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The outbreak of diseases ordinarily results from the disrdjpn of the balance and
harmony between hosts and pathogens. Devoid of adaptive immmity, shrimp rely largely
on the innate immune system to protect themselves from pathgenic infection. Two
nuclear factorkB (NFkB) pathways, the Toll and immune de ciency (IMD) pathways,ra

generally regarded as the major regulators of the immune resnse in shrimp, which
have been extensively studied over the years. Bacterial adtion can be recognized
by Toll and IMD pathways, which activate two NF«B transcription factors, Dorsal and
Relish, respectively, to eventually lead to boosting the g@xession of various antimicrobial
peptides (AMPSs). In response to white-spot-syndrome-virsl (WSSV) infection, these
two pathways appear to be subverted and hijacked to favor val survival. In this
review, the recent progress in elucidating microbial recagjtion, signal transduction, and
effector regulation within both shrimp Toll and IMD pathway/will be discussed. We will
also highlight and discuss the similarities and differensebetween shrimps and their
Drosophilaor mammalian counterparts. Understanding the interplay ieveen pathogens

and shrimp NFkB pathways may provide new opportunities for disease-prevetion

strategies in the future.

Keywords: NF- kB pathways, shrimp, bacteria, white spot syndrome virus (WSSV ), Toll-like receptor, IMD

INTRODUCTION

Shrimp farming is an important economic activity in China anthny Southeast Asian countries,
such as the Philippines, Indonesia, Malaysia, Thailand, dath&m, and it provides an important
contribution to the diversity of income strategies for agarproportion of people living in these
countries. According to the statistics of the Food and Agitiere Organization (FAO) of the
United Nations, seawater and low-salinity brackish-wateimap-culture production in the world
expanded from 1,325 metric tons in 1950 to 4,875,793 metris to 2015. The main species of
shrimp aquaculture includéitopenaeus vannamei (L. vannajpétenneropenaeus chinen@ts
chinensis Penaeus monoddR. monodo)y Marsupenaeus japonic(él. japonicuy, Procambarus
clarkii (P. clarki), andMacrobrachium rosenberd@M. rosenbergji(1). Among them L. vannamei
accounted for nearly 80% of global shrimp production in 201%erEthough the production of
shrimp has increased considerably in recent years, engjseases have been the main threat
to restrict the sustainable development of the industry wattle. A wide range of pathogens,
including viruses, bacteria, fungi, and parasites, carctrdarimp, among which the white spot
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Lietal. Shrimps NFkB Pathways

syndrome virus (WSSV) and Vibrio parahaemolyticus viruses R0). The activation of Toll leads to the initiation of
(VPanpnD) have led to the most serious economic lossesellular-signaling transduction and ultimately results ihet
in the shrimp-cultivation industry worldwide. WSSV is the systemic production of speci ¢ antimicrobial peptides (AMPs),
causative agent of white spot syndrome (WSS), which causssch as the antifungal peptide Drosomycin, which is widely
100% mortality within 7-10 day<?). VPanpnD cONtains two considered as a conventional readout of activation of the
69-kb plasmid-carrying binary Pir-like toxin genes, B and  DrosophilaToll pathway @2, 23). After the identi cation of
Pir'PB, which are the causative agents of acute hepatopancreatfie DrosophilaToll pathway, many ndings have been obtained
necrosis disease (AHPND},(4). Outbreak of diseases often in vertebrates, especially mammals, and some invertebrates
occurs when the homeostasis between pathogens and hdgeluding shrimp. In recent years, many components of the
resistance is disrupted. Therefore, better understanding t shrimp canonical Toll pathway and its concomitant regulaters
shrimp immune system will provide more e ective strategies fo including Spatzle, Toll, MyD88, Tube, Pelle, Pellino, TRAF6,
disease prevention and control under speci ¢ culture ecasyst  Dorsal, Cactus, Tollip, SARM, Flightless-I, ambdarrestin—
Innate immunity is characterized by the activation of patter have been identied and functionally characterized. These
recognition receptors or proteins (PRRs or PRPs) capablharacterizations have provided some surprising insiglitstime
of sensing and binding with pathogen-associated moleculgghrimp Toll pathway in the context of receptor sensing, sigrealin
patterns (PAMPs) that are only presented in the pathogen bufransduction, and host-pathogen interactions. The iderdi e
not in the host §). The innate immune system of invertebratescomponents of the Toll-related pathway in penaeid shrimp are
is generally divided into humoral defenses and cellularmege.  listed inTable 1
Humoral defense include the production of soluble e ector
molecules, such as antimicrobial peptides (AMPs), while legllu
defenses, such as phagocytosis and encapsulation, are rdediat®ll and Spatzle
by circulating hemocytesi{8). Like other invertebrates, shrimp Tolls and TLRs are characterized by an extracellular domain
mainly rely on the innate immune response to control andcontaining various numbers of leucine-rich repeats (LRRs) and
clear invading pathogens following infection. Upon PRRsa cytoplasmic-signaling domain, Toll/IL-1R (TIR), that can
PAMPs interaction, the cellular and humoral immune responseinteract with cytoplasmic-adaptor molecules, thereby ating
are rapidly activated, which adopt a coordinated strategy telownstream-signaling event§@). To date, 25 genes encoding
eliminate foreign pathogens. The nuclear fack@-(NFkB) distinct Toll homologs have been identi ed in shrimp from six
family of transcription factors comprise key regulators ofdi erent species including LvToll1-9 fronh. vannamei(15, 16,
humoral immune responses that are indispensable for the hos24-26, 61), FcToll fromF. chinensig31), PmToll1, and PmToll9
defense systend) In shrimp, there are two NFB transcription  from P. monodon(28-30), MjToll1-2 from M. japonicas(32),
factors, namely Dorsal and Relish0-14). Dorsal is the critical PcToll and PcToll1-5 fronP. clarkii(19, 35-37), and MrToll1-
transcription factor in the Toll signaling pathway, while Réli 3 and two MrTolls fromM. rosenbergi(33, 34) (Figure 1A).
plays a key role in the IMD signaling pathwa%0-14). Since A phylogenetic tree based on TIRs of the 25 Tolls has been
the rst shrimp Toll receptor, LvToll or LvToll1, was reported i ~ constructed, from which we observe that Tolls from shrimp ca
2007 (5 16) and the rst shrimp IMD homolog, LvIMD, was be divided into ve groups FEigure 1B). Group | contain the
identi ed in 2009 (17), a series of signi cant ndings have been majority of Tolls identi ed, with up to a total of 11 Tolls from
made over the last 20 years. Increased attention has beesefdc all 6 shrimp species. Groups I, Ill, IV, and V contain ve, ve,
on the identi cation of pathway components and deciphering thethree, and one Toll(s) from partial shrimp species, respegtivel
molecular mechanisms underlying the Toll and IMD pathways(Figure 1B). Alignment of TIR domains in each corresponding
related to infection. Herein, we present an overview of ougroup indicates that the TIR sequences in each group areyhigh
current knowledge of the two NKB pathways in immune conserved Kigure 1Q. In addition to the shared LRRs in the
responses to bacterial and WSSV infection, with the hope afctodomain, Tolls usually possess one or two Leucine-rich-
providing novel insights into the immune system of shrimp. repeat C-terminal domains (LRRCTs) and/or a signal peptide in
the N-terminal (Group I-lIl). In comparison with other Tolls,
PmToll9, and PcToll clustered in Group IV have no LRRCT
THE TOLL PATHWAY or signaling peptide 19, 30). The conserved TIR domains in
each group suggest that they might focalize the same kind of
Tolls and Toll-like receptors (TLRs, usually de ned from the adaptor molecules, suggesting that they could activate time sa
Toll homologs of vertebrates) have been recognized as majeignaling pathway. However, in consideration that LRR-LRRCT
PRRs in innate immunity and they play an indispensable rolectodomains of Tolls function as ligand-recognition sitég)( it
in recognition of microbes during host defens&8( 19. In islikely that Tolls—even in the same group that harbor conserv
Drosophila a total of nine Toll receptors have been identi ed cytoplasmic TIR domains but exhibit a variety of structunesie
(20). Drosophilaroll-1, or simply Toll, was the rstTollidentied ectodomain—could recognize some speci ¢ ligands and respond
(21), and its mediated cellular-signaling cascades, comgigia  to di erent pathogens. This may be in line with the observation
MyD88/Tube/Pelle/Cactus/Dorsal axis, are widely congdéo that distinct Tolls in di erent species respond to diverse baete
form the canonical Toll pathway. TherosophilaToll pathway and viral infections but converge on the induction of the sam
can be induced by Gram-positive bacteria, fungi, and somkind of e ectors, such as AMPs.
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TABLE 1 | Components of canonical Toll signaling pathway identi ed ishrimps.

Components Species Gene names Accession numbers In response to pathogenic infections References
Toll L. vannamei LvToll1 DQ923424.1 GillM. lysodeikticus, V. harveyi, V. anguillarumand (15, 16, 24, 25)
WSSV, up
LvToll2 JN180637 Gill: WSSV, up (26)
LvToll3 JN180638 Gill: WSSV, up (26)
LvToll4 Unsubmitted Gill, Hemocytes: WSSV, up 20)
LvToll5 Unsubmitted ND 27)
LvToll6 Unsubmitted ND 27)
LvToll7 Unsubmitted ND 27)
LvToll8 Unsubmitted ND @27)
LvToll9 Unsubmitted ND 27)
P. monodon PmToll GU014556.1 ND (28, 29)
PmToll9 KY438975.1 ND (30)
F. chinensis FcToll EF407561 Lymphoid organsV. anguillarum,up; WSSV, down 61)
M. japonicus MjToll1 AB333779.1 ND 32)
MjToll2 AB385869.1 ND Direct Submission
M. MrToll JF895474 Hemocytes:Aeromonas caviae,up (33)
rosenbergii
MrToll KX610955.1 Gill: WSSV, up (34)
MrToll1 KJ188410.1 ND Direct Submission
MrToll2 KJ188411.1 ND Direct Submission
MrToll3 KJ188412.1 ND Direct Submission
P. clarkii PcToll KP259728.1 Hemocytes, Hepatopancreas, Gill, Inteste: S. aureus (19)
and Vibrio, up
PcToll1 KP259728 19)
PcToll2 KX505307 Hemocytes:Vibro 0-12 hpi up, 12-48 hpi down (35)
PcToll3 KU680805.1 Hemocytes:Vibrioand WSSV, up 86)
PcToll4 KU680806.1 Intestine: WSSV, up 37)
PcToll5 KU680807.1 ND Direct Submission
Spatzle L. vannamei LvSpzl JN180646 Gill:V. alginolyticusand WSSV, up 06)
LvSpz2 JN180647 Gill:V. alginolyticus,down (26)
LvSpz3 JN180648 Gill:V. alginolyticusand WSSV, up 06)
LvSpz4 KX060799 Gill:S. aureus V. alginolyticus,up 38)
P. monodon PmSpatzle 1 KY053796 hemocytes:S. aureus V. harveyiand WSSV, up 89, 40)
PmSpatzle2 KY053798 ND 39)
PmSpatzle3 KY053797 ND (39)
F. chinensis Fc-Spz EU523114.1 Hemocytes, Heart, Hepatopancreas, GjllStomach, 41)
Intestine: V. anguillarumand WSSV, up
M. japonicus MjSpz KX424932 Gill: WSSV, up “42)
M. MrSpz Unsubmitted Hemocytes:A. caviag up 43)
rosenbergii
MyD88 L. vannamei LvMyD88 JX073568.1 Hemocytes:S. aureus V. parahaemolyticusand WSSV, 44)
up
LvMyD88-1 JX073567.1 ND 44)
P. monodon PmMyD88 KJ577578.1 Hemocytes, Lymphoid organ, Gill, Stomeh, 45)
Hepatopancreas, Midgut, Hindgut: WSSV, up
F. chinensis FcMyD88 JX501341.1 Hemocytes:M. lysodeikticus V. anguillarium,up; WSSV, (46)
up
Tube L. vannamei LvTube JN180645.1 Gill, Hepatopancreas. alginolyticusand WSSV, up, @7)
Intestine: V. alginolyticusand WSSV, down
LvTube-1 KC346865 Hemocytes:S. aureus V. parahaemolyticusand WSSV, 48)
up
P. monodon PmTube KR136276.1 Hemocytes: WSSV, up 49)
(Continued)
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TABLE 1 | Continued

