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Abstract

Enteric redmouth disease (ERM or yersiniosis) ie oh the most important diseases of
salmonids and leads to significant economic los#tess caused by the Gram-negative
bacterium Yersinia ruckeri but can be controlled by bacterin vaccination. Tirst
commercial ERM vaccine was licenced in 1976 andns of the most significant and
successful health practices within the aquaculindustry. Although ERM vaccination
provides complete protection, knowledge of the hmshune response to the vaccine and the
molecular mechanisms that underpin the protectiantezl is limited. In this report, we
analysed the expression in spleen and gills ofrgelaet of genes encoding for cytokines,
acute phase proteins (APPs) and antimicrobial gepti(AMPS) in response to ERM
vaccination in rainbow troutYncorhynchus mykiss. Many immune genes in teleost fish are
known to have multiple paralogues that can shovemdhtial responses to ERM vaccination,
highlighting the necessity to determine whetheradlthe genes present react in a similar
manner. ERM vaccination immediately activated aabe¢d inflammatory response with
correlated expression of both pro- and anti-inflaatony cytokines (eg ILfi1-2, TNF«1-3,
IL-6, IL-8 and IL-10A etc.) in the spleen. The irase of pro-inflammatory cytokines may
explain the systemic upregulation of APPs (eg seaumyloid A protein and serum amyloid
protein P) and AMPs (eg cathelicidins and hepcidign in both spleen and gills. We also
observed an upregulation of all thechains but only onp-chain (p40B2) of the IL-12 family
cytokines, that suggests specific IL-12 and IL-88forms with distinct functions might be
produced in the spleen of vaccinated fish. Notahéyexpression of Thl cytokines (IRN-

2) and a Th17 cytokine (IL-17A/Fla) was also updtated and correlated with enhanced
expression of the IL-12 familg-chains, and the majority of pro- and anti-inflantomg
cytokines, APPs and AMPs. These expression profilay suggest that ERM vaccination
activates host innate immunity and expression etigig IL-12 and IL-23 isoforms leading
to a Thl and Th17 biased immune response. A ldigction of Th2 cytokines (IL-4/13B1-2)
was also observed, that may have a homeostatic antor involvement in antibody
production. This study has increased our undersigraf the host immune response to ERM
vaccination and the adaptive pathways involved. €hdy responses of a set of genes
established in this study may provide essentiadrmftion and function as biomarkers in
future vaccine development in aquaculture.

Key words: Enteric redmouth disease, vaccination, cytokinaiephase protein,
antimicrobial peptide, gene expression, T helpdr Aelper 17, spleen, rainbow trout,



59

60
61
62
63
64
65
66

67

68
69
70
71
72
73
74
75
76
77
78
79
80
81

82

83
84
85
86
87
88
89

1. Introduction

Enteric redmouth disease (ERM, yersiniosis) is oinde most important diseases of
salmonids and leads to significant economic log$€q. The disease is caused ¥grsinia
ruckeri, a Gram-negative rod-shaped enterobacterium, faliated from rainbow trout
Oncorhynchus mykiss in the Hagerman Valley of Idaho, USA in the 195@s5]. ERM
infected rainbow trout show a general septicaemith &n inflammatory response in all
tissues. The gills are the first route of entry ifdfiection, with the spleen a major secondary

lymphoid organ associated with the response [1,6].

Vaccination as a means of controlling ERM is onethef most significant and successful
health practices within the aquaculture industmd d&as helped to reduce the use of
environmental unfriendly antibiotics to controldhiacterial disease [7]. The first commercial
fish vaccine for ERM was licensed in 1976, and wémcterin prepared from formalin-killed
whole cells ofY. ruckeri. A simple immersion is effective but intraperitoh@g) injection
provides superior and long lasting protection agfaltBRM [8]. However, ERM outbreaks
have occurred recently due to the emergence oficatypiotypes ofY. ruckeri [2]. This issue
can be resolved by including new isolates in therowed vaccine preparation, as shown with
AquaVac(®) RELERA™ that contains both biotypes M &hof Y. ruckeri and provides
better protection [8-9]. Moreover, distinct straofsy. ruckeri are present in the environment
and can evolve with the introduction of susceptibtsts and vaccination of salmonids in
aguaculture [10-11]. As the production of globaliaculture continues to increase it is likely
that vaccines against other bacterial diseaseentbunter similar issues and will need the

development of improved formulations.

The development of fish vaccines has been largalyirgcal, based on whether a formulation
is effective at increasing survival post-diseaseallehge [12]. This is unsatisfactory from
both ethical and scientific perspectives. Thera edear need to establish methods to improve
fish vaccine development, such as pre-screeningcasfdidate vaccines in the early
development phase and the quality control of vaiThe immune system is a network of
specialized cell types and tissues that commursceaig cytokines and direct contact, to
orchestrate specific types of responses to effeteption [13]. It is known in mammals that
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different vaccines induce distinct transcriptionsignatures, representing the highly
specialized defence mechanisms that can be eli@tedpe with the different pathogens and
insults a host may encounter. In this context,ciduy innate responses to vaccines are likely
critical instructors for the development of adaptilnmunity at later time points [14]. For the
development of new vaccines, it is crucial to deiee molecular signatures of vaccine-
induced immune responses to gain a better unddistarof the pathways involved and

mechanisms that underpin protection, as well gsedict vaccine performance.

As a highly efficacious vaccine, the ERM vaccineoyides a useful model for the
investigation of fish immune responses to vacceres bacterial diseases. Thus past studies
have examined immune gene responses to ERM afteimadion [15-16] or after vaccination
and challenge [9,17-18]. However, only a relativetyall number of genes were investigated
in these studies and often in the absence of irdbom of the paralogues present [15-18].
With the recent release of salmonid genomes [198@]the identification of a large number
of cytokine genes including the paralogues for fLfA1], TNF- [22], IL-17A/F [23-24], IL-
4/13 [25] and subunits of the IL-12 family [26-2@)] salmonids, it is timely to revisit the

early immune responses to ERM vaccination.

