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Toll-like receptors (TLRs) are pattern-recognition receprs that detect a wide

variety of microbial pathogens for the initiation of host dense immunological
responses. Thirteen TLRs have been identied in mammals, ah teleosts contain

22 mammalian or non-mammalian TLRs. Of these, TLR9 and TLR2kre the

cytosine-phosphate-guanosine-oligodeoxynucleotidesGpG-ODNSs) recognition TLRs in
teleosts. TLR9 is a mammalian TLR expressed in teleost but maon the avian species.
TLR21 is a non-mammalian TLR expressed in both teleost and & avian species.
Synthetic CpG-ODNs are potent immunostimulants that are bieg studied for their
application against tumors, allergies, and infectious deases, and as a vaccine adjuvant
in humans. The immunostimulatory effects of CpG-ODNs as vaine adjuvants and
their antimicrobial function in domestic animals and telesis are also being investigated.
Most of our current knowledge about the molecular basis forhe immunostimulatory
activity of CpG-ODNs comes from earlier studies of the intaction between CpG-ODN

and TLR9. More recent studies indicate that in addition to TR9, TLR21 is another
receptor for CpG-ODN recognition in teleosts to initiate iTune responses. Whether
these two receptors have differential functions in mediatg the immunostimulatory
activity of CpG-ODN in teleost has not been well-studied. Neertheless, the existence
of two recognition TLRs suggests that the molecular basis fothe immunostimulatory
activity of CpG-ODN in teleosts is different and more complethan in mammals. This
article reviews the current knowledge of TLR9 and TLR21 aefétion by CpG-ODNSs.

The key points that need to be considered for CpG-ODNs as immuoostimulants with

maximum effectiveness in activation of immune responses ieleosts are discussed. This
includes the structure/activity relationship of CpG-ODN etivities for TLR9 and TLR21,
the structure/functional relationship of these two TLRs, iad differential expression levels
and tissue distributions for these two TLRs.
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INTRODUCTION the TLR recruits TRIF to activate NKB, AP-1, and interferon
response factors (IRFs). Activation of MB and AP-1 is
Toll was originally identied in Drosophilaas a type | mediated by TRAF6 and receptor-interacting protein (RIP),
transmembrane receptor involved in embryo development, an@ind IRF3/7 activation involves a TBK1-IKHKKi complex
it plays an important role in innate immune responses t0(33-35). These transcription factors are key regulators of the
microbial infection in the adult y (-3). Thirteen toll-ike  expression of adhesion and co-stimulatory molecules and the
receptors (TLRs), TLR1 to TLR13 were subsequently identi e@roduction of various in ammatory cytokines required for
across all mammalian species, and humans contain ten of themtiggering of innate immune responses. This subsequently
TLR1 to TLR10 4-12). Human TLRs are well-investigated. leads to the activation of adaptive immune responses
These receptors can be divided into three subfamilies and plgges-39).
an essential role in innate immunity by recognizing a wide The immunostimulatory properties of microbial DNA were
variety of pathogen-associated molecular patterns (PAMBS) fr  rst discovered in a DNA fraction of bacillus Calmette—
microbes ©-12). Phylogenetically, TLR1, TLR2, TLR6, andGuerin (39, 40). Additional studies have revealed that the
TLR10 are most closely related. TLR2 recognizes a broad rang@mune stimulatory activity is present only when the DNA
of microbial components, including lipoproteins, peptidoglycan contains unmethylated CpG deoxynucleotidés ¢2). Synthetic
lipoteichoic acids, lipoarabinomannan, and zymosd$9. phosphorothioate-modied CpG-ODNs mimic the functions
TLR2 and TLR6 form a complex that is more specic toof microbial CpG-deoxynucleotides containing DNA (CpG-
triacyl lipopeptides; whereas, a heterodimer composed of TLR3NA). In mammals, CpG-ODNs induce a wide variety of
and TLR1 selectively recognizes triacyl lipopeptid28-2). immune responses. Antigen presentation is promoted in
Ligand recognition of TLR10 has not been well-investigatedjendritic cells because of the increased antigen processidg
however, a recent paper showed that this TLR is a recept@jpregulated expression of costimulatory molecules. Prodnctio
for double-stranded RNA (dsRNAYQ). TLR4 is closely related of in ammatory cytokines from dendritic cells, monocytes,