Components Species Gene names Accession numbers In response to pathogenic infections References
Pelle L. vannamei LvPelle KC346864 Hemocytes:S. aureus V. parahaemolyticusand WSSV, 48)
up
TRAF6 L. vannamei LVTRAF6 HM581680.1 IntestineV. alginolyticusand WSSV, down; Gill, (50)
Hepatopancreas: V. alginolyticusand WSSV, up
P. monodon PmMTRAF6 KJ577579.1 Hemocytes, Lymphoid organ, Stomach, 45)
Hepatopancreas: WSSV, up; Gill, Midgut, Hindgut:
WSSV, down
F. chinensis FCTRAF6 JQ693681.1 ND (51)
IKKb L. vannamei LvIKKb AEK86518 Gill, Hepatpancreas, IntestineV. alginolyticusand WSSV, (52)
up; Hemocytes: V. alginolyticusand WSSV, down
Dorsal L. vannamei LvDorsal FJ998202.1 Gill: WSSV, up 11, 53)
F. chinensis FcDorsal EU815056.1 Hemocytes, LymphoidM. lysodeikticus V.anguillarium, 13)

up; Hemocytes: WSSV: 1 hpi up, 2-5 hpi down;
Lymphoid: WSSV: 2 hpi up, 3-14 hpi down

M. japonicus MjDorsal KU160503.1 Gill, Hemocytes, IntestineS. aureus, up (54)
M. MrDorsal KX219631.1 Gill: WSSV, up (10)
rosenbergii
Cactus L. vannamei LvCactus JX014314.1 Hemocytes:S. aureus V. parahaemolyticus,up; WSSV, (55)
down
F. chinensis FcCactus JQ693681 Hemocytes:M. lysodeikticus V. anguillarium,up (1)
Tollip L. vannamei LvTollip JN185616.1 Hepatopancreas, Gill, IntestineV. alginolyticusand (56)
WSSV, up, Hemocytes:V. alginolyticus,down; WSSV, up
Pellino L. vannamei LvPellino KC346863.1 Hemocytes:S. aureus V. parahaemolyticusand WSSV, ©57)
up
SARM L. vannamei LVSARM JN185615 Hemocyte, Gill, IntestineV. alginolyticusand WSSV, up; (58)
Hepatopancreas: V. alginolyticus,down; WSSV, up
Flightless-I L. vannamei LvFli-l KC800820 Hemocytes:S. aureus V. parahaemolyticus,up; WSSV, 59)
down
b-arrestin M. japonicus Mijbarrl KU160500 ND (64)
M. japonicus Mijbarr2 KU160501 ND (64)
ATF P. clarkii PcATF4 KX505308 HemocytesVibro, up 35)

up, differentially up-regulated; down, differentially down-regulatedyD, Not determined.

So far, the Tolls fronL. vannameiare still the most studied after bacterial infection, while PcToll4 can regulate therezsion
Tolls in shrimp. LvToll1, LvToll2, and LvToll3 in gill are all up- of AMPs to defend against WSS\ 33, 35, 37). Moreover,
regulated during WSSV infection, while only LvToll1 expressi PcToll3 in hemocytes responds to both bacterial and WSSV
increases duringvibrio infection (16, 24-26). LvToll2 could infection (36). Although the RNAI phenotypes of most Tolls
signi cantly induce the activation of NikB pathway controlling are unknown, their expression is responsive to bacterial i@ vi
AMPs in the background of insect cells, whereas these AMRsfection; it is therefore tempting to speculate that they are
appear to be not induced by LvTolll and LvTollB5( 26, 63).  involved in host defense.

Further, knockdown of LvToll1 by RNA interference (RNAi)does The subcellular localization of TLRs could somewhat
not in uence the susceptibility of shrimp to WSSV infection, in uence PAMP accessibility 65). Some mammalian TLRs
but silencing of LvTolll signi cantly increases the moityl localized on cell surfaces, including TLR1, TLR2, TLR4, TLR5,
of shrimp and reduces bacterial clearance after challerife w TLR6, and TLR11, could recognize mainly microbial-membrane
Vibrio harveyi (16, 64). In a recent study, another six Tolls components, such as lipids, proteins, and lipoproteins, while
of LvToll4-9 have been cloned, and the authors found thathere are also intracellularly expressed TLRs including TLR3,
eight Tolls, except for Toll2, exhibit di erent levels of resince TLR7, TLR8, and TLR9, located in the endosome and
to WSSV. Furthermore, LvToll4 has been shown to be a kemainly recognize microbial nucleic acid$5-67). Through
factor (possibly as a receptor) for sensing WSSV and therefoeetopic expression iDrosophilaS2 cells, LvTolll, and LvToll3
activate the downstream Dorsal, resulting in the inducing ohave been shown to localize at both the membrane and
speci c AMP production 7). As for other species, FcToll in cytoplasm, while LvToll2 is ubiquitously distributed withihe
lymphoid is signi cantly induced after 5-h-poatfibrio challenge cytoplasm (5, 26). Over-expression of PmToll9 with GFP tag
but its expression markedly is reduced immediately after WSSW Hela cells showed that PmToll9 is mainly located in the
exposure §1). MrToll, PcToll1, and PcToll2 are up-regulated cytoplasm 80). Furthermore, more direct detection of cellular
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localization of shrimp Tolls should be conduct@dvivo using are few studies that have investigated the interactionsramo
immuno uorescent staining or immunohistochemical stangi  these proteins. Detecting the interplay between Spz and Tl wi
by using Toll-speci ¢ antibodies. Whether the shrimp Tolls be helpful to illustrate which pairs of Spzs/Tolls are function
localization is implicated with their potential roles in imme-  to mediate the shrimp Toll pathway inactivation, and induce
signaling pathways remains unknown. immune-related genes expression.

Di erent from mammalian TLRs, Toll inDrosophilacannot
recognize PAMPs directly but need the cytokine-like moleculeCascades of the Toll Pathway
Spatzle (Spz) as a ligand5 64, 68). Spatzle is a member The cascades of the Toll pathway have been well studied in
of the cysteine-knot protein superfamily, which was cleavetioth ies (e.g.,Drosophila and mammals (e.g.Human). In
from an inactive pro-Spatzle. Pro-Spatzle contains the probrosophila the Toll pathway can respond to Gram-positive
domain that prevents Spéatzle from binding to the Toll receptorpacteria, fungi, and some virusegd0. The activation of Toll
via the serine protease, Easter, during dorsoventral pdttgrn triggers intracytoplasmic TIR domains dimerization, thiemre
or Spatzle-processing enzymatic activity upon infection. Theecruiting the adaptor MyD88 via its own TIR domairv4).
activated DrosophilaSpéatzle contains 106 residues in the C-The second adaptor protein, Tube, binds with MyD88, and the
terminal domain (C-106), which is su cient to active the Toll protein kinase Pelle; these two interaction is formed via\wiie
pathway €1, 69). The interaction between Spatzle C-106 dimerinteractions of death domaing-{gure 2) (75, 76). Pelle is able to
and the extracellular domain of Toll rearranges cytoplasimiR  phosphorylate itself, and the autophosphotylation results & th
domains conformation, thereby generating a docking site foinhibitor of kB, Cactus, phosphorylation and destruction as well
recruiting TIR-domain-containing adaptors—such as MyD88as the phosphorylation of the homolog of tumor necrosis factor
which in turn activate the Toll pathway’(). To be noted, Toll7 receptor-associated factor 6 (TRAF6), dTRAF2. Then, dependi
in Drosophilahas been considered as a speci ¢ PRR for sensingn the context, the transcription factor, Dif, or Dorsal, the
vesicular-stomatitis viruses, because that it can bintégilasma translocate from cytoplasm to nucleus) 77).
membrane of this virus {1). Surprisingly, several Tolls from In the TLR signaling pathway irHuman, after binding
shrimp are reported to detect some PAMPs directly. For examplsyith their ligands, all TLRs except for TLR3 initiate the
invitro, Toll1 and Toll3 fromL. vannamecan combine with CpG  MyD88-dependent pathway through recruiting MyD88 via the
ODN 2395 {72). Additionally, three Tolls fromM. japonicaan TIR domain (78). Similar to that of Drosophila in Human,
directly interact with both PGN and LPS9). Interestingly, two the signaling complex is composed of MyD88, the Tube
Tolls from M. japonicasare homologous to the above Tolll and ortholog, IRAK4, and the Pelle ortholog, IRAKIT/S 80).
Toll3 from L. vananme(73). These data indicate that in shrimp, The phosphorylated IRAK-1 gets associated with TRAEH,
one type of Toll could sense multiple types of PAMPs, which areesulting in the disassociating of IRAKL/TRAF6 complex from
more similar to TLRs in mammals. the above receptor complex, instead interacting with another