Hence, in this study ERM vaccination was used a®del to investigate the early cytokine
responses in rainbow trout in two major and reléyammune organs, the spleen and gills.
The expression of acute phase proteins (APPSs) matinanérobial peptides (AMPs) was also
examined. We found that intraperitoneal injecticacaination induces an early balanced
expression of pro- and anti-inflammatory cytokiaesl adaptive cytokines in the spleen, with

a heightened expression of APPs and AMPs in bddesmand gills.
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2. Materialsand Methods
2.1 Fish maintenance and rearing condition

Apparently healthy rainbow trout with no history iafection were purchased from the Mill
of Elrich Trout Fishery (Aberdeenshire, ScotlandK)Uand maintained in 1-m-diameter
fibreglass tanks with recirculating freshwater 4t1°C at the Scottish fish immunology
research centre, the University of Aberdeen, UK.lggst 10 fish from each batch were
screened for potential bacterial infection by tgkitead kidney swabs and growing on tryptic
soy broth (Sigma, UK) agar plates. No bacterialwngnowas seen. Fish were fed (2%
biomass) twice a day with a commercial diet (EW@BJ given two weeks for acclimation

prior to vaccination.

2.2 Fish vaccination

The commercial vaccine AquaVat ERM (MSD Animal Health), a formalin-inactivated
bacterin containing not less than 5 X t@lls per ml ofY. ruckeri (Hagerman strain type 1),
was used in this study. The vaccine trial was dlesdrpreviously [3Q]Briefly, a group of 24
fish (mean + SEM = 48.8 £ 1.5) were vaccinatedriyaperitoneal injection (ip) of 0.1 ml of
vaccine following manufacturer's instructions. 8sne number of fish were injected with
phosphate buffer saline (PBS) as the control. Tdeeimated and control groups were kept in
separate 1-m-diameter fibreglass tanks in a sireglieculating freshwater system at 14+1°C.
Fish handling and experimental protocols comphhwite Guidelines of the European Union
Council (2010/63/EU) for the use of laboratory aaisp and were carried out under UK
Home Office project licence PPL 60/4013, approved the ethics committee at the

University of Aberdeen.
2.3 Sampling, total RNA extraction and cDNA synthesis

Six fish from both the vaccinated and control gowere Killed at 1, 3, 7 and 14 days post
vaccination. Spleen and gills were taken from d&thand homogenised separately in TRI
reagent (Sigma, UK). Total RNA extraction and cDByxthesis was as described previously
[17, 31]. The synthesised cDNA samples were dilute@E buffer (10 mM Tris-HCI, 1mM
EDTA, pH8.0) and stored at -ZD ready for real-time PCR analysis.
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2.4 Gene expression analysis by real-time PCR

The expression of a set of genes for acute phaseips (APPs), antimicrobial peptides
(AMPs) and cytokines using real time PCR were peré as described previously [25,32-
33]. Briefly, the PCR amplification was performesing a LightCycler® 480 Instrument Il
(Roche Applied Science) and 384 multiwell plates ihOul reaction using SYBR® Green |
(Invitrogen™, Carlsbad, USA) and IMMOLASE ™ DNA Ruoalerase (Bioline, UK), and
expression levels calculated using the ‘LightCy®I&i80 software version 1.5. Elongation
factor-lo. (EF-10), a house keeping gene, was used as an internabtorhe sequences of
primers used, and the DDBJ/ENA/GenBank accessionbeu of the sequence the primers
were designed against are listed for each gerfialole 1. At least one of each primer pair
was designed to cross an intron and were testetigore that PCR products could only be
amplified from cDNA samples and not from genomic AN he cp value (the crossing point
at which the fluorescence crosses the threshol@&ns¥*SEM) of EF-4 was 11.31+0.25
(spleen samples) and 10.44+0.11 (gill samples). @&k@ression of each gene was first
normalized to that of EFel and expressed as a fold change relative to theession level of

control fish at the same time points.

2.5 Data and statistical analysis

For the statistical analysis, all of the gene esgian data were first calculated as arbitrary
units after normalization to the expression levielh@ house keeping gene E&-I'hen the
data were log2 transformed to improve the normabfy real-time quantitative PCR
measurements, as described previously [31]. OneAMNYVA and Bonferroni post hoc tests
were used to analyse all of the expression dateguBiM SPSS statistics 22 software (SPSS
Inc., Chicago, IL, USA). Differences between vaetéd and control groups for each time
point were considered statistically significantpag 0.05. In addition, we also undertook a
correlation analysis of vaccine modulated genesguie Spearman rank order correlation
test to look for associations between expressitieqpes. The gene expression levels in spleen
samples at day 1 and day 3 (N=12) were used ferahalysis, since the majority of gene

expression changes seen were during this period.
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3. Reaults

The expression of 63 genes, including the houspikgayene EF-d, 11 APPs and AMPs, 46
cytokine genes and 5 master transcription facteese analysed by real-time RT-PCR in this
study. To give an indication of relative transaoptlevel in the spleen and gillaCp that is
the Cp of the target gene minus that of kf-A\dere provided for the control fish at day 1 in
Table 1.

3.1 ERM-vaccination activates an immediate expression of APP and AMP genesin both

spleen and gills

APPs, eg serum amyloid A protein (SAA) and serunylaid protein P (SAP), and AMPs,
eg cathelicidins (CATH) and hepcidin, are evoluéioly conserved effector molecules of the
innate immune system that have important roles©érésolution of infection and activation
of the adaptive immune response [34-35] The exmmess some APPs and AMPs has been
shown to be induced by. ruckeri infection previously [36]. Thus their expressionswa
examined first in response to ERM vaccination. Ti8AA was highly expressed in spleen
and gills ACp=8, Table 1). Its expression was significantly induced in spledby ERM
vaccination at day 1, 3 and 7, and peaked at d&@-fold) and in the gills at day 1 (18-fold,
Fig. 1A). One of the SAP paralogues, SAP1 that was lowpyessed constitutively, was also
induced in spleen at day 1 andRg; 1B and C).

The constitutive expression of the AMPs, CATH1, G#T[35] and Hepcidin [34] was
relatively high in spleen and gillACp=9 to 16,Table 1). CATH1 expression was induced at
day 1 and day 3 in spleen but was refractory ifs gifter ERM vaccinationFig. 1D).
CATH2 expression was highly induced and peakedagtldin both spleen (385 fold) and
gills (32 fold) and the heightened expression thstetil day 7 in the spleen and day 3 in the
gills after vaccinationKig. 1E). Hepcidin expression was also induced at day bath
spleen (43 fold) and gills (59 foldkig. 1F) by ERM vaccination. The expression of other
AMPs, including LEAP2A [37] an@-defensins [38] was refractory in both spleen aifid g
(Table2 and S1).