to TLRS, with the former being responsible for recognizingand macrophages are increased. B-lymphocytes are activated,
lipopolysaccharides on the outer membrane of gram-negativssulting in an increased proliferation and immunoglobu(in)
bacteria and the latter recognizing agellin, whichis a qmnent  secretion. Natural killer (NK) cells are activated to prodifen-
of bacterial agella 24, 25. TLR3, TLR7, TLR8, and TLR9 g. T-lymphocytes are also a ected, resulting in initiation of T-
comprise a TLR subfamily. These TLRs recognize nucleic aciflelper (Th)1 responses. Moreover, the generation of cytofbxic
derived microbial PAMPs. TLR3 is activated by dsRNA generateimphocytes is increased$-45).
during viral replication in infected 08”526) TLR7 and TLR8 By in vivo studies with gene knockout mice and vitro
recognize single-stranded (ss)RNA from virusgs ¢8). TLRO  studies with cell-based TLR9 activation assay, TLR9 was
is a receptor for microbial unmethylated cytosine-phosphateidenti ed to be the cellular receptor for CpG-ODN2, 30,
guanosine (CpG) DNAZ9, 30). 46). In mammals, TLR9 is mainly expressed in dendritic cells,
TLRs contain an extracellular domain (ectodomain)monocytes/macrophages, and B cells-49). Activation of
comprising multiple leucine-rich repeats (LLRs), a cysteineT| . R9 by CpG-ODN results in several immunological e ects,
rich motif followed by a transmembrane region, and a highlyincluding activation of dendritic cells, monocytes, macrogés,
conserved cytoplasmic toll/interleukin (IL)-1 receptor R)  and NK cells leading to antigen presentation and the produrctio
domain. The TLR ectodomain is the location of ligand binding of cytokines. In addition, induction of TLR9 activates B cells
while the cytoplasmic TIR domain provides a key site forand increases B-cell proliferation. TLR9 activation upregsat
intracellular signaling §1, 32). Upon activation by ligand Th1 polarized cytokine productions. Cytokines including TNF-
ligation, TLR monomers become dimerized. Their cytosoli, |-6, IL-12, interferons, and chemokines promote T cell
domains subsequently recruit adaptor proteins from theactivation. These immunologic responses resulted by TLR9
myeloid di erentiation primary response 88 (MyD88) family. activation replicate thén vivo function of CpG-ODNSs further
These include MyD88, TIR-domain-containing adapter-con rmed that TLR9 is the major cellular receptor for CpG-ODN
inducing interferonb (TRIF)/TIR domain-containing adapter jn mammals ¢5, 50).
molecule 1 (TICAM1), TIR domain-containing adapter protein  Because of these immunostimulatory activities, CpG-ODNs
(TIRAP)/MyD88 adapter-like (Mal), toll/interleukin-1 repgor  are being investigated for their properties against tumors,
protein (TIRP)/toll-like receptor adaptor molecule (TRAM), allergies, and infectious diseases for humasg. (In the last
and SRAM; thereby, initiating downstream signaling pathwaysuarter of 2017, CpG-ODN was approved for the rst time
(3D). All TLRs, except for TLR3, signal via a MyD88-dependentor application in humans. Heplisav-B, a hepatitis B vaccine
pathway. TLR3 and TLR4 utilize a TRIF-dependent pathwagontaining CpG-ODN as an adjuvant, was approved by the
for signaling. In the MyD88-dependent pathway, a MyD88/IL-United States Food and Drug Administration. Two doses of
1R-associated kinase 1 (IRAK1)/IRAK4/TNFR-associatetbfa the new vaccine were satisfactory for immunization compared
6 (TRAF6) complex activates transforming growth factorwith three doses of the current hepatitis B vaccines that @iont
beta-activated kinase 1 (TAK1), which in turn promotes thealuminum hydroxide as an adjuvant{, 52). In addition to
activation of several transcription factors, including tac their application in humans, CpG-ODNSs are being investigated
kappa-light-chain-enhancer of activated B cells (g} and for their adjuvant and antimicrobial activities in other spes,
activator protein 1 (AP-1). In the TRIF-dependent pathway,including domestic animals and teleosts3(56). These studies
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reveal the potential usages of CpG-ODNs in human healthyith the former (/7). Among non-mammalian TLRs, teleost
agriculture, and aquaculture. TLR19 and TLR22 recognize dsRNAS{83). The recognition
of dsRNAs by TLR19 results in the activation of IFN and NF-
kB pathways and the protection of cells from infection by the