The rst Spatzle-like protein from shrimp was identied complex consisting of transforming growth factor (TGP)-
in F. chinensisn 2009 and was named as FcSpZ)( The activated kinase 1 (TAK1) and TAK1 binding protein (TAB) 1,
activated form of FcSpz requires a seven cysteine residues BAB2 and TAB3 §7, 82). Pellino is a highly conserved E3-class
C-terminal which is essential for intra-molecular and inte ubiquitin ligase. It binds to the phosphorylated IRAK1, reswdt
molecular disul de bonds to form Spatzle homodimerél). in K63 polyubiquitination of IRAK1. The polyubiquitinated
FcSpz respond t&ibro alginolyticusand WSSV infection, and IRAKL1 interacts with the ubiquitin-binding domain of NkB
the injection of C-terminal active FcSpz domain (114 resgjue essential modi er (NEMO, also named KK (57, 83). This
in vivo could activate the promoter of shrimp AMP Crustin2 interaction leads to the TAK1-TAB1-TAB2 complex and 1gK
(41). In addition to FcSpz, seven more Spéatzles have been clonBtKa-IKKb complex into close proximity, which subsequently
and identi ed in di erent shrimp, including LvSpz1-4, PmSpz1- results in TAK1-mediated phosphorylation and activation of
3, MjSpz, and MrSp2g, 38, 39,42, 43). All of these Spatzle genes the IKKs 84). The activated IKKs phosphorylates the KB-
can respond to bacterial and/or WSSV infections. Interegjin  cytoplasmic inhibitory protein,kB, leading to polyubiquitylation
multiple Spatzles—such as LvSpz1, LvSpz2, LvSpz3, and FcSpzadg-degradation ofkB and release of NkB from the kB/NF-
lack the seventh Cys residue that is important to disul de-kB complex 67, 85. NFkB subsequently undergoes nuclear
linked homodimer formation, and that favors its binding t@ll  translocation, where it induces the expression of a wide eang
receptors, which might explain their slight e ects on inductiof  of immune-modulatory genes, including pro-in ammatory
AMP expressionZ6, 41). Instead, the Spétzle domain of LvSpz4cytokines. In the TIR-domain-containing adaptor protein-
containing the seventh Cys residue can strongly activaaé\th-  inducing IFN-b (TRIF)-dependent pathway, after recognizing
kB pathway that regulates AMPs such as Penaeidin 4 (PEN4sRNA, TLR3 recruits TRIF, TRAF6, and TRAF3, leading
Drosomycin (Drs), Attacin (Atta), and Metchnikowin (Mtk) in to the activation of IKK-related kinases, including TANK-
DrosophilaS2 cells. Moreover, the activating transcription factorbinding kinase | (TBK1) and IKK thereby resulting in the
4 (ATF4) and X-Box-binding protein 1 (XBP1), components ofactivation of IRF3/7 signaling pathways that eventually icelu
the unfolded protein response (UPR), are capable of inducinthe transcription of type-I interferon (IFNFigure 2) (77, 86).
the expression of LvSpz4, which suggests that LvSpz4 could ®& note, TLR4, located on the cell surface, can activate both
a regulator to link the Toll-NFkB pathway and the UPR3@).  of the distinct intracellular signaling pathways via the adapt
Although a series of Tolls and Spzs have been identi ed, themmolecules, MyD88 and TRIF, that nally results in NdB and
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FIGURE 2 | Comparison of Toll and TLR pathways from shrimigA), Drosophila(B), and Human (C). Homologies between signaling components are depicted by
similar shapes and colors. In shrimp, there are two extraceilar-signaling routes leading to Toll pathway activatiorConsidering that many Spétzle (Spz) genes from
shrimp have been identi ed and are able to induce Toll-Dorsatontrolled AMPs, the extracellular cleavage of Spz mediatl by protease cascades could be similar to
those of Drosophila In the immune responses to microbial recognition, the protase cascades lead to the activation of Spz-processing enzyes (SPESs) to cleave full
length Spz. Upon proteolytical processing, the Spz prodoman is cleaved, exposing the C-terminal Spz parts that are dical for binding of Toll. Spz binding to the Toll
receptor initiates intracellular signaling. In contrast,,simp Tolls are able to sense and directly bind to some conseed motifs, such as PGN, LPS, and ODN, from
microbes, which are similar to those oHuman. Upon binding to these motifs, shrimp Tolls are activated ashinitiate intracellular signaling. In the intracellulaignaling
event, signaling cascades of shrimp Toll pathways broadlyesemble those ofDrosophila After Toll activation, the adaptor MyD88 builds a signaljncomplex with Tube
and Pelle. The MyD88-Tube-Pelle complex in turn recruits ber regulators, such as Pellino and TRAF6, which leads to thehosphorylation and degradation of Cactus
and thereby releases Dorsal (and/or Dif iDrosophilg) to translocate to the nucleus and activate transcriptionln Human, there are MyD88-dependent and
MyD88-independent signal-transduction events. The intreellular signaling oHuman can lead to active NFkB, AP-1 and IFN regulatory factor 3/7 (IRF3/7) for their
nuclear translocation and subsequent transcriptional actation of target genes. Of note, Toll3 froni.. vannameiand Toll2 fromP. clarkiihave been shown to activate
IRF and ATF4, respectively, leading to transcriptional symgsis of some antiviral effectors, such as Vago4/5 and ALFs.

MAPK activation to trigger the expression of pro-in ammatory pathways §9). LvPellino has been the sole Pellino homolog
cytokines and/or lead to IRF3/7 activation to induce TypeM# found in shrimp until recently, and is able to interact with
production (Figure 2) (87, 89). L. vannameiPelle (LvPelle) and positively regulate the activity
Beginning with Toll, most components of tHgrosophilaToll  of LvDorsal §7). Three TRAF6s (LvTRAF6, PmMTRAF6, and
pathway have shrimp homologdble 1). Four MyD88s inthree FCTRAF6) have been characterized in three species with a RING-
species (LvMyD88, LvMyD88-1, PmMyD88, and FcMyD8B) ( type zinc- nger domain in the N-terminal, followed by two
46), three Tubes in two species (LvTube, LvTube-1, and PmTub&)RAF-type zinc- nger domains, a coiled region and a MATH
(48, 49), and LvPelle 47, 48) have been identi ed in shrimp. domain in the C-terminal 45, 50, 51). So far, no Dif homolog
Each of these proteins contains a protein-interaction motithas been found in shrimp, while four Dorsal proteins (LvDorsal,
named death domain, which is originally described in apototi FcDorsal, MjDorsal, and MrDorsal) in shrimp are similar in
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sequence to the mammalian N€B (p65) andDrosophilaDorsal  NF-kB inhibitor, 1kB, allows NFkB free from the cytoplasmic
(10, 11, 13, 54). HoweverDrosophilaDorsal mainly responds to NF-kB/IKB complex, and the freed NKB migrates from
Gram-positive bacteria but does respond to a few Gram-negaticytoplasm to nucleus to induce various target gef¥e}. Cactus
bacteria 20, 64), whereas shrimp Dorsal—such as LvDorsais the homolog of kB in invertebrates and mediates both
and FcDorsal—appear to respond to both Gram-positive andegative- and positive-feedback regulatory loops of KBFvia
Gram-negative bacteria, as well as viruses such as WSKV (di erent pathways in shrimp. The induction of LvCactus is
13. In both Drosophilaand shrimp, each Dorsal contains a activated by LvDorsal but on the other hand is inhibited by
conserved Rel-homology domain, which is a bearing sites fdrvCactus itself §5). LvCactus interacts with LvDorsal, which
DNA binding, dimerization, and interaction with an inhitwr. is conrmed by immunoprecipitation assays and uorescent
The Cactus or its orthologkB, function as an inhibitor of Dorsal microscopy 05. Four of the ve putative NFkB-binding
(NF-kB), contain an N-terminal regulatory region responsiblemotifs in the promoter of LvCactus have been shown to be
for ubiquitin recognition and proteasomal degradation, andtargeted by LvDorsal5(). Hence, we hypothesize that the
have neighboring ankyrin repeats that are capable of bindingoll pathway is activated in some cases by bacterial infection
with the Rel-homology region and a destabilizing C-terminalfollowing by rapid up-regulation of LvDorsal activity that indes
PEST domain that are required for inhibition of DNA binding massive e ectors that function against invaders. Additithna
(90). All three domains are found and conserved in LvCactud.vDorsal activation also contributes to the increased esgiom
and FcCactus, suggesting that shrimp Cactus could complyf LvCactus, which feeds back to inhibit LvDorsal activity v
with a similar function and regulatory fashion to those oftheir direct interactions. These interactions create aatiog-
DrosophilaCactus §1, 55). In addition to these classical pathway feedback loop to abate NkB-pathway signaling in order to avoid
components, several members involved in regulating the Tothe sustained activation of this pathwayigure 3) (55). There is
pathway directly or indirectly have also been identi ed imding  also a positive-feedback regulatory loop in the Toll pathwk w
activating transcription factor 4 (PcATF43%), Tollip (LvTollip)  the participation of Dorsal, Cactus, and a host microRNA, miR-
(56), Flightless-1 (LvFIi-1) £9), b-arrestins (Mparrl-2) (64), and 1959 @4). Dorsal can directly bind the NkB-binding motif in
sterile-alpha and armadillo motif-containing protein (LvBM)  the promoter region of miR-1959 and activate its transcriptio
(59 (Figure 3andTable 1). and, in turn, miR-1959 targets the2@ntranslated region of
Apart from Dorsal, the transcription factor of classical Cactus, reducing the protein level of Cactus, further leading
Toll pathway, inP. clarkii PCATF4 is involved in PcToll2 enhanced activation of DorsdFigure 3) (94).
signaling to promote AMP expression, which suggests that Additionally, Sun et al. showed that in the kuruma
PcATF4 might be another crucial transcription factor invet  shrimp, M. japonicus b-arrestin can negatively regulate
in crustacean Toll signaling to prevent shrimp from Gram-Toll signaling in two dierent ways.b-arrestin can prevent
negative bacterial invasion3%). Likewise, there is another Dorsal translocation via-arrestin-Cactus-Dorsal heterotrimeric
case in which the Spatzle, LvSpz4, has been reported to bemplex with Cactus as the bridgb-arrestin and Dorsal do
regulated by ATF4, one of the major components of the UPRiot come into contact with each other; instead, the ankyrin-
pathway B8). Although there is no ATF4 homolog that has repeat domain and C-terminal PEST domain of Cactus
been found inDrosophilayet, in human, ATF4 has also been separately bind the arrestin-N domain db-arrestin and
shown to participate in TLR4 pathway to defend against GramRHD domain of Dorsal, respectively54). After formation
negative bacterial invasion by promoting in ammatory cytloks of the oligomeric b-arrestin-Cactus-Dorsal complex, Cactus
secretion, through working together with another trangtion  phosphorylation, and degradation is prevented, which
factor, c-Jun 86, 91). Similar to mammal TLR3 inducing IRF3/7 inhibits Dorsal translocation into the nucleus as well as
activation, LvToll3 is also involved in the induction of IRF- the activation of Toll signaling pathway. On the other
Vago-JAK/STAT pathway related genes, suggesting that I3/Tol hand, b-arrestin can inhibit Dorsal phosphorylation and
mediated intracellular signaling may follow a cascade d&in transcriptional activity. Extracellular signal-regulatgdotein
those of vertebratesF{gure 2) (61, 92). These observations kinase (ERK) can function as a kinase with a capacity for Dorsal
demonstrate that the canonical Toll pathway might crosstdtk ~ phosphorylation. Meanwhileh-arrestin can interact with non-
other signaling pathways in a coordinated manner to launch @hosphorylated ERK through its arrestin-C domain to inhibit

speci c immune response. ERK phosphorylation, which aects Dorsal phosphorylation
] and thus inhibits its transcriptional activity and nuclear
Negative Regulators of the Toll Pathway localization §4).

The Toll pathway is an important part of the innate immune  In addition to these regulators mentioned above that target
system, but hypernomic activation of the Toll pathway carthe transcription factor Dorsal or its inhibitor Cactus, Toll
cause immune disorder and seriously aect the health, eveimteracting protein (Tollip) fromL. vannameifunctions as a
the survival of an organism. So, the ne-tuned and subtlenegative modulator in the Toll pathway through interacting
regulation—including negative regulators of the Toll patgwa  with up-stream Toll receptors5¢). Tollip associates directly
has evolved to keep the balance of immunifigure 3). The  with some of the Tolls or TLRs through TIR-domain-mediated
IkB is the evolutionarily conserved inhibitor of canonical NF interactions and therefore inhibits Toll/TLR-mediated NB

kB pathway. As mentioned in above section, degradation of thectivation by suppressing adaptor proteins, such as IRAKI,
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FIGURE 3 | Positive and negative regulatory events in shrimp Toll patrays. Positive regulation of the shrimp Toll pathway can aniiy signaling cascades to rapidly
limit and clear invading pathogens. In microbial recognitig intracellular signaling leads to activation of Dorsal, hich in turn induces the transcription of a microRNA
gene, miR1959. MiR1959 can target the mRNA of Cactus, an inhitor of Dorsal, resulting in reduced Cactus protein leveJsvhich leads to the up-regulation of Dorsal
activity to boost some effectors, such as AMP expression agast invading microbes. On the other hand, the activation athe Toll pathway must be controlled and
inhibited to ensure a properly timed and adjusted responseAlong with the clearing of invading pathogens, the graduallincreased Cactus leads to the inhibition of
Dorsal activity by their direct interaction, which estatshes a negative-feedback loop to abate NF«B pathway signaling to avoid the sustained activation of thi
pathway. In addition, there multiple negative regulators hee been identi ed—including Tollip, SARM, Flil, ané-Arrestin—that modulate the Toll pathway in

P

phosphorylation, and kinase activityp®). So far, no Tollip-
like homolog has been found in thé&rosophila genome.
However, forcible expression of LvTollip DrosophilaS2 cells
signi cantly inhibits the promoter activities of the Toll patiay
controlling the antifungal-peptide gene, Drosomycin (Dr8).