3.2 ERM-vaccination induces an early correlated upregulation of pro- and anti-

inflammatory cytokine expression in the spleen
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A successful vaccine is expected to activate thatenimmune system to express pro- and
anti-inflammatory cytokines. Several such cytokihase been investigated previously [15-
16]. However, many other cytokines discovered rédgeaspecially the paralogues, have not
been examined after ERM vaccination. Therefore,ame number of cytokine genes
including all the known paralogues have been ingatdd in this study. Three active II3-1
paralogues are present in salmonids [21]. pil-And IL-B3 have relatively high constitutive
expression in spleen and gills, compared to gR-{Table 1). The expression of both ILB1
and IL-132 was induced at day 1 and 3, and peaked at daytHeispleenKig. 2A-B), but
was not modulated in the gillsTéble S1), of vaccinated fish. IL{13 expression was
refractory Table 2 and S1). In terms of fold change, ILER expression was more inducible
(peaked at 49 fold) than ILB1 (peaked at 17 fold). At least three TNFparalogues are
present in rainbow trout [22]. All the three geri€blF-a1-3) were up-regulated in spleen at
day 1, with TNFe2 remaining elevated at day 3 in the spleen, buthamges were seen in
the gills after vaccinationHg. 2C-E). The other pro-inflammatory cytokines investighte
included IL-8 [39], and three IL-6 family membend-6, IL-11 and M17) [40-41]. The
expression of all these genes was induced and gedlaay 1 in the spleefkiQ. 2F-1) after
vaccination but in gills only IL-6 expression wasluced to a small extent (3 fold) at day
1(Table S1).

Several genes with regulatory roles, including pasalogues of IL-10 [42] TGB4 [43] and
FoxP3 [44], and the novel fish IL-1 family membék+1Fm [45] were also investigated. IL-
10A expression was up-regulated from days 1 anad3paaked at day 1 (301 foldjig. 2J)
in the spleen but was not modulated in the gillsvatcinated fish, however IL-10B
expression was refractory in both tissu€ahle 2 and S2). The expression of nIL-1Fm was
also induced at day 1 in the spleen by vaccingfiog. 2K). The expression of both TGR-
paralogues was refractory in both spleen and gifter vaccination Table 2 and S1).
However, the expression of the two trout mastensitaption factors Fox3A and Fox3B,
important for mammalian TGB1 expression in mammals, was decreased at dathg igills

and spleen respectivelli@. 2L, Table 2 and S1).

Correlation analysis of vaccination-modulated gerpression in the spleen at day 1 and 3
revealed that the expression of the major prosmiffeatory cytokines (IL-g1, IL-132, TNF-

a paralogues, IL-6, IL-8, IL-11 and M17) and antilammatory cytokines (IL-10A and nlL-
1Fm) was highly correlated @ble 3). Their expression was also correlated with tlia&PPs
(SAA) and AMPs (CATH1, CATH2 and hepcidin) (SuppkemaryTable. S2).
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3.3 ERM-vaccination activates an early Thl and Thl7-type response but a later Th2-
typeresponsein the spleen

Activation of specific Th responses is important ¥@ccine-mediated immunity [46]. The
expression of the key Th-response specifying cyikihas only focused on IFN- after
ERM vaccination to date [15-16]. With the recentss of identification of the complete
repertoire of these cytokines, including three IL3lparalogues and six IL-17A/F paralogues
[24-25] in rainbow trout, we examined, for the fitisne, the repertoire of Th response related
cytokines after ERM vaccination. The Thl specifyimgokines, IFNyl and IFNy2 were
induced at day 1 (8 fold) in the spleen of vacaddish Fig. 3A-B). Two IFN+ inducing
cytokines, 1L-18 [47] and IL-21 [31] were also sifigantly induced to some extent at day 1
in the spleen, but not in the gills, of the vacteulfish Table 2 and S1). Of the six potential
Th17 cytokines in rainbow trout, the expressionlet 7A/F1A, 2A and 3 was upregulated at
day 1 in spleen, with IL-17A/F2A remaining elevatgdday 3, but no changes were apparent
in the gills of vaccinated fishF(g. 3E-G). However, IL-17A/F1B, 2B and IL-17N (or IL-
17A/F4) were refractoryTable 2 and S1). In terms of inducibility, IL-17A/F1A (105 fold)
and 17A/F3 (19 fold) were more responsive than TA&/E2A (7 fold). Three potential Th2
cytokines, 1L-4/13A, IL-4/13B1 and IL-4/13B2 areggent in salmonids [25]. A small but
significant induction of the expression of IL-4/1BRB4 fold) and IL-4/13B2 (3 fold) was
found at day 3 only in the spleen of vaccinatetl {lsig. 3J-K). IL-4/13A expression was
refractory Fig. 3l), as was the expression of the master transaniféictors (T-bet, GATAS3
and ROR) [48-49] and the T cell cytokine IL-2 [50F{(g. 3C, D, H, and L) in the spleen. Of
these genes only RQRat day 14 was modulated in the gills but agaia t@ry small degree
(Table S2).

The expression of Thl cytokines (IRMN-and 2) and the Th17 cytokines (IL-17A/F1A and
IL-17/A/F3) was highly correlated (R=0.72-0.90, p8@1) but there was a lack of correlation
with the other Thl7 cytokine IL-17A/F2A, and the ZThcytokine 1L-4/13B1, the
predominantly expressed IL-4/13B isoforiiable 4). The expression of IFN1, IFN-y2 and
IL-17A/F1A was also correlated to IL-21, the majgrof pro-inflammatory cytokines (IL-
1B1-2, TNFal-3, IL-6, IL-8, IL-11 and M17), anti-inflammatoigytokines (IL-10A and nlL-
1Fm), APPs and AMPS @ble S2).
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3.4 ERM-vaccination induces specific isoforms of the IL-12 family members in the

