2.2. RIG-I-Like Receptors (RLRs)

The retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs) are a family of DExD/H RNA helicases
that sense PAMPs within the cytoplasm [115]. RIG-I and melanoma differentiation-associated protein 5
(MDAYS), as well as Laboratory of Genetics and Physiology 2 (LGP2) are the three members of the family,
and are involved in the recognition of dSRNA molecules. LGP2 lacks a functional caspase-recruitment domain
(CARD), and therefore may not be directly involved in downstream signaling [117].
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2.2.1. RIG-I and MDA5S

RIG-1 and MDAS are both dsRNA activated receptors; RIG-I also recognizes ssRNA with 5'
triphosphorylated or 5' disphosphorylated ends and polyuridine sequences [3,118,119]. RIG-I exists in
an inactive state in a resting cell, folded on itself. Upon ligand binding to the helicase and C-terminal
domain (CTD), the protein opens to expose its CARD domains, which bind its adaptor protein, IFN
promoter stimulator (IPS-1). Activated IPS-1 initiates IFN-mediated signaling pathways via IRF3/7 [2].
RLRs can also play a role in the pro-inflammatory pathway; MDAS and RIG-I are critical for inducing
pro-inflammatory cytokines in addition to type I IFN production [120,121].

A variety of fish have RIG-I1 and MDAS (Table 1). Zebrafish express RIG-Ib, a typical RIG-I, and
RIG-Ia, an insertion variant [122]. RIG-I knockdown in the zebrafish cell line, ZF4, resulted in lower
activity of group II type I IFNs and down-regulation of the inflammatory response in nervous necrosis
virus (NNV)-infected cells [123]. In ZF4 cells, RIG-Ia and RIG-Ib were upregulated in response to
spring viremia of carp virus (SVCV) infection [122]. Overexpression of zebrafish RIG-I in epithelioma
papulosum cyprini (EPC) cells resulted in significant type I IFN promoter activity and enhanced Mx and
IRF7 expression [122]. EPC cells expressing RIG-Ib produced lower virus yields compared to RIG-Ia
or control cells, suggesting the insert variant is more effective at inducing an antiviral state even though
RIG-Ib was more effective at inducing IFN promoter activity [122]. Zebrafish RIG-Ia and RIG-Ib
represent the first identified RIG-I variants in vertebrates [122]. RIG-I1 and MDAS transcripts were
upregulated during snakehead fish vesiculovirus (SFV) infection in ZF4 cells [124]. Activation of
crucian carp viperin (an ISG) promoter by intracellular poly I:C is mediated by an RLR-triggered IFN
pathway [125], suggesting the RIG-I pathway signals similarly in fish as in mammals.

MDAS is homologous to RIG-I and exhibits the same domain structure; however, MDAS preferentially
binds longer lengths of dsSRNA (>1000 bp) and RIG-I preferentially binds shorter dsRNA (<1000 bp) [126].
It is not fully understood why there is a difference in their binding of different lengths, however one
hypothesis suggests that long poly I:C molecules are able to bind to RIG-I, but they induce a conformation
change that makes RIG-I unable to participate in downstream signaling [127]. In mammals, MDAS induces
IFN and ISG transcript expression via the IPS-1 and IRF3/7 pathway, similar to that of RIG-I [128,129].
Similar pathways appear to be present in fish as well. In Japanese flounder, in vitro knockdown of MDAS
in flounder gill cells and in vivo knockdown followed by spleen analysis exhibited reduced poly I:C-mediated
immune responses and antiviral activity [79]. MDAS from green chromide (Etroplus suratensis) was
ubiquitously expressed in unstimulated fish; the highest expression was seen in the muscle; however,
there was also high expression in the spleen, head kidney, and hindgut [130]. Poly I:C injection resulted
in upregulation of MDAS in tissues, there was significant upregulation in the spleen, liver, kidney,
intestine, heart and gill over 48 h [130]. Two splice variants of MDAS are found in zebrafish, MDAS5a
and MDASb, and both transcripts were upregulated in fish cell lines following infection with SVCV [131].
Overexpression of MDA5a and MDASb in EPC cells resulted in significant induction of type I IFN-promoter
activity and enabled protection of transfected EPC cells against virus infection [131]. When MDAS5b
was co-transfected with MDASa or IPS-1 there was higher IFN-promoter activity compared to the
control and MDASD alone [131]. Although fish have two variants of RIG-1 and MDAJS, they appear to
participate in the innate immune pathways in a similar manner to their mammalian homologs.
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2.2.2. LGP2