Human HEK 293T cells, LvTollip has been demonstrated tca gene mutation that causes defects in the

signi cantly suppress the inductions of both NEB and IFNb

Mammalian MyD88 is known as a universal adaptor protein
in the downstream signaling of many di erent kinds of TLRs,
with the exception of TLR3, which instead recruits TRHg,(95).
Hence, MyD88 is regarded as a perfect target for immunity
regulation. Flightless-I (Flil) was originally characisil as
ight muscles
in Drosophila melanogastg96). The Flil protein belongs

(56). These ndings might suggest that from shrimp to humans,to the gelsolin superfamily of actin-remodeling proteins ttha

the Tollips are functionally conserved in the TLR-MB-
signaling pathway.

usually contain six C-terminal gelsolin-like domains (GEL),
and harbors multiple unique LRR domains in the N-terminal
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responsible for protein-protein or protein-lipid interactiof7). ~ The Canonical Components of the IMD
Flil is widely identied as a negative regulator to modulatepathway
NF-kB activity through interfering with MyD88-Toll receptor Speci cally Eigure 4), the DrosophilalMD pathway is trigged
regulatedin vivo in response to the challenges of LPS, Polyyhich comprises the cell wall of most Gram-negative bacteria
(I C), CpG-ODN 2006,V. parahaemolyticysStaphyloccocus a5 well as some Gram-positive bacteri®@. PGRP-LC and
aureus,and WSSV, and it is shown to suppress the expressiopGRp-LE are the two receptors, which are involved in the
of the NFkB-pathway-dependent AMPs, including LVPENZ,)MD pathway with di erent subcellular location. PGRP-LC is
LvCrustin, LvALF1 (anti-LPS factor), and LvLyz1 (Lysozymegn the plasma membrane while the intracellular PGRP-LE binds
in vivo (59). Also, over-expression of LvFIil iDrosophilaS2 speci cally to DAP-type PGNsI(Q 102). After binding to PGN,
cells can negatively regulate the promoter activitiSrisophila  these receptors likely dimerize or multimerize and then lead
and shrimp AMPs, such as Drs, Mtk, ALF2, PEN453, andg recruitment of a signaling complex consisting of IMDQ(,
PENS536, after LPS challenge rosophilaS2 cells 6, 59. 105, Fas-Associated protein with a death domain (FADD)%
However, no signicant dierences have been observed imog and the caspase-8 homolog death-related ced-3/Nedd2-like
the mortality rates afteV. alginolyticus S. aureuspr WSSV protein (DREDD) (L0Q 102 105 106. Inhibitor of apoptosis
infections in LvFlil-silenced shrimp compared to those ofdwvi 2 (IAP2), a ubiquitination-machinery component, functiors a
type shrimp 69). an E3-ubiquitin ligase could activate DREDD via ubiquitioat
In mammals, SARM is the only negative regulator of theactivated DREDD cleaves IMD, exposing a binding site for IAP2,
ve TLR adaptor proteins—MyD88, TIRAP, TRIF, TRAM, |eading to K63-ubiquitinate IMD{06). The K63 ubiquitin chain
and SARM. By associating with TRIF, SARM functions agf |MD functions as a sca old for interaction with TAK1/TAB2
an inhibitor of TRIF-dependent signaling9f). No TRIF-  complex. The TAK1/TAB2 complex is responsible for activating
dependent signaling has yet been found in invertebrateg,oth MAPK/AP-1 and IKK/Relish branches of the IMD pathway
In contrast, SARM, such as amphioxus SARM, is able t@105-107). Relish activation is achieved by both IKK-mediated
inhibit the MyD88-dependent signaling pathway by interactingphosphorylation and cleavage by DREDD, after which the N-
with MyD88 and TRAFG, indicating a negative regulatoryterminal Rel domain of Relish undergoes nuclear translocatio
role in the Toll pathway %6 99. One shrimp SARM gndinitiates the transcription of target gené$g, 109.
homolog has been cloned and identi ed from. vannamei The studies of IMD pathway in shrimp have just begun
which is also shown to interact with LvTRAF6, a positivejy the last 10 years. In 2009, Wang et al. identi ed an IMD
regulatory member of the Toll pathway5§). Knockdown pomolog (LvIMD) from L. vannameiwhich was the rst IMD
of endogenous LVSARM results in NdB activation and pomolog identi ed in shrimp (L7, 64). LvIMD encodes a death
enhances the expression levels of RB-targeted AMPs such gomain-containing protein, which is moderately homologous
as PENs and ALFs, indicating its negative regulatory rolgy prosophilalIMD and mammalian RIP {7). Studies show
in the shrimp Toll pathway. Unexpectedly, LvSRAM-silencedhat the IMD homologs from dierent shrimp species are
shrimp are more susceptible to infection By. alginolyticus gjstinctly di erent in the context of their tissue distribuins
might be explained LvSARM having additional roles beyongthinensisis very abundant in the gills and stomach, whereas
innate immunity, such as maintaining normal growth and the PcIMD of P. clarkiaexhibits high expression levels in the
development$9). heart, hepatopancreas, and stomach. In contrast, LvIMI.of
vannameiexhibits expression abundantly in the nervous system,
gill, intestine, and pyloric caecuni{, 109 110. Additionally,
THE IMD SIGNALING PATHWAY IN SHRIMP  FcIMD in gills is up-regulated by WSSV but ndibrio challenge,
while PcIMD in gills can respond tdv/ibrio but not WSSV
The IMD pathway was originally de ned ifbrosophilaby the (109 110. LvIMD mRNA can be induced by multiple immune
identi cation of a mutation named immune de ciency (IMD) stimuli including LPSY. alginolyticusS. aureusSaccharomyces
(7568155). The mutated IMD impairs the expression of severglerevisiae(yeast), and WSSV, both in hepatopancreas and
AMPs especially Diptericin (Dpt). For this reason, Dpt is oftenhemocytes but not in gillsi(?). Since the LvIMD was identi ed
used as areadout of IMD pathway activation, but only marginallin . vannamei an increasing number of components of the
a ects the Toll-pathway-targeted induction of Drosomycin)  canonical IMD pathway in shrimp have been identi ed, includin
(10Q 109. It is generally considered that IMD-de cient ies TAK1, TAB1, TAB2, Relish, mitogen-activated protein kinase
succumb to Gram-negative bacteria, which is di erent fronath kinase 3 (MKK3), MKK4, MKK6, MKK7, c-Jun N-terminal
of Toll mutant ies that are more susceptible to fungi and Gram kinase (JNK), c-Jun, c-Fos, p38, ATF2, KBrepressing factor
positive bacteriaql, 104 102. IMD encodes a death-domain— (NKRF), Akirin, Bap60, and 14-3-31p, 17, 73 105 109

containing protein similar to the receptor-interacting prate  127. The canonical components of the IMD signaling pathway
(RIP) of the tumor necrosis factor receptor (TNF-R) pathwayidenti ed in penaeid shrimp are listed ifiable 2

in mammals (03. In the TNFR pathway, RIP is essential for

both NFkB and mitogen-activated kinase (MAPK) activation. Cascades of the IMD Pathway

DrosophilaIMD mediates a signaling cascade that broadlyAs mentioned above, many members homologous to most of
resembles the mammalian TNFR pathwa®4) (Figure 4). the components of th®rosophia canonical IMD pathway have
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FIGURE 4 | Comparison of the shrimp IMD pathwaygA) and DrosophilaIMD pathways (B) and Human TNFR signaling(C). Homologies between signaling
components are depicted by similar shapes and colors. Shrim and DrosophilalMD pathway-signaling events resemble théduman tumor necrosis factor receptor
(TNFR) signaling pathway. In shrimp, some pivotal componesbf the IMD pathway, such as the receptors, DREDD, and FADD, austill unknown. Similar to
Drosophila, pathogen challenges can initiate intracellular signafirevents involving IMD, TAB2, and TAK1, which in turn induce ¢éhactivation of MAPK-AP-1 and
IKK-Relish branches. The activation of Relish is required tme phosphorylated by the IKK complex and is cleaved by unknowriactors in shrimp. In the MAPK-AP-1
branch of shrimp IMD pathways, the signaling cascade is moreimiilar to that ofHuman than that of Drosophila as manifested by the nding that shrimp p38 can be
phosphorylated by MKK4, butDrosophilap38 cannot. In shrimp, activation of both of the two branches ®IMD pathways can induce the expression of AMPs that
confer protection from Gram-negative and Gram-positive beterial infection.

been cloned and identi ed in shrimp, and the regulatory netvo TAK1 has been demonstrated to strongly regulate the promoter
of the shrimp IMD pathway has increasingly become furtheractivities of theDrosophilalMD pathway controlling AMPs,
elucidated Figure 4). The Drosophié IMD pathway uses the such as Dpt in S2 cells, suggesting a conserved role of shrimp
plasma-membrane-located PGRP-LC or the intracellular PGRFFAK1 in the IKK-Relish branch 112. Additionally, shrimp
LE to sense microbial DAP-type PGNs, but, until recently, noTAK1, functioning as a mitogen-activated protein kinasedsa
member of the PGRP family has been found in shriri@@. kinase (MAPKKK), is able to activate and phosphorylate several
We also were unable to nd any PGRP homolog by homologyMAPKKs, including MKK3, MKK4, MKK6, and MKK7n vitro
searching against various transcriptome data from multipl§unpublished data). Furthermore, MKK7 is recognized as the
shrimp species. Nevertheless, itis tempting to speculatéttbet  upstream-kinase target to JNK, while MKK®6 is the upstream
could be a novel receptor mediating the sensing of microbigkinase responsible for p38.Z3 125. Of note, MKK4 from
infection in shrimp, and that the signaling cascade of thempr  shrimp L. vannameican activate and phosphorylate p3820.
IMD pathway generally resembles that of tbeosophi& IMD  As to this point of the phosphorylation on p38, the cascade
pathway Figure 4). of the IMD pathway in shrimp is more similar to mammals
In particular, a signal-transduction complex consisting ofthan that of Drosophila In shrimp, p38 can be activated
TAK1, TAB1, and TAB2 has been observed in shrimip and phosphorylated by both MKK4 and MKK6LZ3 126).
vannamej where TAB2 could be an adaptor to link upstreamAdditionally, shrimp TAB1 is able to combine with p38, and,
IMD (105 112 113. Similar to theDrosophia IMD pathway, thus, it could be an important regulatory subunit for p381¢3.
shrimp TAKL1 is responsible for activating both the MAPK/AP- However, inDrosophid, there is no TAB1 homolog, and it has
1 and IKK/Relish branches of the IMD pathway(?). There are been de nitively shown that MKK4 does not active p3820).
two IKK-related kinases, IKKand IKK+ identi ed in shrimp,  So far, the activation of p38 in shrimp includes at least three
but whether they can receive the phosphorylation signalingnfro routes: the MKK4-p38, MKK7-p38, and TAB1-p38 pathways.
TAK1 is still unknown. Moreover, over-expression of shrimpSuch multiple pathways might supply a ne-tuning control of p38
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TABLE 2 | Components of canonical IMD signaling pathway identi ed in shmps.