TLR9 AND TLR21 MEDIATE THE grass carp reovirusf). TLR22 recognizes dsRNAs to induce IFN
IMMUNOSTIMULATORY ACTIVITY OF production and protect cells from birnaviruse&d. In addition, a
CPG-ODN recent study showed thatin sh, TLR22 functions as an eqealiz

forin ammation through the selective suppression of XB-and

Other than the mammalian TLRs, several non-mammalian TLR#e activation of the MAPK pathwayst).
have also been identi ed in other vertebrate lineages 69). The immunologic eects of CpG-ODNs have been
For example, ten TLRs have been identi ed in avian genomegvestigated in numerous teleost species. In these telenstd)
Analysis of genomic DNA of two distantly related avian spgcie as in mammalian and avian species, CpG-ODNs upregulate
chicken and zebra nch, have identied: TLR1La, TLR1Lb,the activation of macrophages, induce the proliferation of
TLR2a, TLR2b, TLR3, TLR4, TLR5, TLR7, TLR15, and TLR2lkeukocytes, stimulate cytokine expression, and protectnagai
The avian TLR1La, TLR1Lb, TLR2a, TLR2b, TLR3, TLR4, TLRbBacterial, viral, and parasitic infections. Thus, CpG-ODNs
and TLR7 are orthologs to the TLR found in mammals. Thehave been studied for their application as antimicrobial agent
TLR1La and TLR1Lb result from duplication of TLR1-like genesand vaccine adjuvants in teleosts3( 55. There is interest
and TLR2a and TLR2b result from the duplication of TLR2 gene the ligand recognition and functional properties of TLR9
in avian evolution £9-63). Mammalian TLR7 and TLR8 have and TLR21 in teleosts since these two TLRs have been shown
higher homology to each other than other TLRs, which couldo be the cellular receptors for CpG-ODN in mammals and
be due to a duplication of the same gene in some evolutionarghickens, respectively. TLR9 and TLR21 from zebraBhr(io
duplication event §. The avian genome contains TLR7 butrerio) were comparatively investigated®d]. Direct evidence
does not contain TLR8. The mammalian TLR9 and TLR10 arto demonstrate that these two TLRs are the functional cellular
also missing from the avian genomes. TLR15 and TLR21 founegceptors for CpG-ODN came from an experiment with cell-
in the avian genome do not exist in genomes of mammaliabased activation assay in which the overexpression of both
species. TLR15 is phylogenetically related to the TLR2 famiiebra sh (zeb)TLR9 and zebTLR21 in HEK293 cells conferred
and appears to be unique to the avian species. In contrast, tleellular responses to CpG-ODN stimulatio&d). ZebTLR9 and
avian TLR21 could be an ortholog to teleost and amphibiarzebTLR21 have dierent recognition pro les for CpG-ODNs
TLR21 67-59). Interestingly, the avian species do not containwith di erent nucleotide sequences. ZebTLR9 broadly recogsi
TLR9; however, like their actions in mammalian species, CpG=pG-ODN sequences that have higher activity for human cells
ODNSs also activate marked immune responses and providend sequences that contain higher activity for mouse cells. In
protection from microbial infections in chicken$(), 55 64-67).  contrast, zebTLR21 prefers the CpG-ODNs that have higher
Further studies have revealed that chicken TLR21 is a fumatio activity for human cells &6). The biological functions of these
homolog to mammalian TLR9 in terms of responding to CpG-two TLRs were investigated further in that study. CpG-ODNs
ODN stimulation (68, 69). The chicken TLR21 conferred cellular that activate both zebTLR9 and zebTLR21 are more potent than
responses to CpG-ODN stimulation when it was over-expresseathers in the activation of cytokine productions in zebra sh
in human embryonic kidney (HEK) 293 cells. Knockdown of thisand are more e ective in protecting teleosts from the lethal
receptor by shRNA signi cantly reduced the CpG-ODN-inducede ects of bacterial infectiond6). These suggest that TLR9 and
production of IL-1, IL-6, and iINOS from chicken DH11 cells TLR21 cooperatively mediate the immunostimulatory e ect of
(68,69). CpG-ODN in zebra sh. Beside these, the functions of TLR9 and

In teleosts, at least 22 dierent TLRs have been identi ed,TLR21 in other teleosts have not yet comparatively invesajat
including both mammalian (TLR1-TLR4, TLR5M, TLR5S,
and TLR7-TLR9) and non-mammalian TLRs (TLR13, TLR14
TLR18-TLR28). In addition, orthologs of the mammalian STRUCTURAL FEATURES FOR THE
signaling molecules and transcription factors for TLR fiaos IMMUNOSTIMULATORY PROPERTIES OF
have been identi ed 7, 58 70-76). These TLRs are divided CPG-ODN
into six major subfamilies: TLR1, TLR3, TLR4, TLR5, TLR7, and
TLR11 67, 58). Natural CpG-DNA in microbial genomes contains a

The structure and ligand recognition properties of sh phosphodiester backbone that is quickly degraded by nudease
TLR1-3, 5, and 7-9 are similar to those of their mammaliarin vivo. Thus, the phosphorothioate backbone was developed
counterparts. TLR2, a member of the TLR1 family, recognize® create synthetic CpG-ODNs by replacing oxygen with
peptidoglycan, lipoteichoic acid, and lipopeptides. TLR3 detectwulfur in the phosphate group of the nucleic acid to make
dsRNAs. TLR5 recognizes bacterial agellin. Teleost TLRs them more resistant to nucleases489). Other than this, the
and 8 respond to dsRNA, as well as to ssRNA, which isnmunostimulatory activity of CpG-ODN is also dependent
also recognized by mammalian TLR7 and TLRH,(59. In  on its nucleotide sequence and structure, and it may involve
contrast to mammalian TLR4, sh TLR4 does not recognizedi erent strengths of activity in di erent species, known as
lipopolysaccharides (LPSs) despite its structural conservat “species-speci c activity.” 90-92). Most of our knowledge
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about the structure-dependent activity and species-speci GTCGTT-hexamer motif in 22 nucleotides; however, CpG-2007
activity of CpG-ODNs come from studies of the interactionis more potent in activating human cells than CpG-1826
between CpG-ODNs and mammalian TLRQ9( 30, 46, 90-  (46,90-92 97). In addition, the nucleotide length of CpG-ODN
92). Because previous studies used human and mouse cqlleys a signi cant role in determining its immunostimulatpr
which have TLR9 only, in addition the mammalian TLR9 wasactivity. In rabbit cells, CpG-C46 and CpG-C4609, which each
identi ed for investigation earlier than the non-mammatia contain 12 nucleotides and have a GACGTT- and AACGTT-
TLR21 was. hexamer motif, respectively, generate stronger immune
Based on their structural features, CpG-ODNs are dividedesponses than CpG-1826 and CpG-20@4).(
mainly into four classes. Class A (also known as type D) CpG-
ODNs contain a central phosphodiester palindromic region