LGP2 is the third member of the RLR family. LGP2 plays an interesting role in the dsSRNA-mediated
pathway, as it interacts with dsSRNA but has no N-terminal CARD domain, suggesting that it is not
directly involved with downstream signaling [132]. Initial evidence suggested that LGP2 was a negative
regulator of RIG-I and MDAS, but more recent data shows that LGP2 facilitates IFN production in
response to RNA viruses [132]. In mammals, LGP2 assists MDAS5-RNA interactions [133]. LGP27~
mice exhibited resistance to VSV, but displayed defective type I IFN production when infected with
encephalomyocarditis virus (ECMV) [134]. Overall, the role of LGP2 in the innate antiviral response is
still unclear in mammals, as well as in fish, as it has both inhibitory and stimulatory effects depending
on the stimulus.

LGP2 has also been identified in many different fish (Table 1). Following viral challenge, LGP2
enhanced MDAS and IPS-1 expression, and the antiviral immune response, though it impaired the
expression of RIG-I in grass carp kidney cells [135]. Overexpression of LGP2 inhibited grass carp
reovirus (GCR) replication and protected the cells from viral infection. Following poly I:C stimulation,
LGP2 induced RIG-I transcripts and inhibited MDAS transcripts [135]. In the common carp, LGP2
showed widespread expression and transcript levels increased after infection with koi herpes virus
(KHV) or poly I:C treatment [ 136]. Two isoforms of LGP2 have been identified in zebrafish and rainbow
trout [51,124]. In rainbow trout, overexpression of only one variant resulted in enhanced protection against
viral infection [51]. SFV infection in ZF4 cells upregulated the isoform LGP2a protein and transcripts, but
did not affect LGP2b expression [124]. While LGP2 appears to play a role in the RLR-mediated immune
pathway in fish, its role in the pathway remains to be elucidated.

2.2.3. Downstream Signaling: IPS-1

In mammals, MDAS and RIG-I both induce IFN production through the mitochondrial adaptor IPS-1
(also known as MAVS, VISA or CARDIF) [3]. This pathway appears to be conserved in fish as well.
The adaptor protein IPS-1 was cloned from green chromide, constitutively expressed in many tissues as
well as being upregulated in response to poly I:C injection [130]. Atlantic salmon IPS-1 was shown to
mediate the activation of both the NF-xB and IFN-al promoters [137]. Overexpression of IPS-1 in
Japanese flounder resulted in a protective antiviral state; overexpression specifically led to IRF3 and
ISGs expression [138]. Stimulation with poly I:C or virus infection resulted in enhanced IPS-1 expression in
grass carp [ 104]. This was not seen in crucian carp, where IPS-1 was found to be constitutively expressed
and was not induced by poly I:C or IFN; however, blocking IPS-1 inhibited the response to poly I:C or
IFN [139]. Taken together, these results suggest that in crucian carp IPS-1 mediates the IFN-mediated
response downstream of poly I:C and RIG-I and upstream of IRF3/7, similar to what is observed in
mammals [139]. IPS-1 overexpression in EPC cells resulted in increased expression of IFN and ISGs,
downstream of RIG-I [139]. Two IPS-1 alleles are found in zebrafish, and both variants activate the IFN
promoter [55]. There is evidence of a cooperative effect between IPS-1 and RIG-I or MDAS within
zebrafish [55]. The presence of IPS-1 in many fish models and its similarities to mammalian IPS-1
suggest a conserved pathway of IFN expression.
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2.2.4. Downstream Signaling: IRF3/7