Components Species Gene names Accession numbers In response to pathogenic infections References

IMD L. vannamei LvIMD ACL37048.1 Muscle:V. anguillarumand M. lysodeikticus up; 17, 24)
Hepatopancreas: V. alginolyticus up; Hemocyte: V.
alginolyticus S. aureusand WSSV, up

F. chinensis FcIMD JX867731.1 Cephalothorax¥. anguillarumand M. lysodeikticus up; (109, 110)
Hemocytes: V. anguillarum down; Hemocytes and gills:
WSSV, up
P. clarkii PcIMD Unsubmitted Hemocytes and gillsV. anguillarum up (109)
TAK1 L. vannamei LVTAK1 KU522004.1 Gills:V. parahaemolyticus S. saureus and WSSV, up 112)
TAB1 L. vannamei LVTAB1 KY683840 Gills:\V. parahaemolyticusand S. saureus up (113)
TAB2 L. vannamei LVTAB2 KP780842.1 Gills:V. parahaemolyticus S. saureusand WSSV, up; (105)
Hemocytes: V. parahaemolyticus WSSV, up
IKKb L. vannamei LvIKKb AEK86518 Gill:V. alginolyticusand WSSV, up; Hemocyte:V. alginolyticus  (52)
and WSSV, down; Intestine.V. alginolyticusand WSSV, up
IKK+ L. vannamei LVIKK+L AEK86519 Gill:V. alginolyticusand WSSV, up; Hemocyte:V. alginolyticus ~ (52)
and WSSV, down; Hepatopancreas.V. alginolyticusand
WSSV, up; Intestine:V. alginolyticusand WSSV, up
L. vannamei LVIKK+2 AEK86520 Gill:V. alginolyticusand WSSV, up; Hemocyte:V. alginolyticus ~ (52)
and WSSV, down; Hepatopancreas.V. alginolyticusand
WSSV, up; Intestine:V. alginolyticusand WSSV, up
Relish L. vannamei LvRelish EF432734 Gills: WSSV, up (12,12, 53)
P. monodon PmRelish KM204120 Hemocytes, lymphoid organ, gill, hepateancreas and heart: 114)
V. harveyj WSSV, YHV, up
F. chinensis FcRelish EU815055.1 GillsV. anguillarum down (110).
M. MrRelish KR827675.1 Hepatopancreasy. anguillarum up (111)
rosenbergii
NKRF L. vannamei LVNKRF KY864366 Gills: WSSV, up 117)
Akirin L. vannamei LvAKkirin KC415269.1 HepatopancreasV. parahaemolyticus up 115)
M. japonicus MjAKkirin AB503217.1 Hemocytes:V. anguillarum up (116)
Bap60 M. japonicus MjBap60 KT892952.1 Hemocytes:V. anguillarum up (116)
14-3-3 L. vannamei Lv14-3-3EL JF81119 Gill and muscle: WSSV, up; lymphoid orga WSSV, down L18)
L. vannamei Lv14-3-3ES JF81120 Muscle: WSSV, up Lymphoid organ: WSSV, awvn (118)
M. japonicus Mj14-3-3 KT892951.1 Hemocytes: V. anguillarum down (116)
JNK L. vannamei LvINK JN035903.1 Gills: WSSV, up (120)
c-Jun L. vannamei Lve-Jun KM401573.1 Gills: WSSV andV. parahaemolyticus up (119, 121)
P. monodon Pmc-Jun KX216509 Gill and hepatopancreasV. harveyiand S. agalactiag up. (73)
c-Fos L. vannamei Lvc-Fos KP676567 Gills: WSSV andV. parahaemolyticus up (119)
MKK3 F. chinensis FcMKK3 KF994775 Hemocytes and gills: WSSW. anguillarumand S. aureus up 122)
MKK4 L. vannamei LVMKK4 KY693644 Intestine and hepatopancreasV. parahaemolyticus S. (126)
aureusand WSSV, up.
F. chinensis FcMKK4 KJ023198 Hemocytes and gills: WSSW. anguillarumand S. aureus up 122)
MKK6 L. vannamei LVMKK6 KR535627 Gills:V. parahaemolyticus S. aureusand WSSV, up 123)
MKK7 L. vannamei LVMKK?7 KT719405 Hepatopancreas:V. parahaemolyticus S. aureusand WSSV, (125)
up
P38 L. vannamei LvP38 JN035902.2 Gills and hemocytesV. alginolyticus S. aureusand WSSV, up 124, 127)
F. chinensis FcP38 KF991368 Hemocytes and gills: WSSW. anguillarumand S. aureus up 122)
ATF-2 F. chinensis FCATF-2 KF991367 Hemocytes and gills: WSSW. anguillarumand S. aureus up 122)
TRIM L. vannamei LVTRIM9 Unsubmitted Intestine: WSSV, up (128)
b-TrCP L. vannamei Lvb-TrCP XM_027360659 ND (128)

up, differentially up-regulated; down, differentially down-regulatedyD, Not determined.

activity to pathogenic invasion. It also suggests an impdntale c-Fos and c-Jun, belonging to the activator protein-1 (AP-
of p38 in shrimp immunity. For example, when one or two routesl) family, are the transcription factors of the IMD-MAPK

are blocked under some speci ¢ condition, p38 can still work inbranch (L30. Shrimp c-Jun has been observed to be mainly
the immune response. located in the nucleus of insect cells under non-stimulated
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signaling conditions. So, it is inferred that under stresse Regulators of the IMD Pathway
immune conditions, JNK could translocate from the cytoplasmRecent reports have identi ed several regulators of the IMD-
to the nucleus where it could phosphorylate and activate c-JufRelish pathway in shrimp, such as NB- repressing factor
which in turn could induce the expression of JNK-pathway-(NKRF), Akirin, and TRIpartite Motif 9 (TRIM9) {15116 129.
target genes. This hypothesis is supported by the observation mammals, NFKB repressing factor (NKRF) is well-recognized
that INK-phosphorylation levels are evidently reduced by JNKas a suppression factor for NéB, which speci cally counteracts
inhibitor (SP600125) treatmerh vivo (120 121). More direct the basal activity of several NéB-dependent promoters by
evidence should be demonstrated to further explore whethdsinding directly to speci c negative-regulatory DNA elentsn
JNK can interact with and phosphorylate c-Jimvitro (119. (NRE) (L39. In contrastL. vannameNKRF shows no inhibitory
Next, c-Fos, another member of the AP-1 family, has been showe ects but instead exhibits enhancing e ects on activities of
to form a heterodimer with c-Jun, which is also able to formDorsal and Relish, as observed by the fact that NKRF can
a homodimer with itself, suggesting that c-Fos might also béirectly interact with both of the NFB members to regulate
downstream substrate of INK19. The ATF2, a member of the the promoter activities of PEN4, a previously identi ed targe
ATF/cAMP response-element-binding family of transcription gene of Toll and IMD pathwaysl( 7. Shrimp Akirin homologs
factors, contains a common feature of the bZIP element, whicare recently discovered nuclear factors that play importatgso
is able to form homodimers or heterodimers with other protein in innate immune system. Two Akirins have been identi ed
that contain bZIP elements, such as the APiB1). A shrimp in L. vannameiand M. japonicas respectively {15 116.
ATF2 homolog, FCATF2, has been reported i chinensis By RNAi methods, both LvAkirin and MjAkirin have been
Silencing of Fcp38 results in a reduction in the transcriptafn shown to positively regulate the expression of several IMD-
FcMKK3 and FcATF2, indicating that shrimp MKK3, p38, and Relish-target AMPsin vivo (115 117. MjAkirin is able to
ATF2 might function in the same signaling routéZ?. However, regulate IMD-Relish-target AMPs, which could be attributed
whether FcMKK3 can directly regulate the phosphorylation ofo its direct interaction with Relish. Interestingly, M;jAim
Fcp38, and whether Fcp38 has the ability to activate FCATE®] necould function as an important regulator for Bap60 and 14-
to be determined in further investigations. 3-3 to positively and negatively regulate the activity of the
Relish, another member of the NEB family, is the IMD-Relish pathway, respectivelyi16. As a bridge protein,
transcription factor of the IKK-Relish branch, both Drosophila  MjAkirin links the transcription factors, Relish and Bap60gth
and shrimp. Similar tdrosophilaRelish, shrimp Relish proteins latter of which is a component of the Brahma (SWI/SNF)
are master regulators for the synthesis of a wide range @&TP-dependent chromatin-remodeling complex and positively
AMPs. Multiple Relish homologs have been identied fromregulates AMP expressioril5 116. On the other side, the
various shrimp species. The full length of LvRelish fram heterotrimeric complex, comprised of Akirin, Relish, and 14-
vannameiconsists of an N-terminal Rel homology domain 3-3, has been shown to down-regulate AMP expression by
(RHD), a nucleus-localization signal (NLS), and a®Bd{like an unknown mechanism1(1§ 119. Recently, an E3-ubiquitin
domain containing six ankyrin repeats (ANKs) and a deathligase, TRIM9, has been identied in shrimp. vannamei
domain (DD) in the C-terminal. A truncated isoform of Relish, LvTRIM9 can directly interact with beta-transducin repeat-
sLvRelish, has also been foundlLinvannameiand it shares the containing protein b-TrCP), an inhibitor of the NFkB pathway,
RHD region with LvRelish but does not have several domaingnd down-regulate the expression levels of LvRelish and AMPs,
including NLS, ANKs and DD 12). LvRelish can bind to &B-  which suggests that WSSV may hijack host LvTRIM9 for its
response element frorosophileand regulate the transcription propagation through inhibition of the NFB pathway and AMP
of several AMPs such PEN2, PEN4, and Ati&, (53). The production viathe interaction of LvTRIM9 with by TrCP (129.
PmRelish fromP. monodonhas been shown to regulate the These observations suggest that the IKK-Relish branch may be
synthesis of AMPs such as PEN5, PEN3, ALFPm3, and ALFPna@der multiple layers of control and may crosstalk with many
in response td/. harveyior yellow head virus (YHV) infection other pathways because 14-3-3 is conserved protein that is
(132 133. In M. rosenbergijiShi et al. show that over-expressionimplicated with a wide variety of signal-transduction patlysa
of MrRelish in S2 cells induce the expression of bbtiesophila

and shrimp AMPs, such a®rosophilaMtk, Atta, Drs, and
Cecropin A (CecA) and shrimp PEN4.{1). Furthermore, RNAI NF-kB (TOLL AND ”VlD) PATHWAYS

of MrRelish leads to reduced expression of Crustin (Cru) 2, CrusREGULATE AMPS EXPRESSION IN