with one or more CpG-motifs in the palindrome and consist SEQUENCE OF CPG-ODN FOR TLR9 AND
of poly (G) sequences with a phosphorothioate backbon§|_.R21 ACTIVATION IN TELEOSTS
attached to the $and ¥ ends. Class B (type K) CpG-ODNs
contain a phosphorothiolate backbone throughout the entireSeveral CpG-ODNs have been investigated in teleosts far thei
sequence with several CpG-motifs. Class C CpG-ODNs contaimmunostimulatory activity and antimicrobial functions.hEre
phosphorothioate backbone with one or two CpG-motifs andare well-written reviews for these properties of CpG-ODN in
a palindromic sequence at the® @nd. The CpG-ODNs of earlier works §3, 55). Table 2 summarizes the more recent
class P contain two palindromic sequences with phosphodiestarork. Most of the CpG-ODNs used in these studies are class
cytosines in the palindrome9(Q, 93-96). Table 1 shows the B. Like in mammals, CpG-ODN nucleotide length determines
structures for the four classes of CpG-ODN. Di erent classkes ats immunostimulatory activity in teleosts. In Atlantic sabn
CpG-ODNs have di erent immunostimulatory e ects. Class A (Salmo salg; CpG-ODNs that are 16-17 nucleotides long
CpG-ODNs stimulate the production of large amounts of IFN-show less immunostimulatory e ects that those that are 20—
a and induce the maturation of plasmacytoid dendritic cells22 nucleotides long. CpG-ODNs shorter than 13 nucleotides
(pDCs) but have little e ect on B-cell activation. Class B CpG-ose their immunostimulatory properties. In addition, CpG-
ODNSs strongly induce B-cell proliferation, pDC and monocyteODNs that are more than 30 nucleotides long have rarely
maturation, NK cell activation, and cytokine production. @ been investigated for their immunologic activity in teleos
also stimulate the production of IFN; but to a lesser extent (53, 55, 120).
than class A CpG-ODNSs. The extent of the capability of class C Compared to what is known about the critical role of CpG-
CpG-ODN:ss to induce B-cell proliferation and IFEproduction  hexamer motif in the activity of CpG-ODN in mammalian
is between that of class A and B CpG-ODNSs. The immunologicadpecies, a conclusion has not been reached on what type of
activities of class P CpG-ODNs are characterized by thein higCpG-hexamer motif is best for generating a strong immune
capability for inducing IFNa production and NFKB activation. response in teleosts. CpG-1668, which contains one copy of
Nearly all CpG-ODNs investigated in clinical trials have ee the GACGTT-hexamer motif in 20 nucleotides, is reported
class B CpG-ODNs9Q, 93-96). to have immunostimulatory activity, adjuvant e ects, and
Another of the major structural features of CpG-ODNSs is theyantimicrobial properties in di erent teleosts, including rock
include one or more copies of CpG-deoxynucleotide containingpream (Oplegnathus fasciafysolive ounder (Paralichthys
hexamer (CpG-hexamer) motifs. The immunostimulatoryolivaceuf orange-spotted groupeEpinephelus coioide#\sian
activity of these CpG-ODNs depends on the number, positionsea bassL@tes calcarif¢y and Pacic red snapperLytjanus
spacing, and surrounding bases of these CpG-hexamer motifserd (106-104 115. Moreover, when fed to Atlantic salmon
Their species-speci ¢ activity is determined by the nucléeti (Salmo salg; CpG1668 induced the expression of cytokines,
context of these CpG-hexamer motifSG-92). For example, such as IL-b and IL-12, to protect this teleost sh from
CpG-1826, which contains two copies of the GACGTT-hexameinfection by sea licel{epeophtheirus salmopisvhich are the
motif in 20 nucleotides, is more e ective in activating muein most important ectoparasites that a ect the farming of Atlanti
cells than CpG-2007, which contains three copies of thealmon (0§ 107). When administered to rock bream, CpG-
1668 activates stronger protective e ects against viralctidge
than other CpG-ODNs with GTCGT T-hexamer or with the same
GACGTT-hexamer motif but with di erent nucleotide lengths
(100. CpG-2006 and CpG2007, which contain three copies of the
GTCGTT-hexamer motifs in 24 and 22 nucleotides, respegtjvel
Class Name Sequence have been shown to induce immune responses in yellowtall
(Seriola quinqueradiaja olive ounder, large yellow croaker
(Larimichthys crocgagrass carpGtenopharyngodon ide)laNile
tilapia (Oreochromis niloticjsand Atlantic salmon 108 109
CpG-2395  SAT"CG T+ CIG T TT*T'CIGHGICHGHCHGHCHGHCr G’ 112 113 116 127). In olive ounder, CpG-2007 has better
CpG-21798 STCLITCENCCEATCCCCGCECECCC'E  brotection againsEdwardsiella tardanfection than CpG-1668
Hyphens indicate phosphodiester and asterisks stand for phosphorothioate bonds. & (112. In grass carp, CpG-1670A, which contains three copies of
color shows CpG-hexamer and underlining indicates palindromic segence. the AACGTT-hexamer motif in 25 nucleotides, displays a greate

TABLE 1 | Structural features of CpG-oligodeoxynucleotides (ODNsh each of
the four major classes.