The IFN regulatory factors (IRFs) are a group of transcription factors possessing an N-terminal
helix-turn-helix DNA binding motif [140,141]. In mammals, the homologs IRF3 and IRF7 are regulators
of type I IFN expression [141]. Members of both the TLR and RLR families signal through IRF7- or
IRF3-mediated pathways in fish [115]. IRF3 and IRF7 have been identified in rainbow trout and contain
a DNA-binding domain; both IRF3 and IRF7 were upregulated in response to poly I:C as well as
recombinant type I and type II IFN [128]. Crucian carp (Carassius carassius) IFN treatment leads to
IRF3 phosphorylation and nuclear translocation. Additionally, fish IRF3 functions as an ISG, in addition
to an IFN transcription factor, which is not the case for mammalian IRF3 [142]. Overexpression of
crucian carp IRF3 activates production of IFN, which in turn triggers ISG transcription; transfection of
cells with a carp dominant negative IRF3 abolishes poly I:C induction of ISGs [142].

2.3. Cytosolic DNA Sensors (CDSs)

While the immunostimulatory effects of DNA have long been recognized, it is only in the past several
years that the role of DNA sensing in innate immunity has come to light. In mammals, the recognition
of endosomal DNA is accomplished by TLRY, whereas recognition of cytosolic DNA appears to involve
several intracellular receptors, collectively referred to as cytosolic DNA sensors (CDSs). These receptors
include: DNA-dependent activator of IFN-regulatory factors (DAI) [143], absent in melanoma 2
(AIM2) [144-146], RIG-I via RNA polymerase III (RNA pol III) [7,147], leucine-rich repeat (in Flightless I)
interacting protein-1 (Lrrfipl) [148], DExD/H-box helicases DDX41, DHX9, and DHX36 [149,150],
cyclic GMP-AMP synthetase (cGAS) [151], and IFI16 (also known as p204) [6,152,153]. Some CDSs
mediate an IFN-dependent pathway. DAI recognizes cytosolic dSDNA directly and induces type I IFN
expression [143,153]. RNA pol III is able to transcribe viral DNA into a 5' triphosphate RNA intermediate,
which is capable of inducing type I IFNs via RIG-1 [7,147]. DExD/H-box helicases, such as DHX9 and
DHX36, bind directly to CpG-DNA and, like TLRY, interact with MyD88 in a TLR9-independent
manner [148]. Using a human monocytic cell line with limited basal IF116 expression (THP-1), Zhang
etal. (2011) [149] found constitutively expressed DDX41 to be the initial sensor of cytoplasmic DNA,
which subsequently activates IFN and IF116 to amplify the innate antiviral response. cGAS, a c-GAMP
synthase, is capable of binding cytosolic DNA and inducing IFN [150]. Lrrfip1 is a unique CDS in that
it recognizes both dsRNA and dsDNA and induces IFN expression without directly regulating the IFN
transcription factors, instead, using Lrrfip1-targeting siRNA [148]. Other CDSs, described as the AIM2-like
receptors (ALRs), mediate a pro-inflammatory response. These include AIM2 and IFI16, which induce
maturation of IL-1b through inflammasome formation (discussed below) [151,154].

Of all of the aforementioned CDSs, only DDX41 has been identified in teleost fish [41]. A recent
study by Quynh et al. 2015 [41] identified DDX41 as a CDS in Japanese flounder (Paralichthys olivaceus).
The DDX41-encoding gene was identified as an ancestral cytoplasmic viral DNA sensor that exhibits
antiviral function similar to that in mammals. Japanese flounder DDX41 is expressed in a variety of
tissues (heart, kidney, liver, stomach), and is induced by ranavirus (a DNA virus) infection. Moreover,
Quynh et al. (2015) also demonstrated that the Japanese flounder DDX41 functions primarily in
monocytes [41], consistent with previous findings in mammals [149]. Lastly, Japanese flounder DDX41
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was shown to induce the expression of antiviral (IFN, Mx) and inflammatory (IL-6, IL-1b) cytokines
following stimulation with C-di-GMP (dinucleotides) [41]. Taken together, these results suggest that the
Japanese flounder CDS, DDX41, induces IFN-mediated antiviral and inflammatory responses, similar
to mammals. To the authors’ knowledge, no other CDSs have been identified in teleost fish. Thus, whether
these newly described DNA sensors are present in the fish cytosol, and function similarly to their mammalian
counterparts, is the subject of ongoing research.