Cru8, Lysozyme (Lyz) 1, and Lyz2, but not ALF1 and ALFBRESPONSE TO BACTERIAL INFECTION

in vivo (111). Wang et al. used the combined methods of RNA

interference (RNAI) and suppression-subtractive hybridaat Dorsal and Relish are the downstream KB-family
(SSH) to screefkr. chinensifkelish-regulated genes, and a largdaranscription factors of Toll and IMD pathways, respectively.
amount of genes were identied and could be involved inln Drosophila the Toll pathway responds to Gram-positive
multiple biological processes, such as immunity, developmenbacteria and fungi, while the IMD pathway responds to
metabolism, and genetic-information processing34). This the Gram-negative pathway2(). However, in shrimp, it is
study has provided a novel view to understand the functiorvery interesting to nd that there is no specic response
of Relish beyond its conventional role in regulating AMPs into Gram-positive or Gram-negative bacteria by Toll and
innate immunity. IMD pathways, as demonstrated by the ndings that many
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pivotal components from the shrimp Toll pathway—suchM. lysodeikticugnfections @4). The discrepancy of these results
as Toll, MyD88, and Dorsal—and from the IMD pathway—may be due to di erences between the evaluated methods on
such as IMD, TAK1, and Relish—are activated in responsexpression of PEN3 and/or di erent bacterial challenges used
to both Gram-negative bacteria and Gram-positive bacterian the studies. InF. chinensisknockdown of FcRelish results
(12, 16,17, 24, 25,28, 30,31, 35, 36,39, 105 116-113. Similarto  in down-regulation of FCPENS after bacterial infectionvivo
the DrosophilaNF-kB pathway, the activation of shrimp NEB  (149. FCPENS5, with strong activities against Gram-positive and
pathways leads to the boosted expression of various AMP&ram-negative bacteria as well as fungi, has been shown to be
which are widely considered to be the major antimicrobialgreatly suppressed and delayed in Relish-silenced shrimp after
e ectors in humoral immunity. AMPs are an group of molecules Vibrio anguillariumandMicrococcus lysodeikticeizallengesi(3,
with molecular weights that are usualtyl0 kDa, which are 14, 151). Additionally, Ho et al. cloned the following two types
e ective on bacteria (Gram-positive and Gram-negative),gun of genomic fragments anking the %end of the Penaeidin
(yeasts and lamentous), and parasites, as well as in sones cagene inP. monodonType536 and Type411 sequences, both of
on enveloped virusesl89. AMPs are found in evolutionarily which contain several transcription-factor-binding matjfsuch
diverse organisms ranging from prokaryotes, invertebratesis TATA box, GATA, dorsal, and AP-1.%5. Similar to PEN2-
vertebrates, and to plantd §~139. To date, several classes of4 from L. vanamei many members from either IMD or Toll
AMPs or e ectors have been identi ed in shrimp, composedpathways can induce the promoter activities of Type536 and
of Penaeidin (PEN), Crustin (Cru), anti-LPS-factor (ALF), Type411 ininsect celld (9 159. In summary, PENs have been
C-type lectin (CTL), Lysozyme (Lyz), and thioester-coniin  found in several penaeid shrimp and have broad anti-micrbbia
protein (TEP). InDrosophila AMPs are mainly regulated by properties to Gram-positive and Gram-negative bacteria, as
NF-kB pathways, and the transcription of drosomycin (Drs)well as fungi {51, 164, but they do not exhibit any antiviral
and diptericin (Dpt) have been identied as the hallmarks properties. Most PENs can be regulated by both the Toll pathway
for the activation of the Toll pathway and the IMD pathway, and two branches of the IMD pathway.
respectively 42, 23 136. However, the regulatory mechanism  Crustins, functioning as protease inhibition or as an e ector
of AMPs is still not clear in shrimp. Herein, we will summarize molecule, is a type of whey acidic protein (WAP) domain-
these AMPs and other antimicrobial proteins that have beerontaining and cationic cysteine-rich AMP441). Generally,
reported to be associated with the two MB-pathways, directly the characterized WAP domain is composed of 50 amino-acid
or indirectly (Table 3. residues with eight cysteine residues at de ned positionschvh
PENSs are a special class of AMPs that have only been identi &drm four intracellular disul de bonds to create a tightly e
in Penaeid shrimp. Delphine et al. isolated three PENs from thetructure (L41, 144). Crustins are usually classi ed into ve types
hemolymph of shrimpP. vannameifor the rst time in 1997 (Type I-V) based on the di erences in the domain organizations
(163. These peptides are de ned as the name of Penaeidirsetween the signal sequences and the WAP donmi&if) ( Most
after the genus Penaeus, which therefore cannot be assd¢tat Crustins found in shrimp belong to Type-II Crustins that caiir
groups hitherto describedl63. This family is highly cationic, an N-terminal signaling peptide, followed by a long glycinefri
consisting of a highly conserved leader peptide followed bgomain, cysteine-rich domain, and a WAP domain at the C-
an N-terminal proline-rich domain (PRD) and a C-terminal terminal. There are also some Crustins in shrimp belonging to
cysteine-rich domain (CRD). PENs have been shown to possebgpe lll, which are also named single-WAP-domain proteins
strong antimicrobial activities against Gram-positive &thm-  (SWDs) @6, 144). Instead of the glycine-rich and the cysteine-
negative bacteria, as well as funtfi{). Until recently, PENs had rich regions, SWDs have a proline-arginine-rich domain bedw
only been discovered in several shrimp, includingrzannamei  the signal sequence and the WAP domaliri4). In shrimp, most
F. chinensis?. monodonand M. japonicus Unlike LvPEN2 and Crustins are mainly expressed in the hemocytes or gills, but
LvPENS3, the LVPEN4 upstream-regulatory region containsynanrarely in hepatopancreas 41, 144 152 166 167). Surprisingly,
putative transcription-factor-binding sites, including 8fx, AP- ~ PmCru5 fromP. monodorcould not be detectable in hemocytes
1, Dorsal, and GATA 140. Luciferase-reporter assays havebutwas highly expressed in the epipodite and eyestaikg.(The
con rmed that LvToll2, LvToll4, LvMyD88, LvDorsal, LvIMD, transcription of Crustins in shrimp might be regulated by bot
and LvRelish, which belong to either IMD or Toll pathways, areToll and IMD pathways and other unknown signaling pathways.
able to induce the promoter activity of LvPEN4 in insect cellsAnalyzing g—upstream sequence of Crustins reveal that there are
(11, 12, 17, 26, 27). Chromatin immunoprecipitation (CHIP) a putative TATA box and several putative binding sites for Ris-
assays have also demonstrated that LvDorsal can bind withP-1, and STAT544, 26, 34, 36,109 141, 144 149. Interestingly,
the promoter region of LvPEN4 after LPS challerigevivo, in addition to the above potential binding sites, the promobér
which correlates well with the nding that over-expressioh o PmCru5 also contains a complete heat-shock-regulatoryetem
LvCactus represses the promoter activity of LvPEN4tro (55.  indicating that heat shock may also induce the expression of
Moreover, LYPEN2, LYPEN3, and LvPEN4 have been shown mCru5 (144 157). Studies from Wang et al. have showed that
be up-regulated by IKK, TAK1, MKK4, MKK6, and AP-1 (c- silencing of LvIAP2, homologous rsosophildAP2 of the IMD
Fos and c-Junin vivo or in vitro, which are key components of pathway, leads to a decrease in the expression of LvCrustinl and
the IMD pathway 62, 112 119 123 126. However, Hou et al. LvCrustin3 in hemocyteslé3. Zhang et al. have reported that
observed that knockdown of IMD only induced subtle e ectsthe expression of a Crustin frorh. vannameiis up-regulated
on the expression of PENB vivo after V. anguillarumand when Flightless-I is silencedl§9. Recently, Li et al. have
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TABLE 3 | AMPs or effectors related to NFkB pathways identi ed in shrimps.

AMPs Species Types Function identi ed Signaling pathways R eferences

LVPEN2 L. vannamei Penaeidin AntiVibrio AP-1 (c-Fos, c-Jun) 27, 119, 140)

LVPEN3 L. vannamei Penaeidin AntiVibrio Toll, AP-1 @4, 27, 119, 140)

LVvPEN4 L. vannamei Penaeidin AntiVibrio IMD; Toll2; NFkB; AP-1 @z, 12,17, 27,
119, 140, 141)

LvCrul L. vannamei Crustin V. alginolyticus down Toll4; TAKL; IAP 27,112, 142, 143)

LvCru2 L. vannamei Crustin ND TAK1 L12)

LvCru3 L. vannamei Crustin ND Toll4; TAKL; IAP 27,112, 143)

LvCrustinA L. vannamei Crustin AntiVibrio; Anti-WSSV NFkB; AP-1 (141)

LvCrustinP L. vannamei Crustin ND Toll; IMD; AP-1; NFkB (24, 144)

LVALF1 L. vannamei Anti-LPS-factor Interact with VP19, VP26, VP28, wsv134, IMD; Toll4; Dorsal 24, 27)

and wsv321

LVALF2 L. vannamei Anti-LPS-factor AntiVibrig Anti-fungi; Anti-WSSV Toll4; Dorsal A7, 145)

LVALF3 L. vannamei Anti-LPS-factor AntiVibrio, anti-WSSV Toll4; Dorsal q7)

LvCTL3 L. vannamei C-type lectin AntiVibrio; anti-WSSV Dorsal 146)

LvCTL4 L. vannamei C-type lectin AntiVibrio NF-kB 147)

LvLYZ1 L. vannamei Lysozyme AntiVibrio; Anti-WSSV: Interact with VP26, Toll4; Dorsal; TAK1 27, 112)

VP28, wsv134, and wsv321

LvLYZ2 L. vannamei Lysozyme AntiVibrig, Anti-WSSV Toll4; Dorsal; TAK1 A7, 112)

LvLYZ3 L. vannamei Lysozyme AntiVibrio; Anti-WSSV Dorsal 27)

LvLYZ4 L. vannamei Lysozyme ND Toll4; Dorsal; TAK1 27, 112)

LVTEP1 L. vannamei TEP GC/G-: up; WSSV: up NFKB; AP-1 (148)

FCPEN3 F. chinensis Penaeidin ND Relish 49, 150)

FcPEN5 F. chinensis Penaeidin Anti-bacteria NFkB (13, 14, 151)

FcCrul F. chinensis Crustin ND IMD; Relish 109, 149, 152)

FcCru2 F. chinensis Crustin ND Spz @1, 152)

FcCru3 F. chinensis Crustin ND IMD (109, 152)

FcALF F. chinensis Anti-LPS-factor ND Relish 149)

FCALF6 F. chinensis Anti-LPS-factor ND IMD (109, 153)

FCALF8 F. chinensis Anti-LPS-factor ND IMD 109)

FclLys2 F. chinensis Lysozyme ND IMD L09)

PmMPEN3 P. monodon Penaeidin Anti-bacteria Spz %9, 154)

PmMPEN411 P. monodon Penaeidin ND AP-1, Dorsal (L55)

PmPEN536 P. monodon Penaeidin ND AP-1, Dorsal 19, 155)

PmMPEN309 P. monodon Penaeidin ND Toll2 @6)

Crus-likePm P. monodon Crustin V. harveyi up NF-kB; STATS5; AP-1 26, 156)

crustinPm1 P. monodon Anti-LPS-factor ND Spz 39)

crustinPm5 P. monodon Anti-LPS-factor ND NF-kB (26, 157)

crustinPm7 P. monodon Anti-LPS-factor ND Spz 39)

ALFPmM2 P. monodon Anti-LPS-factor V. harveyi up NF-kB; AP-1 (158, 159)

ALFPmM3 P. monodon Anti-LPS-factor V. harveyi up; WSSV: up Spz 89, 153, 158, 159)