spleen

IL-12 family cytokines play key roles in immunityifdging the innate and adaptive immune
systems. Each cytokine consists ofcanhain (p19, p28 and p35), and3ahain (p40 and
EBI3) in mammals. The orthologues of mammalian pB8 p40 are increased in teleosts
fish, and salmonids in particular, due to the whgenome duplication events in these
lineages [25]. Rainbow trout has three isoform@2® and p40, and two p28 isoforms, that
potentially make additional IL-12 family cytokingS1]. The constitutive expression af
chains (p35A1, p35A2, p35B1, pl9, p28A and p28B$ Waver ACp=16-22,Table 1) than
that of thep-chains (P40A, P40B2, p40C and EBIKp=9-17,Table 1). The expression of
all the a-chains was significantly increased in spleen aedkpd at day 1 (13.6-fold for
p35A1, 37.5-fold for p35A2, 58.7-fold for p35B1, AK0-fold for pl9, 52.6-fold for p28A
and 11.1-fold for p28B), with upregulated levelsneening at day 3 except for p35A1 and
p28B, in the spleenF{g. 4A-E). No modulation of these genes occurred in thks gihd
expression of thg-chains was refractory in both spleen and gillshwthe exception of
p40B2 that was up-regulated 3.4-fold at day 1 endpleenkig. 5F, Table 2 and S1). These
expression profiles suggest that specific isofoah#_-12 and IL-23 could be increased in
the spleen after ERM vaccination.

The upregulated expression of thiehains in the spleen was significantly correlaad also
correlated to that of Thl (IFMt/2) and Thl7 (IL-17A/F1A) markersT&ble 4). The
increased expression of most of the IL-12 famHghains was also correlated to the pro-and
anti-inflammatory cytokines (ILfi1-2, TNFe1-3, IL-6, IL-8, IL-11, M17, IL-21, nIL-1Fm
and IL-10A), AMPs (CATH1, CATH2 and hepcidin) andPRs (SAA and SAPT able S2).

3.5 Other cytokine genes

Other cytokine genes examined included IL-15 [B&f IL-17C paralogues [53], IL-20 [54],
IL-22 [55] and IL-34 [56] and were refractory inthospleen and gills in response to ERM

10



303 vaccination Table 2 and S1). IL-17D, which was lowly expressed in the spleargs
304 inhibited at day 3 in the spleen of vaccinated {iB&ble 2).

305

11



306 4. Discussion

307 Through the analysis of the expression of a largmber of immune genes after ERM
308 injection vaccination in rainbow trout, we obsensdystematic activation of anti-microbial
309 defences in both spleen and gills, but a speciiovation of inflammatory cytokines and
310 specific IL-12 family members that leads to a THIIT biased immune activation in the

311  spleen.

312
313 4.1 Activation of pro- and anti-inflammatory cytokines in the spleen after ERM

314  vaccination

315 In this study, we comparatively examined immuneegerpression in spleen and gills after
316 ERM vaccination. The choice of spleen over headéydwvas because transcriptome changes
317  mainly happen transiently in spleen after bacteaocination in fish as shown by microarray
318 analysis [57]. The gill tissue was chosen becaused major lymphoid tissue in salmonids
319 [58] and an important immune organ relevant to dxaait infections such as ERM [1, 2, 6].
320 Vaccination with a bacterin mimics a bacterial atien thereby activating the innate immune
321 system and initiating an adaptive immune responghowut the development of severe
322 disease. Thus, a number of genes known to be tadivay Y. ruckeri infection (Table 5)
323  were found to be activated by ERM vaccination iis $tudy. However, key differences of
324 the host responses between ERM vaccination Yandickeri infection exist. First, only a
325 subset of genes are commonly activated by both BRigcination and infection. For
326 example, the major pro-inflammatory cytokines I§t12, TNFal-3, IL-6, IL-8, IL-17A/F
327 (1A, 2A and 3) and IFN4, and anti-inflammatory cytokine IL-10A were actigd by both
328 vaccination and infection. In contrast, IL-2, ILQY-2 and TGH1A were up-regulated only
329 by infection and were refractory to vaccinatiohalple 5). Secondly, the kinetics of gene
330 activation was different. For example, the actmatof gene expression by ERM vaccination
331  was rapid and peaked at day 1 for most of the gevtatst during infection the activation of
332 inflammatory genes such as I[3;1TNFo, and SAA occurs later [36]. Thirdly, the activatio
333 of pro- and anti-inflammatory cytokine expressioappened mainly in the spleen by
334 vaccination but also in the gills by infectiofmable 5). Although direct comparisons of
335 transcript levels between different experimentsiddae complicated by multiple factors,

336 such as the age and life history of the fish, d&dgathogen strains used, these comparisons

12
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do suggest that different pathways have been aetlvay vaccination and pathogenic

challenge.

The differences between ERM vaccination and pathicg€. ruckeri infection observed
could be attributed to (1) dose effects, fé@}ors released during infection [2,3] but absent in the
vaccine preparation, (3) different stress responses due to the damage ctdnyspathogenic
infection and vaccination, and (4) the evasion raa@ms of the pathogen. The ERM
vaccination used a high dose, ie equivalent to gfi0fish, whilst infection studies typically
use lower doses, eg 5X1€fu/fish [17, 45]. It is well known that the hdstmune response
(eg cytokine transcript levels) is dose (pathogead) dependent [36]. Thus, after ERM
vaccination we observed an immediate activatioa sét of APPs, AMPs, and pro- and anti-
inflammatory cytokines in the spleen. However, raftev(er) dose infection, the bacteria
multiply and spread in different target tissuesthwassociated tissue damage likely
responsible for the relatively late kinetics of geexpression and the broad activation of
immune genes in multiple tissues (eg in both tHeespand gills). Some of the differences,
however, might be due to immune evasion of theqgeth. For example, IL-4/13B1-2 were
shown to be induceith vitro in HK cells by bacterin exposure amdvivo in the spleen after

vaccination. In contrast, their expression washitéd in gills byY. ruckeri infection [25].

Despite the differences, the expression of the ma-inflammatory cytokines (IL{i1, IL-
182, and TNFe paralogues, IL-6, IL-8, IL-11 and M17) and antflammatory cytokines
(IL-10A and nlL-1Fm) was highly upregulated in ts@een (but not in the gills) immediately
after ERM vaccinationHigs. 2-3). These changes are highly correlatédie 3), suggesting
an effective activation of the innate immune systeias established with a balanced

inflammatory response.