Downstream Signaling: STING

For the numerous CDSs that have been described, signaling is mediated by a number of adaptor
molecules, which transmit signals to NF-kB and members of the IRF family to induce inflammatory
and antiviral responses, respectively. DDX41 induces type I IFN production by signaling through the
endoplasmic reticulum (ER)-associated stimulator of IFN genes (STING) protein (also called MITA,
mediator of IRF3 activation; ERID, endoplasmic reticulum IFN stimulator; and MPYS, N-terminal
methionine-proline-tyrosine-serine protein) [155]. STING is regarded as the key adaptor protein for
cytosolic DNA sensing (reviewed in [156]). Previous studies have shown that STING overexpression
enhances type I IFN and ISG expression, whereas STING deficiency inhibits the innate antiviral response,
causing increased susceptibility to both RNA and DNA viruses [157-161]. Moreover, STING has been
shown to directly bind self and foreign DNA to stimulate downstream signaling characterized by the
activation of antiviral and inflammatory genes, including type I IFN [162]. In this sense, STING may
itself be considered a novel CDS. While CDSs themselves have not been well characterized in teleost
fish, STING orthologs have been identified in goldfish (Carassius auratus), zebrafish, and fathead
minnow (Pimephales promelas), and found to function analogously to mammalian STING in the
induction of IFN and ISGs and protection against RNA and DNA viruses [155,163]. As well, both groups
reported that STING was a key component of the RIG-I pathway of cytosolic RNA recognition in these
fish. Downstream of their respective adaptor proteins, the DNA sensing pathways converge on the
activation of IKK kinases, which go on to phosphorylate and activate IRFs (reviewed in [164]). STING
has been shown to interact with the IKK kinase, TANK-binding kinase 1 (TBK1), which phosphorylates
and activates IRF3 to induce IFN. As such, TBK1 is recognized as the central kinase for DNA recognition.
With respect to teleost fish, TBK1 transcripts have been identified in zebrafish [165], crucian carp [163],
Atlantic cod [166], and common carp [167]. It was shown that crucian carp TBK1 enhances type I IFN
promoter activity in an IRF3- and IRF7-dependent manner [163]. This evidence suggests that fish
possess a functional conserved STING-TBK1-IRF3-IFN pathway, capable of inducing type I IFNs in
response to cytosolic nucleic acids.

2.4. Class A Scavenger Receptors (SRAs)

Scavenger receptors are cell surface receptors that were originally defined by their ability to bind and
internalize modified low-density lipoproteins (mLDLs) [168], which play a major role in the development
of atherosclerosis. For this reason, research has largely focused on their involvement in the development
of vascular disease. Scavenger receptors are now recognized as a diverse group of PRRs that sense a
variety of polyanionic ligands other than mLDLs, including dSRNA [169]. SR-As are type Il membrane
glycoproteins and consist of SR-AI/II/II, MARCO, SCARA3, SCARA4, and SCARAS. All members
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contain cytoplasmic, transmembrane, o-helical, and collagenous domains, though they differ in the
lengths of their a-helical and collagenous domains, and in the composition of their C-terminal domains [8].
SR-AI, MARCO and SCARAS also possess a terminal Scavenger Receptor Cysteine Rich (SRCR)
domain, SCARA4 possesses a C-type lectin domain and SCARA3 terminates at the collagenous domain [8].
All 5 SR-A members form homotrimers, which are stabilized by a-helical coiled-coil motifs and by their
collagenous regions [170]. In SR-AI, the collagenous region mediates ligand binding and therefore
pathogen recognition [171], whereas the SRCR domain mediates this function in MARCO [172]. With
the C-type lectin domain of the collectins [173] and the leucine-rich repeat of the TLRs [174], the SRCR
domain is one of the most ancient pattern recognition domains associated with innate immunity. Although
it is found in many proteins and highly conserved across various deuterosome species [175], no full SR-As
have been identified in non-vertebrate genomes, indicating that the modern SR-A structure arose after the
divergence of vertebrates from other species [8].