MjLys1 M. japonicas Lysozyme V. anguillarum up; Toll; IMD; Toll3 109, 160, 161)

Mj-Lys2 M. japonicus Lysozyme ND IMD L09)

PcCrul P. clarkia Crustin V. anguillarum up Toll; IMD; Toll3 19, 36, 109)

PcCru2 P. clarkia Crustin V. anguillarum up Toll; IMD 19, 109)

PcALF1 P. clarkii Anti-LPS-factor anti-bacteria IMD; Toll4; Toll2; Toll3 36-37, 109, 162)

PcALF2 P. clarkia Anti-LPS-factor V. anguillarum up IMD; Toll; Toll4; Toll2 19, 35, 37, 109)

PcALF4 P. clarkia Anti-LPS-factor ND Toll4 B87)

PcALF7 P. clarkia Anti-LPS-factor ND Toll4 B87)

PCcALF10 P. clarkia Anti-LPS-factor ND Toll4 B87)

PcLys1 P. clarkii Lysozyme V. anguillarum up; Toll; IMD; Toll3 19, 36, 109)

(Continued)
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TABLE 3 | Continued

AMPs Species Types Function identi ed Signaling pathways R eferences
MrCru2 M. rosenbergii Crustin Anti-WSSV Relish (11)
MrCru3 M. rosenbergii Crustin Anti-WSSV Toll 84)
MrCru5 M. rosenbergii Crustin Anti-WSSV Relish (11)
MrCru7 M. rosenbergii Crustin Anti-WSSV Toll 34)
MrCru8 M. rosenbergii Crustin Anti-WSSV Relish L11)
MrALF2 M. rosenbergii Anti-LPS-factor ND Toll 34)
MrALF3 M. rosenbergii Anti-LPS-factor ND Toll 34)
MrALF4 M. rosenbergii Anti-LPS-factor ND Toll 34)
MrALF5 M. rosenbergii Anti-LPS-factor ND Toll 34)
MrLys1 M. rosenbergii Lysozyme ND Relish (11)
MrLys2 M. rosenbergii Lysozyme ND Relish (11)

GC, Gram-positive bacteria; G : Gram-negative bacteria; up, differentially up-regulated; down, diffentially down-regulated; ND, Not determined.

reported a new Crustin fronk. vannameinamed LvCrustinA, Recently, a new ALF isoform (LVALF AV-R) has been shown to
which is abundantly expressed in immune-related tissuesh su have higher expression levels in hepatopancreas of VP_PirA/B-
as the gill, hemocyte, and epithelium4). Dual-reporter assay like toxin-resistant shrimp. The recombinant LvALF AV-R has
in S2 cells shows that LvCrustinA can be induced by LvDorsaheen found to bind with bacterial proteins, but not Vp_PirAB-
LvRelish, and Lvc-Jun, suggesting that LvCrustinA could béke toxin, which suggests that LVALF AV-R might be involved
regulated by both IMD and Toll pathway441). Lan et al. have in the resistance mechanism in a non-direct mannér9.
shown that the IMD pathway participated in inducing of three So far, several ALFs from several shrimp species—sucth as
kinds of AMP genes, namely, Crustins, ALFs, and Lysozymes, irannameiand F. chinensis-have been reported to be regulated
F. chinensiand P. clarkii Speci cally, Crul, Cru2, ALF1, ALF2, by the IMD pathway, as indicated by the decreased expression
and Lyz1 inP. clarkij and Crul, Cru3, ALF6, ALF8, and Lyz2 of ALFs in IMD- or Relish-knockdown shrimp24, 109 149.
in F. chinensigre thought to be induced via the IMD pathway Huang et al. have shown that 5 of 11 ALFs (PcALF1, PcALF2,
after V. anguillarumchallenge 109. Feng et al. have reported PcALF4, PcALF7, and PcALF10) frobh charkiiare regulated
that two Crustins, Cru3 and Cru7, fromd. rosenbergiére down- by PcToll4 after WSSV challenge in the intestine, but the
regulated in gills of MrToll-knockdown shrimp in response to expressions of other ALFs do not change signi cantly when
WSSV infection 84). However, a Crustin fromL. vannamei PcToll4 is silenced3(/). Interestingly, Lan et al. have reported
has been shown to not be regulated by Toll or IMD geires that PcToll2 fromP. charkiican positively regulate the expression
vivo (24). Most of the Crustins identi ed from shrimp have of PcALF1 and PcALF2 through activating the transcription
been reported to have antiviral or antibacterial rolé§%174), factor PCATF4, but not PcDorsal or PCSTAT, to defend against
but their expressions implicated in signaling pathways aié stiGram-negative bacteri&f). Additionally, as mentioned earlier,
unclear. For example, MjCru fromil. japonicushas been shown Lan et al. also reported that several ALFs frém chinensis
to possess antibacterial activity against Gram-positive@raan-  and P. clarkiacan be regulated by the IMD pathway to defend
negative bacteria through destroying the surface of badter against bacterial infection1(09. Feng et al. have determined
cells (41, 179. Recently, two new Crustin isoforms, MjCRS8that the MrToll from M. rosenbergitan regulate the expression
and MjCRS9, fromM. japonicushave been shown to only be of four ALF genes (MrALF2, MrALF3, MrALF4, and MrALF5
expressed in gills, but they do not respondtgparahaemolyticus genes) in the gills after WSSV infectiof4f. ALFs have also
or WSSV by immersion tests, which suggests that some Crustitbeen discovered in hydrothermal-vent shrirRimicarissp. and
could have additional roles beyond immunity (5. exhibit activities against a wide range of bacterd&d. In a
ALFs are a group of AMPs that were rstly isolated from recent study, the analysis of the tissue distribution, retjuta
the hemocytes of the horseshoe crahsnulus polyphemus and biological functions of ALF genes in shrimp suggest that
(144 179. L. polyphemusALF binds LPS, inhibited the functional diversi cation of ALFs may rely on multiple selewt
LPS-mediated activation of theimulus coagulation system, pressuresi59. In addition to the Toll and IMD pathways, other
and could strongly inhibited the growth of Gram-negative signaling pathways, such as the JAK-STAT pathway, have been
bacteria (77). In shrimp, ALFs were rst identi ed from the shown to participate in regulating the expression of ALFs and
hemocytes oP. monodon(158. Antimicrobial in vitro assays Crustins (L81).
performed with recombinant PmALFs have shown a strong In crustaceans, non-self-recognition molecules, lectiay
activity against Gram-positive and Gram-negative bactarid a major role in immune responses mainly by inducing
lamentous fungi (L78. Subsequentlyjn vivo experiments, phagocytosis against bacterial pathogens through opsonizatio
LvALF1-knockdown shrimps exhibited more sensitive to both(182. C-type lectins (CTLs) are one of the lectin families and is
bacterial and fungal infection than the control group4@. widely existed in Metazoa. C-type lectin domain (CTLD) is the
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characteristic domain of CTLs, including two disul de bgds (80-120 250-380nm), non-occluded, rod-shaped, enveloped,
composed of four conserved cysteine residues. Several &Gfndsand double-stranded DNA virus with a genome of300 kbp.
CTLs have been identi ed in shrimp in recent years and hav@VSSV is highly pathogenic and virulent, especially in penaeid
been well reviewed in a previous papé6(). Some CTLs could shrimp, and it has caused serious yearly economic damage to
function in an AMP-like manner, such as FcLecl and LvCTL3the shrimp industry worldwide. Shrimp with acute infection
which could agglutinate both Gram-positive and Gram-negati by WSSV generally begin to die after 24 h with cumulative
bacteria (6Q 183. There are also reports that have shown thatmortality of 100% within 3—-10 days. WSSV is the most studied
CTLs are regulated by the NEB pathway inL. vannamei A  viral pathogen in shrimp, which provides a promising possibility
NF-kB-binding site has been found in the LvCTL3 promoterto elucidate the interplay between NB pathways and
and over-expression of LvDorsal can signi cantly induce thethis virus.
expression of LvCTL3, which came from the rst report on the As mentioned above, the activation of the two shrimp KiB-
signaling pathway involved in shrimp CTL expressicht§). pathways (Toll and IMD pathways) leads to the expression of
Subsequently, LvCTL4 has also been found to be regulated B§Ps and other e ectors, which confer resistance to a wide range
both of the two NFkB proteins, LvDorsal and LvRelisi47). of bacterial pathogens. It is noteworthy that some of these NF
Considering that the expression of most lectins can been hapidkB pathway-controlled proteins, such C-type lectins and ALFs,
altered in response to diverse pathogeh&(, the transcription possess direct antiviral activities. For instance, the-Doltsal
of lectins induced by host-signaling pathways could be aigdiye  pathway controlling of several AMPs—such as PENs, ALFs, and
important immune mechanism in shrimp. LYZs—have been shown to interact with dierent structural
Lysozyme (Lyz/ Lys) is known to be an important immuneproteins of WSSV 7). In addition, knockdown of LvCTL3, a
e ector, especially for aquatic animals, in resisting baater Toll-Dorsal pathway-controlled C-type lectin, has been shown
pathogens by lysing bacterial cell walls. Lysozyme hasdglreato render shrimp more susceptible to WSSV4(. There are
been identi ed in several shrimp species and the transcriptio many reported C-type lectins in shrimp with antiviral actiyit
levels of Lysozymes vary strikingly after bacterial andlvir against WSSV—such as LvCTL1, FcLec3, MjLecA, MjLecB, and
challenges. Only a few studies have reported that shrimp IMIMjLecC—through their direct interactions with WSSV-envgé
pathway genes, such as IMD and IAP2, have the ability tproteins; however, whether their expressions are regulatétH
regulate Lysozymes, including LvLys, FcLys2, Mj-Lys1Ly8R, kB pathways requires further investigatioh6Q 161, 202 203.
and PcLys1109 143 164 184). Additionally, PcLysil fromP.  Another case is LvTEP1, which is well identi ed to be regudate
clarkii possesses antimicrobial activity and has been shown toy several transcription factors, including LvDorsal, Lvstel
be regulated by Toll and Toll3184). Although many reports Lvc-Jun, and Lvc-Fos, which are downstream transcription
have indicated that shrimp Lysozymes have a broad spectrufactors of Toll and IMD pathways. Higher mortality has been
of antimicrobial properties against multiple bacteria andigies observed in LVvTEP1-silenced shrimp after WSSV infection,
(19, 185-199), the information on their transcriptional regulation indicating its important antiviral role §3, 149. Additionally,
is still very limited. shrimp ALFs have been extensively studied for their rolesndu
In invertebrates, TEPs have been studied deepAriapheles WSSV infection. An increasing number of reports have shown
gambiag(195-199. AgTEP1 has been reported to promote thethat the NFkB-pathway-targeted ALFs play important role to
uptake of bacteria and fungilf9 200. The rst TEP member defend against WSSV. PcToll4 frdea clarkiais able to regulate
that was found in crustaceans Bacofastacus leniuscullEP, the expressions of ve PcALFs in the intestine to oppose WSSV
which exclusively is expressed in cuticular tissues, sudheas (37). Moreover, ve ALFs fromM. rosenbergihave been shown
gill and intestine 201). In recent years another TEP has beento be regulated by MrToll to confer protection from WSS¥4J.
reported inL. vannamei Bacterial treatments degrade the full- Mechanistically, shrimp ALFs exhibit their antiviral adtivvia
length LVTEPL1 into a processed fragment, which can bind th botinteracting with WSSV structural proteins, therefore intarhg
Gram-negative and Gram-positive bacterl@®. Knockdown of  with viral invasion @7). In accordance with this potential
LVTEP1in vivoincreases the susceptibility to both Gram-positivemechanism, PIALF has been shown to play important roles in
and Gram-negative bacteria, as well as WSSV. Additionallprotect shrimp from WSSV infection via interfering with vira
the expression of LVTEPL1 is dependent on two RB-factors, replicationin vitro andin vivo in cray sh P. leniusculug204),
LvRelish and LvDorsal, via the sole ¥B-binding motif and the  while in red-claw cray shC. quadricarinatusCgALF can disrupt
AP-1 factors, Lvc-Jun and Lvc-Fos, via the AP-1 motifs in th&VSSV-envelope integrity that leads to a decrease of WSSV
LVTEP1 promoter {49. Therefore, the authors of this particular infectivity (205. PmALF3 fromP. monodonhas been shown
study proposed that TEP1 could be induced by both the Toll ando exhibit the ability to interact with several WSSV struetu
IMD pathways (48. proteins, such as wsv131 (WSSV186), wsv134 (WSSV189), and
wsv339 (WSSV395206. Therefore, we propose that the NdB
pathway regulating AMPs to resist WSSV could be a conserved
TWO NF-kB PATHWAYS IN RESPONSE TO action in di erent shrimp speciesigure 5). Additionally, WSSV
WSSV INFECTION has been shown to have evolved some strategies to inhikit hos
NF-kB signaling. This strategy of WSSVs is executed via encoded
The function of shrimp NFkB pathways is still elusive in microRNAs. Ren et al. have identi ed two viral microRNAs
response to viral infection, especially WSSV. WSSV is a larg&/SSV-miR-N13 and WSSV-miR-N23), which can target Dorsal