4.2 Activation of IL-12 family cytokines may lead to a Thl/Th1l7 biased adaptive

immuneresponse

Among a wide range of cytokines, the IL-12 famili-02, IL-23, IL-27 and IL-35) has
unique structural, functional, and immunologicahiccteristics that have made this family as
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367 important immunological playmakers. Each IL-12 fgnmember is composed of anchain
368  (p19, p28 and p35) andpfachain (p40 and Ebi3). Whilst IL-12 (p35/p40), 13-Zp19/p40)
369 and IL-27 (p28/EBI3) are secreted by activatedgamtipresenting cells (APC) during antigen
370 presentation to naive T cells, IL-35 (p35/EBI3jaiproduct of regulatory T and B cells in
371 mammals [26, 60-61]. IL-12 and IL-23 are proinflaatory or prostimulatory cytokines,
372 whereas IL-27 and IL-35 are inhibitory cytokinesitWour recent success in cloning and
373  characterizing all of the subunits of the IL-12 fgmin salmonids [26-29], this is the first
374  study to examine their involvement in a fish vaetion model. Although the constitutive
375 expression ofa-chains (p35A1, p35A2, p35B1, pl9, p28A and p28Bjswow, their
376  expression was significantly increased in the spldfevaccinated fish. The expression of the
377  B-chain p40B2 was also up-regulated, but not p4@ROC or EBI3. This expression profiles
378  suggest that specific isoforms of IL-12 and IL-28taining p40B2 could be produced in the
379  spleen after ERM vaccination.

380

381 CD4+ T cells, also known as T-helper (Th) cellayphn important role in orchestrating
382 adaptive immune responses to pathogens and vactiies naive CD4+ T cells recognize a
383 foreign antigen-derived peptide presented in theeod of major histocompatibility complex
384 (MHC) class Il on APCs, they undergo massive peddifion and differentiation into distinct
385  Th cell subsets such as Thl, Th2, Th1l7 and indlieeshulatory (iTreg) cells in mammals
386  [46]. Whilst IL-12 and IL-23 are critical for Thind Th17 cell development, respectively,
387 IL-35 has immunosuppressive effects that are medititrough regulatory T and B cells. IL-
388 27 displays both pro- and anti-inflammatory aci@st It promotes the differentiation of Thl
389 and IL-10-producing Trl-like regulatory cells, bahibits Th2 and Th17 [62]. Whilst the
390 extent to which the mammalian Th cell paradigmasserved is still unclear in fish [46], it
391  provides a framework to investigate the immune @asps to vaccination in fish [63-64]. The
392  expression of Thl cytokines (IFN:- and 2), Th17 cytokines (IL-17A/F1A, 2A and 3)dan
393 Th2 cytokines (IL-4/13B1 and 2) was increased i@ $pleen after ERM vaccination. It is
394 notable that the increased expression of {##Nand 2, and IL-17A/F1A was earlier and
395 higher than Th2 cytokinesFig. 4). Furthermore, their upregulated expression was
396 significantly correlated to that of thechains of the IL-12 family, and pro-/anti-inflamtosy
397 cytokines in the spleen of the vaccinated fiEal(e 4). It is known that rainbow trout IL-12
398 isoforms can induce IFM-expression [26]. The correlated expression of 2Lahd IL-23
399 with Thl and Th17 cytokines and pro-anti-inflammmgtoytokines may suggest that ERM

400 vaccination activates a balanced inflammatory respavith the expression of IL-12 and IL-
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23 leading to a Thl and Th17 biased immune respionge spleen. The ability of IL-23 to
induce Th17 cytokine expression remains to be praiece no bioactivity analysis of this

cytokine has been performed in any fish species.

In mammals the differentiation of Th cell subsetsl @&xpression of lineage specifying
cytokines depend on the induction of lineage-speaifaster transcription factors, including
T-bet for Thl, GATAS3 for Th2, and RORfor Th17 [45, 65]. Although the expression of
Thl, Th2 and Th17 cytokines was found increasetienspleen of ERM vaccinated fish, the
expression of T-bet, GATA3 and R@Rvas refractory. However, the lack of transcripébn
factor expression change at a tissue level doestctiude their role in the regulation of
cytokine gene expression in a specific cell typeleked, the master transcription factors can
be expressed in other cell types in addition tadlls, and their expression can coexist in the
same cell and is dynamic and quantitative [65].sThAtithe mixed tissue level, changes of
gene expression in a specific cell type(s) may ihgedl by the presence of other abundant
cell types or by the changes in other cell typelse possibility to isolate relevant fish
leucocyte populations, such as CD4+ or CD8+ caltsl study their responses has become
possible in fish recently using antibodies [66-6Bfransgenic fish [69]. For example in trout
infected withY. ruckeri 4 days earlier, upregulation of Thl (IL-2, IFNand Th17 cytokines
(IL-17A/F1a, IL-21, IL-22) is apparent in splenid®@-1+/CD4-2+ cells and CD4-1-/CD4-2+
cells [70]. Such studies will undoubtedly be diegtttowards elucidating the responses in
vaccinated fish in the near future.

4.3 Systematic activation of anti-microbial defences by ERM vaccination

APPs are an integral part of the acute phase respdrhey are secreted by the liver in
response to a variety of injuries and can also yjessed in extrahepatic tissues. APPs
favour the systemic regulation of defence, coagnatproteolysis, and tissue repair [62].
AMPs are integral components of innate immunityd ane of the first lines of host defence
against bacterial infection. The up-regulation s and AMPs in both spleen and gills
suggests a systemic activation of innate immunéBydy ERM vaccination, that provide

non-specific protection after vaccination.

It is known that many proinflammatory cytokines daduce the expression of APPs and
AMPs in mammals and in fish. In rainbow trout, ILir@luces hepcidin and CATH2 but not
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CATHL1 in the macrophage cell line RTS-11[32]. Imtrast TNFe3 induces hepcidin and
CATH1 but not CATH2 in HK macrophages [22], whilst1p can induce the expression of
both CATH1 and CATH2 (un-published results). Adaeptcytokines such as IL-4/13 can
also induce APPs (eg SAP1), and AMPs (eg hepcatd, CATH1 but not CATH2) in HK
cells [25]. The expression of a major APP (eg SAAll AMPs (eg hepcidin and CATH?2)
was positively correlated with the expression ofjangro-inflammatory cytokinesT(@ble
S2), suggesting that the activation and release @fiiftammatory cytokines may lead to the
induction of APPs and AMPs following vaccination.dgreement with this notion, IL-6, that
specific induces CATH2 and hepcidin, was the omyegulated proinflammatory cytokine
in gills after ERM vaccination, and may account floe high levels of expression of these
two AMPs Fig. 1).