The role of SR-As in antiviral innate immunity is highlighted by their ability to bind the synthetic
dsRNA poly I:C [176] and DNA [73]. SR-As have been shown to cooperate with TLRs to initiate cytokine
secretion after nucleic acid recognition. MARCO also cooperates with TLRs as it has been shown to
deliver CpG-DNA to endosomal TLR9 [73]. SR-As have been proposed to bind and internalize extracellular
dsRNA through clathrin-mediated endocytosis [ 169]. Once within the endosome, dsSRNA can be detected
by TLR3, and by escaping the endosome via an unknown mechanism, can also be detected by RIG-I and
MDA-5, which initiate TICAM- and IPS-1-dependent antiviral responses, respectively.

More research is required to elucidate SR-A function, specifically in nucleic acid binding and
signaling in mammals. Even less is known in fish, though research to date does indicate that fish SR-A
sequence, structure, and function share many similarities with mammalian SR-As [52]. Several SR-A
sequences and homologs have been identified in fish, but more functional studies are needed to characterize
their expression and function in different fish cells and tissues. /n silico analysis has shown that SCARAS
is conserved in fish, SCARA3 is conserved specifically in Ostariophysian and Salmonidae fish species
and SCARA4 is conserved in these genomes as well as in the Acanthopterygii fishes [8]. MARCO,
SCARA3, and SCARAS5 have been identified in large yellow croaker and their expression was
upregulated in vivo following bacterial infection [47]. A SCARA4 homolog has been cloned in zebrafish,
in which it binds both mLDLs and bacteria, and is involved in vasculogenesis [56]; a SCARA4 fragment
has also been identified in rainbow trout [52,177]. A SCARAS homolog has been cloned in puffer fish,
and is able to bind LPS and negatively affect the pro-inflammatory response [178]. To date, no SR-AI/II/IIT
sequences have been identified in fish [8]. Functionally, the same competitive ligands used to define SR-A
function in mammals have been used to define function in fish, such as fucoidan, DxSO4 and
formaldehyde-treated albumin (FSA) [52]. Based on functional studies, SR-As have been shown to bind
ligands in Atlantic cod scavenger endothelial cells [179], catfish nonspecific cytotoxic cells [180], and
rainbow trout kidney macrophages [181].

Downstream Signaling

While current research proposes that SR-As function predominantly as carriers to deliver dsSRNA to
TLR3, RIG-I and MDA-5, there is a possibility that SR-As are capable of initiating an antiviral response
independent of TLRs and RLRs [169]. It has been shown that SR-A ligand binding causes tyrosine
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phosphorylation of phospholipase C-yl (PLC-y1) and phosphatidylinositol 3-kinase (PI 3-kinase) and
activates signaling pathways involving protein kinase C (PKC), heterotrimeric Ggo) proteins,
mitogen-activated protein kinases (MAPKSs), caspases and cytokine secretion [182—185]. However, fucoidan
and lipoteichoic acid-mediated signaling pathways still occur in macrophages from mice lacking SR-A [186],
suggesting that SR-As’ major function is to control ligand uptake and degradation rather than
intracellular signaling [187]. Currently there is no evidence for SR-A signaling mechanisms in fish.

2.5. The Type I Interferon Response

Type I IFNs are autocrine and paracrine cytokines that inhibit viral replication and infection by
inducing an “antiviral state” through the production of IFN-stimulated genes (ISGs) [188]. In mammals,
the key antiviral IFN subtypes are IFN-a and IFN-f. In teleost fish, type I IFNs are referred to as group
I and group II type I IFNs, depending on their cysteine composition [189]. Secreted IFNs signal through
type I IFN receptors (IFNAR); these receptors are ubiquitously expressed cell surface receptors and, in
mammals are heterodimeric, comprised of two subunits, IFNARI and IFNAR2 [188,190,191]. In
mammals, [IFN bound to IFNAR activates the Janus tyrosine kinases JAK1 and TYK2, which phosphorylate
transcription factors, signal transducers and activators of transcription (STAT)l and STAT2 [188].
The activated STATs form a heterodimer and recruit IFN-regulatory factor 9 (IRF9) to produce a
STATI-STAT2-IRF9 complex called ISGF3 [188,190]. This complex translocates into the nucleus and
activates ISGs through binding to the IFN-sensitive response element (ISRE) within the promoter region
of various ISGs [188].