CpG-2336 50 G*G*G'G-A-C-G-A-C-G-T-C-G-T-G-G*G*G*G*G*G 3°
CpG-2007 59 T*CHG T*CHGHT*T*GAT*C* G T*T* TG T*C*G* T30

T 0O W >
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TABLE 2 | Summary of CpG oligonucleotides used in teleost.

CpG-ODN Sequence (5 0> 3(5 Action Fish

2722 GTTGTCGTTTTTTGTCGTT Induce NEB activation and cytokine expressions via TLR2190) Grouper

2727 GTTGTCGTTTTTTGTGCTT Induce NEB activation and cytokine expressions via TLR2190) Grouper

1668 TCCATGACGTTCCTGATGCT Activate innate and adaptive inune responses, and offer protection from Rock bream
bream iridovirus infection {00, 101)
Used as an adjuvant for vaccines against V. harveyi infectiq102) Grouper
Activate innate immune response and upregulate TLR9 and Igivhediated Paci c red snapper
immune response (03)
Increase protection against P. dicentrarchi infectionl(Q4) Oliver ounder
Stimulate upregulation of TLR9, IL-1and chemokine CCLQ5) Cobia
Decrease sea lice infection in CpG-1668 fed group via indui@@n of in ammatory Atlantic salmon
gene expression (06, 107)

2006 TCGTCGTTTTGTCGTTTTGTCGTT Induce IgM and antimicrobpeptide gene expression {08) Yellowtail
Stimulate IL-1 and IL-6 production and NFkB activation in head kidney cells Yellow croaker
(109)
Elicit better protection against E. tarda through activatin of both TLR9 and Zebra sh
TLR21 86)
Stimulate upregulation of IgM, TLR9, IL-1 and chemokine CCL(5) Cobia
Promote IgM secretion and upregulation of cd83, cd40, ifnal ad ifnb (110) Atlantic salmon
Induce MAPK-activated protein kinase 2 activation in phagoges (111) Atlantic salmon

2007 TCGTCGTTGTCGTTTTGTCGTT Increase survival rates follog challenge with E. tarda {12) Olive ounder
Activate IL-1, IL-6 production and NFKB activation in head kidney cells{09) Yellow croaker
Induce protective effect against S. iniae infectionL(L3) Nile tilapia
Elicit better protection against E. tarda through activadin of both TLR9 and Zebra sh
TLR21 86)

2395 TCGTCGTTTTCGGCGCGCGCCG Induce expression of antiitdx gene in spleen and liver{05) Cobia
Upregulation of TLR21 expressioni(14) Turbot

1013 CTCACTATCGTTCTTGATT Increase WBC counts, peroxidasetivity and oxidative radicals in head kidney, Asia sea bass
upregulate immune-related genes and enhance protection agnst S. iniae
infection (L15)

1670A TCGAACGTTTTAACGTTTTAACGTT Induce protective antitiresponses against grass carp reovirusl(L6) Grass carp

1826 TCCATGACGTTCCTGACGTT Activate IL-1, IL-6 production dNF-kB activation in head kidney cells{09) Yellow croaker

C7 GGCGCGCGTCGCGCGCTA Inhibite viral replication, promof®oliferation of leukocytes, and enhance Olive ounder
activation of head kidney phagocytes{17)

205 GATCGCGTGCGTGCGTCTAT Induce macrophage activation,ukocyte proliferation and protect against lethal Turbot
E. tarda challenge {18)

D ACCGATAACGTTGCCAACGTTGGT Upregulate leucocyte gene ergsions including TNFa, IL-1, TLR9, Gilthead seabream

IRF-1, Mx, MHClla, IgMy and CSF-1R (.19)

capacity to protect teleosts against viral infection than Ci888 yellow croakers109. The optimized sequence for CpG-ODN
and CpG-2006116. to strongly activateTLR9s or TLR21s from other teleosts has no
The ability of teleost TLR9 and TLR21 to uniquely distinguishbeen investigated. Given the large diversity in teleostispec
di erent types of CpG-hexamer motifs in teleosts may accounthere is not expected to be a universal CpG-ODN sequence
for the di erent CpG-ODN sequences that have been reportedor strong activation of TLR9 or TLR21 from di erent teleost
to participate in the induction of immune responses in di erent species. This means that the interaction of CpG-ODN with TLR9
teleost species. The zebTLR9 has been shown to broadly TLR21 from dierent teleost species must be investigated
recognize dierent CpG-hexamer motifs; however, it moreindividually to generate conclusions about how to design a
strongly recognizes CpG-ODN with the GACGTT- or AACGTT- sequence for CpG-ODN with a strong immunostimulatory
hexamer motif than CpG-ODN with the GTCGTT-hexamer activity in the teleost species.
motif. In contrast, zebTLR21 responds more to CpG-ODN with

the GTCGTT-hexamer motif. Further study suggests that CpG-
ODNs with an optimized sequence for activating these thzUNCTlONAL ACTIVITY OF TELEOST TLR9