4.4 Differential expression of paralogous genes

Many immune genes in teleost fish are known to hantiple paralogues, especially in
salmonids that have undergone an additional whetee duplication event. For example,
there are three genes for IB-and TNFe in salmonids [21-22] and three each of the p35 and
p40 genes, that potentially could make 9 heterodomi.-12 isoforms with different
functions [26-27]. Thus, it is necessary to deteenihether all of the genes present react in
a similar manner. In this study it is clear thatjonaifferences occur between different
paralogues in response to vaccination. The bigdiéfgrences were seen when one of the
paralogues was responsive and the other not, &slwitfl and 2 vs IL-§3, IL-4/13A vs
IL-4/13B1 and 2, IL-10A vs IL-10B, IL-12 p40B2 v4pB1 and p40C, IL-17A/F1A vs IL-
17A/F1B, IL-17A/F2A vs IL-17A/F2B, and SAP1 vs SAPDifferential responses of
paralogues have been seen in responses to PAMRS3]2hfection [24,26] and cytokine
stimulation [25-26]. These differences likely refl@ifferences in the promoters, with some
of the paralogues becoming more or less responsivparticular signalling pathways,
perhaps in particular cell types, or genes that kmimg pseudogenised. The differential
responses of IL-12 p40 paralogues is of particudtarest. Two isoforms of rainbow trout
riL-12 have been made as recombinant proteindiffat in the p40 chain (ie p40B or p40C).
These proteins can induce IRNexpression in HK cells but only the isoform contag
p40C was able to also induce IL-10 [26]. The ingucbf all a-chains but only ong-chain

(le p40B2) suggests that specific IL-12 and IL-Z®dforms are produced after ERM
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vaccination that may have different functions (asrswith IL-12 isoforms) critical for a
Th1/Th17 biased response.

4.5 Implicationsfor vaccine development in fish

Using an efficacious bacterial model vaccine, thiady has revealed that host innate
immunity is activated by ERM vaccination as evidmhdy the correlated upregulation of
pro- and anti-inflammatory cytokines in the spleerd the systemic increase of APPs and
AMPs. Specific IL-12 members are induced that meyedthe Th1/Th17 biased immune
responses observed. As an efficacious vaccine auistate innate immunity and initiate
specific adaptive pathways, the early responsekeofet of genes studied here may provide
essential information and function as biomarkerduture vaccine development for fish,
potentially allowing a screening method for vacaraadidates and formulations before more

expensive mortality testing.

4.6 Conclusions

In summary, ERM vaccination immediately activatdsalanced inflammatory response with
correlated expression of both pro- and anti-inflatory cytokines in the spleen. The
increase of pro-inflammatory cytokines may leadh® systemic upregulation of APPs and
AMPs in both spleen and gills. We also observedimegulation of all the IL-12 cytokine
family a-chains, but only ong-chain (p40B2) which suggests specific IL-12 and2B.
isoforms with distinct functions might be produdadhe spleen of vaccinated fish. Notably
the expression of Thl cytokines (IKMN-2) and a Th17 cytokine (IL-17A/F1A) were up-
regulated and correlated to that of the IL-12 fgnaHchains, the majority of pro- and anti-
inflammatory cytokines, APPs and AMPs. These exgioesprofiles may suggest that ERM
vaccination activates host innate immunity and esgion of specific IL-12 and IL-23
isoforms leading to a Thl and Th17 biased immuseaese. This study has increased our
understanding of the host immune response to ERMination and the adaptive pathways
involved. The early responses seen may provideuudsbmarkers for future vaccine

development in aquaculture.
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Figurelegend

Fig. 1 Modulation of the expression of APP and AMP genes in the spleen and gills by
ERM vaccination. Two groups of rainbow trout were vaccinated by mgection with
AquaVac ERM (red bars) or PBS as control (blue )bdrse fish were killed at days 1, 3, 7
and 14, and spleen and gills collected for geneesgon analysis by real-time RT-PCR (as
described in the Materials and Methods). Modulatéegression was expressed as a fold
change calculated as the mean expression levetoinated fish normalized to that of time-
matched controls in the same tissue. The meansM &Esix fish are shown. The relative
significance of a Bonferroni post hoc test aftesignificant one way-ANOVA between the
vaccinated and control groups at the same timet psishown above/within the bars as:
*p<0.05, and ***p<0.001.

Fig. 2 Modulation of the expression of pro- and anti-inflammatory cytokines and
Foxp3b in spleen by ERM vaccination. Two groups of rainbow trout were vaccinated by ip
injection with AquaVac ERM (red bars) or PBS astoain(blue bars). The fish were killed at
day 1, 3, 7 and 14, and spleen and gills colletbedyene expression analysis by real-time
PCR (as described in the Materials and Methods)YdWded expression was expressed as a
fold change calculated as the mean expressionsl@velaccinated fish normalized to that of
time-matched controls in the same tissue. The meaB&M of six fish are shown. The
relative significance of a Bonferroni post hoc tedter a significant one way-ANOVA
between the vaccinated and control groups at thie $ame point is shown above/within the
bars as: *p<0.05, and ***p<0.001.

Fig. 3 Modulation of the expression of genes associated with T helper cellsin spleen by
ERM vaccination. Two groups of rainbow trout were vaccinated by mpection with
AquaVac ERM (red bars) or PBS as control (blue )odrke fish were killed at day 1, 3, 7
and 14, and spleen and gills collected for geneesgon analysis by real-time PCR (as
described in the Materials and Methods). Modulatéegression was expressed as a fold
change calculated as the mean expression leve&coinated fish normalized to that of time-
matched controls in the same tissue. The meansM &Esix fish are shown. The relative
significance of a Bonferroni post hoc test aftesignificant one way-ANOVA between the
vaccinated and control groups at the same timet psishown above/within the bars as:
*p<0.05, **p< 0.01 and ***p<0.001.
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Fig. 4 Modulation of the expression of subunits of IL-12 family in spleen by ERM
vaccination. Two groups of rainbow trout were vaccinated by ngection with AquaVac
ERM (red bars) or PBS as control (blue bars). T$leWwere killed at day 1, 3, 7 and 14, and
spleen and gills collected for gene expressionyarsaby real-time PCR (as described in the
Materials and Methods). Modulated expression wgsessed as a fold change calculated as
the mean expression levels in vaccinated fish nlizethto that of time-matched controls in
the same tissue. The means + SEM of six fish aosvishThe relative significance of a
Bonferroni post hoc test after a significant oneys®&OVA between the vaccinated and
control groups at the same time point is shown ahathin the bars as: *p<0.05, and
***n<0.001.
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Table 1 Primersused for expression analysis by real-time PCR