dsRNA is a potent inducer of type I IFN in fish. Rohu type I IFN is sensitive to poly I:C induction [192].
When Japanese flounder cells, overexpressing MDAS, RIG-I, or IRF3, were treated with poly I:C there
was an increase in type I IFN production [193]. Rock bream IFN was found to be induced by poly I:C
or an iridovirus infection [194]. In grass carp, IRF7 was shown to bind to the promoter sequence of grass
carp IFN and IRF7 acted as a positive regulator for the transcription of IFN1, supporting evidence that
IRF7 regulates IFN production in fish; grass carp IFN was also upregulated by poly I:C treatment [195].
In addition to exogenous PRR ligand treatments, virus infections also induce IFNs in fish, as observed
in mammals. Viruses have many evasion strategies to block IFN production to inhibit the innate immune
response from being mounted against them. For example, SVCV induced high levels of type I IFN
expression, while the Cyprinid herpesvirus 3 (CyHV-3) infections did not induce any response in the
common carp brain (CCB) cells [196]. This suggests that CyHV-3 has an effective mechanism for blocking
IFN production in these cells. Activation of type I IFN by poly I:C in CCB cells during CyHV-3 infection
resulted in reduction of virus titer and spread of virus; so while the virus may have anti-IFN functions,
it was still susceptible to the antiviral state induced by IFN [196].

Type I IFN stimulates the production of a series of genes referred to as ISGs. ISGs are a diverse group of
proteins that block virus infection and replication through a varied set of complementary strategies [188].
Many fish ISGs are homologous to mammalian ISGs and display similar antiviral activities, these include
Mxs and ISG15. Mx proteins are dynamin-related members of a GTPase family that have been identified
in a broad variety of species, including mammals and teleost fish [197]. In mammals, Mx proteins inhibit
virus replication through interaction with nucelocapsid-type structures and exhibit significant antiviral
activity against many different viruses including VSV and the influenza virus [197-200]. Mx1 protein in
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Atlantic salmon inhibited the replication of infectious pancreatic necrosis virus (IPNV) and Mx in
Japanese flounder inhibited fish rhabdoviruses [201,202]. ISG15 is an ubiquitin-like protein and attaches
to target proteins through a C-terminal Gly-Gly motif [203]. ISG15 has been shown to have antiviral
activity in orange-spotted grouper [204], zebrafish [205], and crucian carp [206]. GIGs (Grass carp
hemorrhagic virus-induced genes) are fish specific ISGs originally identified in crucian carp [205]. GIGs
have since been identified in zebrafish [207] and grass carp [208]. GIGs are still relatively understudied,
compared to other ISG families, but represent an interesting difference between mammalian and fish
immune systems.

2.6. The Inflammatory Response

In addition to the type I IFN response, viral nucleic acid PRRs induce an inflammatory response by
atwo steps process: (1) increasing expression of IL-1 and (2) triggering inflammasome formation to cleave
IL-1 into its active forms, IL-1a and IL-1B. Activation of the transcription factor NF-kB by PRR-mediated
signaling pathways induces IL-1 gene expression [209]. A second signal, mediated by PRRs such as AIM2
binding of dsDNA directly, triggers formation of an inflammasome and subsequent IL-1 cleavage [144,145].
In mammalian cells, the inflammasome is required for the activation of inflammatory caspases, namely
caspase-1 (also called interleukin converting enzyme, ICE), which mediates processing of IL-1, a necessary
prerequisite for their secretion and function [210].