TLRs can generate the strongest immunostimulatory activitf\ND TLR21 IN RESPONSE TO CPG-ODN

in this species §6). CpG-ODNs with the GTCGTT-hexamer STIMULATION: SUGGESTIONS MADE BY

motif, such as the CpG-2722 and CpG-2727, have strong e ectHEIR STRUCTURE

on the TLR21 group like that required for the activation of

zebTLR21; in contrast, CpG-1826 with the GACGT T-hexameplong with the requirement of an optimized nucleotide seqcen
motif does not activate this TLR9§). CpG-2006, CpG-2007, for CpG-ODN to strongly activate TLR9 and TLR21, whether
and CpG-1826 are reportedly able to activate TLR21 in largepG-ODN can generate a strong immune response in a teleost
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species is also determined by the intrinsic functional dtgtiof ~ suggests that there are more similar functional activitieshe
TLR9 and TLR21 in that teleost. Furthermore, although bothmore closely related teleost TLR9s.
TLR9 and TLR21 in zebra sh are active in response to CoG-ODN In contrast, although TLR21 is functionally related to
stimulation 86), it is still unclear whether both are functional TLR9 in response to CpG-ODN stimulation, TLR21 is more
in other teleost species. Nevertheless, some suggestinrizeca phylogenetically related to members of the TLR11 subfamily and
made from the protein sequences analysis of these two TLRs fraisian ortholog closer to the TLR13 subfamiiy?2@ 130. Analysis
di erent teleost species and the study of the structure/fumeal  of chicken TLR21 revealed that it does not have an unde ned
activity relationship of mammalian TLR8. region, as in TLRY. In addition, a study of TLR21 proteins from
In mammals, TLR7, TLR8, and TLR9 are phylogeneticallgi erent species shows that these TLR21s are highly homologous
closely related and are a subfamily of TLRs§). These three (130. The same is true for teleost TLR21s FAgure 2illustrates,
TLRs have an ectodomain in a horseshoe-like shape that censisinde ned regions are not found in teleost TLR21s whether
of 25 copies of LRRs and a unique unde ned region (also callethe TLR21s are closely related or distantly related to each
a Z-loop) between LRR14 and LRR152% 123, as shown other; therefore, the highly-diversi ed ectodomains of R@s
in Figures 1A,B for the ectodomains of TLR9s. This unique from di erent teleost are not observed in teleost TLR21s. In
unde ned region plays an important role in ligand activatiof o general, the teleost TLR9s contain more than 1,000 amino acid
members of this TLR subfamilyL24-126). Previous studies have residues, and the teleost TLR21s havg,000. A lack of the
shown that TLR8s from several non-rodent species, includingnde ned region in these teleost TLR21s is the main reason why
cat, horse, sheep, and bovine, are activated by their agonisteleost TLR9s contain more amino acid residues than TLR21s
whereas, TLR8s from the mouse and rat, two rodent specie@;igures 1G 2C). The more conserved ectodomains of teleost
do not respond to ligand stimulation1@?. Another study TLR21s suggest a more stable functional activity of TLR21s
revealed that rabbit TLR8 (also a rodent TLR8) has very littlevithin di erent teleost species. Nevertheless, these stiggss
activity after ligand stimulation compared to that of humansmade by structural analyses of the teleost TLR9s and TLR21s are
(129. Inspection of the ectodomains of these TLR8s revealsaiting for con rmation by experimental investigation.
that the lengths of amino acid residues within the unde ned

regions varies between TLR8s from the non-rodent group and
those from the rodent group. Compared to non-rodent TLR8sEXPRESSION AND TISSUE DISTRIBUTION
the unde ned regions of mouse and rat TLR8s are shorteQF TLR9 AND TLR21 IN TELEOSTS
by ve amino acid residues; whereas, the unde ned region of
rabbit TLR8 is longer by 34 amino acid residues. Although theén addition to their functional activity, the di erential egression
structural base is still unclear, it has been suggestedhibdésser levels and tissue distributions of TLR9 and TLR21 are likely to
functional activity of these rodent TLR8s is a result of thea@d be another level of determinant of CpG-ODN e cacy in teleosts.
lengths of their unde ned regions1@7 12§. Distinct from  The expression pro le of TLR9 has been investigated in several
TLR8, non-functional TLR7 and TLR9 have not been reportedli erent species of teleost and has been shown to be broadly
in mammalian species. Consistently, the length of the unéeln expressed in di erent tissue types and development staljehs-(
regions in mammalian TLR7s and TLR9s are more conservet3). In gilthead sea breanBparus aurath the expression levels
than that in the TLR8s127,128). of TLR9 transcripts are detected in the gill, head kidney, and
Like mammalian TLR9s, teleost TLR9s also contain aspleen {19. In channel cat sh, TLR9 is expressed in the skin,
unde ned region in their ectodomain, which results in an gill, head kidney, and spleea 5. In addition, TLR9 expression
extruded loop in the horseshoe-shaped ectodomain of theds inducible by responding to dierent stimuli and microbial
TLRs Figures 1A,B. Interestingly, there are large variations infections (L05 135. For example, TLR9 is broadly expressed
in the length of unde ned regions in teleost TLR9s. Thein larval, juvenile, and adult stages of cobiRathycentron
regions in teleost TLR9s are longer than in mammalian TLR9sanadun) in all analyzed tissues, including the gill, intestine,
(Figure 1B). Moreover, the length of these unde ned regionshead kidney, liver, skin, and spleen. Cobia challenged with
is more consistent in the more phylogenetically-relateddsie Photobacterium damselaeibsp.piscicidaresults in increased
TLR9s than in the more distantly-related teleost TLR9s. FOTLR9 expression in these tissues with di erent dynamic pro les
example, TLR9s of zebra sh, grass carp, common dagp(inus  (105. TLR9 expression in the skin and gills of channel cat sh is
carpig, Mexican tetra Astyanax mexicanjisand channel cat sh  induced by infection witHchthyophthirius multi liis (135.
(Ictalurus punctatusare more closely phylogenetically related, TLR21 has an expression pro le like that of TLR9. In yellow
and the lengths of their unde ned regions are more consistencat sh, the TLR21 gene is detected in fertilized eggs and @ th
than in the TLR9s of the Atlantic salmon and orange-spottedsoung up to 30 days after hatching. In adult sh, this gene is
grouper, which are more distantly relateigures 1B,C) Given  detected in the muscles, stomach, skin, swim bladder, ntjdgu
that the unde ned regions play a role in the functional adyvdf  brain, spleen, trunk kidney, skin mucus, head kidney, liver,
TLRS, this structural analysis of unde ned regions withinR®s  heart, gill, and blood, with the highest expression in the gplee
from di erent teleosts suggests that there is a large di et TLR21 mRNA expression levels in the spleen, head kidney, trunk
the intrinsic functional activities of TLR9s from di erentlfigost  kidney, liver, and blood of yellow cat sh are upregulatedeaft
species. Furthermore, because the more phylogeneticallgdela challenging the sh with killedAeromonas hydrophilgl3§. In
teleost TLR9s contain more conserved unde ned regionssit al turbot (Scophthalmus maximysTLR21 transcripts are broadly
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Human TLR9 Zebrafish TLR9 Salmon TLR9 Grouper TLR9