Gene | Acp*(Spleen) | Acp* (Gills) | Forward (5 to 3) | Reverse (5't03) | Acc. No.
House-keeping gene
EF-1a 0* 0* | CAAGGATATCCGTCGTGGCA | ACAGCGAAACGACCAAGAGG | AF498320
Acute phase proteins and antimicrobial peptides
SAA 8.16 8.34 GGTGAAGCTGCTCAAGGTGCTAAAG GCCATTACTGATGACTGTTGCTGC AM422447
SAP1 20.43 2117 GCTGTTATGGTGACCTTCAAGATCTCTC GCGTTTGTACAACAACAAATCATTGTC X99385
SAP2 15.08 13.91 GGTTGTTATGCTGAACATCAAGATCTCTC CCACCCTTTGATTGCATACACAGATT EZ763346
CATH1 9.39 9.14 ACCAGCTCCAAGTCAAGACTTTGAA TGTCCGAATCTTCTGCTGCAA AY594646
CATH2 11.77 11.00 ACATGGAGGCAGAAGTTCAGAAGA GAGCCAAACCCAGGACGAGA AY542963
Hepcidin 1173 16.19 GCTGTTCCTTTCTCCGAGGTGC GTGACAGCAGTTGCAGCACCA CA369786
LEAP2A 12.19 12.91 GGTTCCTGGTGTTTCTGGTGCT AGTGGCCACCCCTGCAAAT AY362186
B-defensin-1 17.99 19.57 CTGGTTTTCCTATTGCTTAATGTTGTGG GAAATGAGAAACACAGCACAAGAATCC AM282655
B-defensin-2 17.77 20.22 ATGGGGAGACTGGGTTTGGT ACGCAAAGCACAGCATCTTAATCT FM212656
B-defensin-3 17.96 2442 GGCTCTTTTAGTCATTGCTTGTGGAATAC CAGCATACATTCGGCCATGTACA FM212657
B-defensin-4 20.58 18.13 TGGTGCTCCTCGCTTTCTTGG TGGGCGACACAGCATACAAATC FM212658
Cytokines
IL-1B1 10.26 11.51 CCTGGAGCATCATGGCGTG GCTGGAGAGTGCTGTGGAAGAACATATAG AJ278242
IL-1B2 20.89 14.09 GAGCGCAGTGGAAGTGTTGG AGACAGGTTCAAATGCACTTTATGGT AJ245925
IL-1B3 11.18 11.77 CTG AAG GCC GTC ACAATC CA CTGGTCCTTACAGCGCTCCAA AM181685
niL-1Fm 10.04 9.41 CCCATTCCTCGTGACACCAG CTGGACGACCTGGAGAGTGACT AJ555869
IL-2 1345 1443 TGATGTAGAGGATAGTTGCATTGTTGC GAAGTGTCCGTTGTGCTGTTCTC AM422779
IL-4/13A 13.96 1212 ACCACCACAAAGTGCAAGGAGTTCT CACCTGGTCTTGGCTCTTCACAAC FN820501
IL-4/13B1 17.21 13.28 GAGATTCATCTACTGCAGAGGATCATGA GCAGTTGGAAGGGTGAAGCTTATTGTA HG794522
IL-4/13B2 18.55 15.87 GAGACTCATCTATTGCGTATGATCATCG TGCAGTTGGTTGGATGAAACTTATTGTA HG794523
IL-6 1445 18.56 GGGAGAAAATGATCAAGATGCTCGT GCAGACATGCCTCCTTGTTGG DQ866150
IL-8 9.58 8.72 AGAGACACTGAGATCATTGCCAC CCCTCTTCATTTGTTGTTGGC AJ310565
IL-10A 16.55 13.68 GGATTCTACACCACTTGAAGAGCCC GTCGTTGTTGTTCTGTGTTCTGTTGT AB118099
IL-10B 16.90 15.50 GGGATTCTAGACCACATCAAGAGTCC GATGGGAGATTTAAAGTTGTGTGTTCC FR691804
IL-11 10.86 14.38 CTCTCGCTGCTATTGGCCCA TCTCGAATGCATGTTCCTTCAATAGAT AJ535687
M17 12.14 10.58 GTGGACCTCTTAAAAACATACAAGCTCAG GGATGGTGGCTGTAAGTCTGTCTG FM866399
IL-12 p35A1 16.62 17.51 GGAACACCACATTCAGTGAGAGTGC CGTCTGCAACTTGTGAGGAAGGAT HE798148
IL-12 p35A2 20.73 19.77 GGAACACCACATTCAGTGAGAGTGA CAACCTGTGAGGAAGACACCCA HG917950
IL-12 p35B1 2149 18.58 TGCCAAACGCCAAGCTTTATTTTG GCTGTTGAGTGCTTTTGGTCTTTGG HG917951
IL-12 p40B1 17.14 9.77 CCCTTCTACATCCGAGAAATAGTGAAAC GTTGGTTTCACTTATAAACACCTTTTCCTT HE798149
IL-12 p40B2 14.14 9.46 CCGTTCTACATACGAGAAATAGTGGAGA TCAGAGTCACAGCTTTCCCTGG HG917952
IL-12 p40C 12.14 1213 TTAAAGACAACGGAAAGGAGGAGC CCTCCCGTAACCACATTTTTCC AJ548830
IL-23 p19 22.01 16.44 ACCTAAGAGCAGATTCAATGCCTTG TCTTCCCAGCTCTTCACTTCCTG KP410548
IL-27 p28A 19.88 1847 GCAGCTGCTCAGGAGATATAAGGAGG TCTCTCAGGTATGCTGGGTTTTGG HG794528
IL-27 p28B 22.39 22.06 GCAGCTGCTCATGAGATATAAAGAGGA GCTGCTCTCTGTTCCACCTTATCCAC HG794529
EBI3 17.27 1742 ACATCGCCACCTACAGTATGAAAGG GGGTCCGGCTTCACAATGT AJ620467
IL-15 7.95 7.69 TGGAATTGCTTCATAATATTGAGCTGCC TGGTAGTTATCTGTGACCGACATGTCCTC AJ628345
IL-17A/F1A 24.36 1342 CAAACGTACACTTTTTGATGGTGCTG GGGACTCATCATAGGTGGTGTTGGT KJ921977
IL-17A/F1B 18.92 20.46 CTTCCAGTCTTTGACGGTGCTG GGTTGTAAATAGGTCTGATGGAATGGAA KJ921978
IL-17A/F2A 20.94 11.97 CACCCTGGACCTGGAAAAGCAC GGCCACAGACAGGAAGGAGG AJ580842
IL-17A/F2B 22.62 18.05 CCCTGGACCTGGAAACCCAT GGCCACGGACAGGAAGGTGA KJ921979
IL-17A/F3 18.89 1141 CTGGTGCTGGGTCTGATCATGT GGTCTCATCGTATGTGTCGCTGTATG KJ921980
IL-17A/F4/N 25.20 18.46 AGAACTCAACATGCAACAGCTCCA CGGTTCAAGTCAATTTTTTCCACGTA KJ921981
IL-17C1 22.60 15.21 CTGGCGGTACAGCATCGATA GAGTTATATCCATAATCTTCGTATTCGGC FM955455
IL-17C2 16.84 16.70 CTGGCGGTACAGCATCGATA CAGAGTTATATGCATGATGTTGGGC FM955456
IL-17D 19.30 11.10 GAAGAAATCCTCGAGCAGATGTTTG GGGTCGTGGGAGATCCTGTATG AJ580843
IL-18 9.02 10.01 GAGCAATGCAAAGCAGATGATTG CATGTTTTGAGCAGCCAATGTAGTC AJ556990
IL-20 >25 19.37 CAAGAACCTGAGGCAATGTCACTG TCTCCTATAGCCTTTACTGCTGCCG FN386780
IL-21 16.45 15.00 AAAGTTATCAAAAACCTCAACAACCGAA CCAGTCTACTGATGGCCTTTTGAAG FM883702
IL-22 18.05 12.20 GAAGGAACACGGCTGTGCTATTAAAC GATCTAGGCGTGCACACAGAAGTC AM748538
IL-34 9.97 9.31 AGGCAGAAGACGTAACATGAAACACA TCCACCCTCGCCCTCAGCTT FN820429
IFNy1 1241 12.16 CAAACTGAAAGTCCACTATAAGATCTCCA TCCTGAATTTTCCCCTTGACATATTT AJ616215
IFNy2 1443 14.00 CAAACTGAAAGTCCACTATAAGATCTCCA GGTCCAGCCTCTCCCTCAC FM864345
TGF-B1A 8.13 9.90 CTCACATTTTACTGATGTCACTTCCTGT GGACAACTGCTCCACCTTGTG OMY7836
TGF-B1B 747 8.72 CATGTCCATCCCCCAGAACT GGACAACTGTTCCACCTTGTGTT FN822750
13.09 13.29 TGTGTGGGGTCCTCTTAATAGCAGGTC CCTCAATTTCATCCTGCATCGTTGA AJ277604
TNF-02 16.03 14.35 CTGTGTGGCGTTCTCTTAATAGCAGCTT CATTCCGTCCTGCATCGTTGC AJ401377
TNF-a3 14.94 16.51 GCTGCACTCTTCTTTACCAAGAAACAAG CCACTGAGGACTTGTAATCACCATAGGT HE798544
Master transcription factors
T-bet 11.09 14.89 GGTAACATGCCAGGGAACAGGA TGGTCTATTTTTAGCTGGGTGATGTCTG FM863825
GATA3 11.12 5.29 CCAAAAACAAGGTCATGTTCAGAAGG TGGTGAGAGGTCGGTTGATATTGTG FM863826
RORy*** 9.04 8.61 ACAGACCTTCAAAGCTCTTGGTTGTG GGGAAGCTTGGACACCATCTTTG FM883712
Foxp3A 9.78 1042 CCCAGAACCGAGGTGGAGTGT TGACGGACAGCGTTCTTCCA FM883710
Foxp3B 9.09 9.99 TCCTGCCCCAGTACTCATCCC TGACGGACAGCGTTCTTCCA FM883711
Notes