While many of the features of the inflammasome and IL-1 biology have been characterized in mammals,
much remains to be discovered regarding these mechanisms in fish. In mammals, there are multiple
expansions of the IL-1 gene family including IL-1a, IL-1f, IL-1 receptor antagonist (IL-1RA) and at
least six others [211]; however to date, only two IL-1 gene family members have fish homologues: IL-1f
and its relative IL-18 [212], while fish may express a novel IL-1 receptor antagonist, nIL-1F [213].
Owing to the presence of an IL-1 family signature [214], as well as overall greater homology with IL-1J3,
IL-1 genes in fish are typically regarded as IL-1b orthologs. IL-1p has been identified in a host of teleost
fish species including cyprinids [215], salmonids [216,217], perciformes [218-222], gadiformes [223],
and anguilliformes [224]. A few studies have even indicated the presence of multiple IL-1B genes in
rainbow trout [225], common carp [226], salmon [227], and catfish [228]. With respect to processing,
evidence suggests that, like mammals, fish IL-1B is synthesized as an inactive pro-peptide that is
subsequently cleaved for bioactivity [229,230]. However, the mechanism of IL-1f processing and maturation
in fish is currently under debate. As mentioned, mammalian prolL-1p (IL-1) is cleaved by caspase-1 as
part of an inflammasome complex to yield mature IL-f. However, with minor exceptions, all nonmammalian
IL-1 genes described thus far lack the conserved mammalian caspase-1 cleavage site [214].

With respect to function, it appears that IL-1 behaves the same in teleost and mammalian immunity.
As seen in mammals, fish IL-1 is upregulated in response to infection and various pro-inflammatory
stimuli [214,231,232]. As well, fish IL-1B has an immunostimulatory effect similar to that of
mammals [233-235]. It appears that, like mammals, fish IL-1 requires proteolytic cleavage for maturation
into a biologically activated form [229,230,236-238].
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3. Future Directions

While a lot has been elucidated regarding nucleic acid sensing in fish, much still remains to be understood.
Many studies rely heavily on observing PRR induction, or measuring expression levels, following
stimulation with candidate ligands. However, functional studies would help to further elucidate the
complex interactions and highlight any differences that may exist between fish and their mammalian
counterparts. The presence of contradictory reports regarding ligand specificity between fish species
necessitates further investigation. For instance, the ability of fish cells to respond to CpG motifs is ambiguous,
although this may partially be due to a poor understanding of TLRO biology in general [60]. Also, novel
teleost PRRs require further investigation as they are newly described, and thus poorly understood.
Specifically, the ligand specificity and signaling mechanism for TLR13, TLR21, and TLR22 is poorly
characterized in fish and requires further investigation in order to unravel the mysteries behind these
novel PRRs. As outlined in Table 1, further work is required to identify PRRs from every nucleic acid
sensing PRR family in fish; however, it is clear that CDSs are dramatically under studied in fish
compared to mammals. Clearly fish are able to sense DNA and mount an antiviral response; however,
what sensors are involved in these pathways need to be identified. Lastly, given that nucleic acid sensing
uses a suite of PRRs with multiple family members, tissue and cell type specific expression needs to be
investigated to fully understand how different cell types work together to sense and mount an antiviral
response. While much progress has been made with respect to teleost nucleic acid sensing, much remains
to be discovered in order to fully understand the antiviral response in the economically important animals.

4. Conclusions

The ability of fish cells to recognize and respond to nucleic acids from a variety of pathogens has
been known for some time. Representative members of each nucleic acid PRR family, TLRs, RLRs, SR-As,
and CDSs, have been described in fish, and have been shown to function similarly to their mammalian
counterparts (Figure 1). This indicates an evolutionarily conserved system, demonstrating their importance
in innate immunity. All of the TLRs, RLRs, and SR-As (with the exception of SR-AI/II/III) identified
in mammals have been described in fish; however, only one CDS family member has been identified in
fish. Fish also possess unique nucleic acid-sensing PRRs, such as TLR21 and TLR22, which are not
expressed in mammals. While many of the downstream responses, including type I IFN induction and
inflammatory cytokine production and release, parallel those seen in mammals, ligand binding specificities
appear to vary. This may reflect differences in aquatic vs. terrestrial pathogens [64] or changes that have
occurred during vertebrate evolution. Regardless, further research is required to elucidate the exact
ligands for each of these fish PRRs. Despite differences between teleost and mammalian nucleic acid
sensing, there is much resemblance, indicating an evolutionarily conserved system that is essential for
pathogen detection and clearance.
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