Mouse TLR9
1617
14_15 1819

B LRR14 | Undefined region | LRR15
BLRYVOLEDNR |56 - ASE Homo sapiens
Mus musculus
® Bos taurus
€ Sus scrofa
% Ovis aries
= Equus caballus
Rattus norvegicus
Felis catus
Oryctolagus cuniculus
Gadus morhua
Danio rerio
Ctenopharyngodon idella
Cyprinus carpio
Astyanax mexicanus TLR9 X1
ALRUVVLEQNNLAFNPCYKA KLEF Astyanax mexicanus TLR9 X2
SLRMVVLSQNULE NP YYEAS- - - - SHNANE KLFF Ictalurus punctatus
SLHY IGLAENE I NFPHYEDCSHKNESYRBEPL - Latimeria chalumnae
AERESHHNAN - Takifugu rubripes
Lepisosteus oculatus
Tetraodon nigroviridis
< Scophthalmus maximus
] Paralichthys olivaceus
b Larimichthys crocea
Miichthys miiuy
Epinephelus coioides
Epinephelus lanceolatus
SQNuLNFLPCCS - ESSE) N Poecilia formosa
DUSGNuLFLPCCSKSESE @ Oryzies latipes
LWAIDLSQNNLNFLPCCE- 1AEPDSC! IPSLLSFKNKYCHOKLSF Iphophorus maculatus
,l!lvllllllllﬂl I|III|c Ir!lr PII CIFlINLClllIIF Coregonus maraena
ALVRVELSQNNLEFFP SFKSF Le Salmo salar
SLESvDLSaNuLNFLECC IVRENLYAGTLANGPLELUAK Oreochromis niloticus
C
GenBank or Ensembl Amino acid
Accession number length
. Homo sapiens AAF78037.1 1032
. Bos taurus NP_898904.1 1029
. Ovis aries NP_001011555.1 1029
. Sus scrofa NP_999123.1 1030
. Equus caballus NP_001075259.1 1031
. Felis catus AAN15751.1 1031
. Oryctolagus cuniculus AEH05967.1 1028
. Mus musculus AAK29625.1 1032
—— Rattus norvegicus NP_937764.1 1032
. Latimeria chalumnae ENSLACP000000209650 1039
—  Lepisosteus oculatus ENSLOCP00000017493 1043
. Epinephilus coioides ACV04893.1 1061
- Epinephilus lanceolatus AJW6E6343.1 1058
. Larimichthys crocea ACF60624.1 1056
- Miichthys miiuy ALJ55570.1 1073
. Scophthalmus maximus AMQ35505.1 1066
. Paralichthys olivaceus BAE80690.1 1065
- Oryzias latipes ENSORLP00000011108 1066
- Poecilia formosa ENSPFOP00000000377 1059
. Xiphophorus maculatus ENSXMAP00000007651 1059
- Oreochromis niloticus ENSONIP00000015638 1078
- Tetraodon nigroviridis ENSTNIPO0000018058 1060
- Takifugu rubripes AAWB9377.1 1045
- Gadus morhua ENSGMOP00000003336 1057
. Coregonus maraena CEF90220.1 1074
- Salmo salar NP_001117125.1 1074
- Ctenopharyngodon idella ADB96920.1 1058
- Cyprinus carpio ADE20130.1 1064
- Danio rerio NP_001124066.1 1057
« Ictalurus punctatus AEI59673.1 1061
« Astyanax mexicanus TLR9X1 XP_007237060.2 1105
- Astyanax mexicanus TLR9X2 XP_007237059.2 1066