Frontiers in Immunology | www.frontiersin.org 17 July 2019 | Volume 10 | Article 1785



Lietal. Shrimps NFkB Pathways

FIGURE 5 | Interplay between shrimp NFkB pathways and WSSV. The activation of the NiB pathway can be hijacked by WSSV to favor its gene expressioand
genome replication. WSSV infection activates the host Tgtlathway, which leads to the activation of Dorsal that transkcates into the nucleus to induce viral-gene
expression and promote viral-genome replication. A simitesituation is observed for the IMD pathway. The activation afisv069 mediated by the NFkB pathways can
in turn induce its own expression, which creates a self-redatory loop. Such a positive-feedback loop ampli es the sigaling extent to further activate other viral
genes. Until now, after WSSV infection, the NkB pathways have been shown to be subject to numerous regulaty controls by both host factors—such as p53,
miR1959, and HMGB—and viral factor, such as WSSV449, WSSV-iR-N13, and WSSV-miR-N23. However, the activation of the simp canonical NFkB pathway
can also lead to AMP expression, such as ALFs, which have stng antiviral activity against WSSV. Therefore, WSSV couldte evolved some currently unknown
strategies to attenuate the antiviral role of the host NIkB pathway to instead engage its activation to favor viral pabgenesis.

to suppress the Spz-Toll-Dorsal-ALF antiviral-signaling pedly ~ Toll-pathway-controlled AMPs, as well as the three viral genes,
in shrimp M. japonicus in viv@42, 207). wsv069, wsv303, and wsv371, in insect cells. Therefore, the
There are more and more studies showing that the activatioauthors suspected that WSSV449 could activate the Toll-Dorsa
of the NFkB pathway could be hijacked by WSSVs to favompathway for regulating viral gene expressiat)( At the layer
its own gene expression and genome replicatidabl{e 4. The of Cactus, WSSV infection can induce host miR-1959 in order
Toll-Dorsal pathway has been shown to be regulated by WSS reduce the NFkB inhibitor LvCactus level, thereby leading
at multiple levels, especially via the Dorsal/Cactus completo the activation of LvDorsal, which in turn translocatesdn
(Figure 5). Until now, it has still been unclear as to how the the nucleus to promote viral-gene expression and promote-viral
host senses WSSV infection and activates thekRFpathway. genome replication 94). Additionally, several host factors—
WSSV encodes a WSSV449 protein that is homologous t®uch as two p53 isoforms (L\Np53 and LvFLp53), two HMGB
the host, Tube, which is an adaptor of the MyD88-Tube-isoforms (LvHMGBa and LvHMGBb), and LvSTAT frorn.
Pelle heterotrimeric complex in the Toll pathway. Similar tovannamei—have been shown to regulate viral-gene expression
the host, Dorsal, WSSV449 is able to activate promoters olfirough interacting with LvDorsall21, 208 209. In accordance
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TABLE 4 | WSSV proteins/genes related to host (shrimps) Toll and IMD paways—proteins/genes.

WSSV genes/proteins Molecular interaction with host Toll and IMD Species References
pathways genes/proteins

wsv390/WSSV449 Tube-like protein L. vannamei @7)
WSSV-miR-N13, WSSV-miR-N23 LvDorsal M. japonicus 42)
wsv069 (IE1) promoter LvRelish L. vannamei @2)
wsv069 (IE1) promoter LVvHMGB, LvDorsal L. vannamei (208)
wsv069 (IE1) promoter LvSpz4 mediated NFkB activation L. vannamei (38)
wsv069 (IE1), wsv303, and wsv371 promoters LvMyD88 L. vannamei @4)
wsv069 (IE1), wsv303, and wsv371 promoters LvPellino L. vannamei 67)
wsv069 (IE1), wsv303, and wsv371 promoters LvTube, wsv390 L. vannamei @7)
wsv069 (IE1) and wsv303 promoters LvRelish, LvDorsal L. vannamei (563)
wsv069 and wsv249 promoters Lve-Jun, Lvc-Fos L. vannamei (119)
wsv051, wsv056, wsv069, wsv078, wsv079, wsv080, wsv083, LvDorsal L. vannamei (209)

wsv091, wsv094, wsv098, wsv100, wsv101, wsv103, wsv108,
wsv178, wsv249, wsv358, wsv403, and wsv465 promoters

wsv051, wsv059, wsv069, wsv083, wsv090, wsv107, wsv244, LVIKKb, LVIKK+ L. vannamei (62)
wsv303, wsv371, and wsv445 promoters
wsv056, wsv069, wsv078, wsv079, wsv080, wsv083, wsv091, LVMKK6 L. vannamei (123)

wsv094, wsv098, wsv099, wsv101, wsv103, wsv108, wsv178,
wsv187, wsv249, wsv358, wsv403, and wsv465 promoters

with this, several studies have reported that the promoters dRelish, and AP-1—have lower viral loads and render shrimpemor
some WSSV genes contain binding sites for RB--(12, 42,  resistant to viral infection1, 53 73 114 119.

63 117 209. LvDorsal has been demonstrated to regulate Viruses have a very limited set of genes and, therefore, must
the promoter activities of many viral genes, including wsk05 use the host cellular resources to achieve their life cyI&SVs
wsv056, wsv069, wsv078, wsv079, wsv080, wsv083, wsvB@le evolved to use the activation of host kB-pathways—more
wsv094, wsv098, wsv100, wsv101, wsv103, wsv108, wsvspeci cally via the transcription factors Dorsal, Relish, c;Ju
wsv249, wsv303, wsv358, wsv371, wsv403, and wsi/468%¢  and/or c-Jun—to promote its self-gene expression and genome
208. A similar situation exists in the IMD pathway-{gure 5. replication. However, the activation of host NdB pathways
The two branches of the IMD pathway can be activated by WSSMads to boost the synthesis of a speci c set of AMPs or e ectors
infection in an unknown manner, and the activated transaopt ~ with antiviral activities against WSSV. This is not incoivedle,
factors, LvRelish, Lvc-Jun and Lvc-Fos, have been shown bt it seems apparent that WSSVs have evolved some unknown
regulate a bulk of viral genes, such as wsv056, wsv069, 9ysv(strategies to attenuate the antiviral role of host KB-pathways,
and wsv249 52, 119 123 21Q 217). Speci cally, wsv069 was but instead engage its activation to favor viral pathogenesi
the rst identi ed immediate-early gene in WSSV, is the most This could be explained by the observation that many RNg--
studied viral gene regulated by many host factors, and thag m controlled AMPs are induced in the stage of early infection
be a promising case to investigate its regulation via siggali but are quickly inhibited later. However, the function of NB
pathways. The promoter-regulatory region of wsv069 containpathways during other viral infection is still poorly undereth
several binding motifs, including one NEB, one STAT, and PmRelish fronP. monodorseems to play an antiviral role against
two AP-1s £10. Until now, host transcription factors—Dorsal, Yellow head virus (YHV)114). More studies regarding the roles
Relish, STAT, YY1, c-Jun, and c-Fos—have all been shown to bEhost-signaling pathways in WSSV and other viral infecsion
involved in the regulation of wsv069.19 210 212 213; this  should be performed.

suggests that after WSSV infection, the expression of wsv069

could be induced by the activation of multiple host-signglin cONCLUSIONS AND FUTURE STUDIES

pathways, such as the Toll-Dorsal pathway, the two branches

of the IMD pathway, and the JAK-STAT pathway. Of note, theThe innate immune system is of great importance for shrimp
activation of wsv069 by host factors canin turninduce vijahes  to defend against infection. Recently, studies on two K&F-
such as itself, which thus establishes a positive-feedimak | pathways in shrimp mainly contain the follow themes: the
(210. Such positive-feedback loops could amplify the signalingjenti cation and characterization of components of N8
extent to further activate other viral early and late gerEEﬂBed pathways; dissecting Signa| transduction Components okRF-

on these data, we hypothesize that WSSV may hijack hostBIF- pathways; and determining the function of NéB pathways in
pathways to achieve successfully infection. Sorwevoevidence  response to bacterial and viral (WSSV) infection. Howeveste
supports this hypothesis, as shown by the fact that knockdown @fre also many key components that have not been uncovered,
many pivotal components of NkB pathways—such as Dorsal, especially in the IMD pathway, such as the receptors for DREDD
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and FADD, and how the action of signal transduction in thistwo pathways in regulating AMPs. As mentioned above, the

pathway is mediated is still unclear. Recently, the genoms&trategies by which WSSVs attenuate the antiviral role &t ho

sequence df. vannameiwith the annotation of 25,596 protein- NF-kB pathways to instead engage its activation in favor of

coding genes, has been reportéd4). Decoding the.. vannamei viral pathogenesis is still poorly characterized. Furthedis

genome will not only promote the discovery of some conservedn the relationship between host and viral proteins need to be

components of signaling pathways, but will also provide thénvestigated in detail, which will help us to better undeursd

opportunity to understand various biological processes ofspr  viral pathogenesis and to develop e ective strategies faal-vir

at the genomic level. In thBrosophilagenome, a total of nine disease control.

Tolls have been found, but only the Toll1, or simply Toll, has

been de nitively identi ed as an upstream receptor of Dorsal o AUTHOR CONTRIBUTIONS

Dif. Until now, there have been ve groups of Tolls identi ed

in shrimp, but which of these Tolls can induce Dorsal orAll authors listed have made a substantial, direct and

other transcription factors, such as ATF and IRF activationjntellectual contribution to the work, and approved it

is still unclear. Additionally, dierent from howDrosophila for publication.

Toll recognizes infection via binding to Spatzle, shrimp $oll

can directly sense foreign pathogenic motifs similar to thaFUNDING
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