FIGURE 1 | Unde ned region of toll-like receptor 9 (TLR9) from differerteleost species. (A) Computational modeling of the ectodomain protein structues of TLR9
from different species as indicated. These structural mods were predicted with SWISS MODEL (www.swissmodel.expasyrg). (B) Alignment of protein sequences
for the unde ned regions between leucine-reach repeat (LRR} and LRR15 in the ectodomain of TLR9 from different speciesMultiple alignments of the amino acid
sequences of TLR21s were performed using ClustalW2 (www.elac.uk/Tools/msa/clustalw2).(C) Phylogenetic analysis of TLR9s from different species. The
GenBank accession numbers of these TLR9 protein sequencesra listed in the left column. Numbers in the right column arene amino acid lengths of these TLR9s.

expressed in di erent tissues, with the highest expressiomén t of the turbot TLR21 transcript is upregulated in the gills, head
spleen followed by the head kidney and liver. In additioneaft kidney, spleen, and muscl&X4). In large yellow croakers, TLR21
infection with turbot reddish body iridovirus or stimuladn with  is expressed in all tested tissues, with higher levels in imenu
polyinosinic:polycytidylic acid and CpG-2395, which contain related tissues such as the spleen, head kidney, and Hils (
GTCGTT-hexamer motif within 22 nucleotides, the expressiorin rock bream, TLR21 transcripts are ubiquitously expressed in
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FIGURE 2 | Toll-like receptor 21 (TLR21) from different teleost spees does not contain an unde ned region.(A) Computational modeling of the ectodomain protein
structures of TLR21 from different species as indicated. Tdése structural models were predicted with SWISS MODEL (wwweissmodel.expasy.org).(B) Alignment of
protein sequences for the regions from leucine-reach repagLRR)14 to LRR15 in the ectodomain of TLR21 from differenfpgcies. ClustalW2 (www.ebi.ac.uk/Tools/
msa/clustalw2) was used to perform multiple alignments oftte amino acid sequences of TLR21s(C) Phylogenetic analysis of TLR21 from different species. The

GenBank accession numbers of these TLR21 protein sequenceare listed in the left column. Numbers in the right column arthe amino acid lengths of these TLR21s.
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di erent tissues, with higher expression in the spleen followednore understanding of both TLR9 and TLR21 is required for
by the liver and blood. In contrast, the kidney, heart, gikad design of CpG-ODN sequence to have strong activity in teteost
kidney, and skin have lower expression levels of these trigtsc ~ Given that the functional activity of TLR9 and TLR21 may vary
In addition, mRNA of the rock bream TLR21 is signi cantly among di erent teleosts, further investigations with cefided
upregulated in the spleen after stimulation witreptococcus TLR9 and TLR21 activation assays are required to determine
iniae, rock bream iridovirus, an@&dwardsiella tard§137). whether both TLRs in a teleost are functional or if only one of
Interestingly, the induction of gene expression in di erent the two TLRs has the dominant functional activity.
tissues of cobia by CpG-ODNs is reported to be CpG-ODN- Aquaculture is one of the fastest growing areas of agriceltur
sequence dependent. CpG-1668 and CpG-2006 induce higte production of farmed teleosts has exceeded that of caghture
expression levels of TLR9 in the spleen; whereas, CpG-1668tédeosts. Farmed teleosts are susceptible to viral, balgteri
more potent in the induction of TLR9 expression in the liver.and parasitic infections. Thus, e ective immune modulators,
In the liver and spleen, CpG-1668 and CpG-2006 induce highencluding vaccines, and vaccine adjuvants, are requiredHer
expressions of IL{4and CC chemokines than CpG-2395 and theaquaculture of farmed teleosts38-140). CpG-ODN has proven
control CpG-2137; however, in these tissues, CpG-2006 irduc® be an e ective adjuvant and antimicrobial agent in teleost
high levels of immunoglobulin M (IgM), and CpG-2395 induces(53, 55. The approval of its usage as a vaccine adjuvant in
high expression levels of MX.05. The underlying reason for humans ©1, 52) further supports its e ectiveness and safety as
this CpG-ODN sequence- and tissue type-dependent inductioan immunostimulant in agricultural areas, including aqulate,
of gene expressions is unclear. However, it may re ect that thfor food production.
di erentexpression levels of TLR9 and TLR21 in a tissue type and
the ability of TLR9 and TLR21 to di erentially recognize dieren AUTHOR CONTRIBUTIONS
type of CpG-ODN are the main causes for the di erent activity
levels of a CpG-ODN in di erent tissues. C-YL, G-YY, YL, RX, and T-HC the review results from the
opinions and concepts of all authors listed. The review was
CONCLUSION AND PERSPECTIVES written by C-YL and T-HC with the help of G-YY, YL, and RX.
Most of the knowledge on how to design a nucleotide sequendggUNDING
for CpG-ODN to achieve strongn vivo immunostimulatory
activity has come from early studies on mammalian species thahis work was supported by grants from the National
express TLR9 only and not TLR21. The discovery of TLR2Health Research Institutes, Taiwan (IM-107-PP-02, NHRI-
as another CpG-ODN receptor in teleosts may explain wh{EX107-10630SI), and Ministry of Science and Technology of
previous experience on the activities of various CpG-ODNSs imaiwan (MOST 105-2314-B-400-006, and MOST 105-2320-B-

mammals cannot be replicated in teleosts. This also sugipsts 400-013-MY3).
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