* Acp isthe average cp value of the target gene minus that of the house-keeping gene EF-1a in the control fish at day 1 post vaccination. A
higher Acp vaueindicates alower expression level.
**The average cp of EF-1a is11.31+0.25 (spleen) and 10.44+0.11 (gills).
***Primers amplify both RORyaand RORyb genes.




Table 2 Fold change of transcript expression of studied genes in spleen after ERM vaccination not shown in Figs 1-
4. Asterisks indicate significant differences between vaccinated fish and controls as **p<0.01 and ***p<0.001 (One-

way-ANOVA with Bonferroni correction).

Gene D1 D3 D7 D14
LEAP2A 0.58 0.53 081 | 0.22
B-defensin-1 0.14 0.27 0.27 | 0.21
B-defensin-2 2.57 0.35 0.17 1.07
B-defensin-3 1.25 0.43 0.46 | 041
B-defensin-4 1.68 0.75 0.73 | 0.48
IL-133 111 1.22 095 | 0.92
IL-10B 1.33 0.67 0.59 | 0.62
IL-12 p40B1 121 0.84 0.66 141
IL-12 p40C 1.08 0.77 1.34 1.56
IL-27 p28B 11.06*** 2.16 0.44 | 0.99
EBI3 0.75 0.48 1.45 1.38
IL-15 1.65 0.99 0.72 | 0.86
IL-17A/F1b 5.90 4.44 3.09 | 0.58
IL-17A/F2b 141 3.00 0.38 1.78
IL-17A/F4/N 15.95 0.97 3.15 | 452
IL-17C1 2.93 2.00 121 | 0.68
IL-17C2 1.48 2.00 0.82 1.52
IL-17D 0.50 0.29** | 048 | 0.32
IL-18 1.72%** 1.10 0.70 | 0.82
IL-20 1.66 0.24 0.04 | 037
IL-21 2.51** 0.61 1.18 1.49
IL-22 1.97 2.24 0.84 1.02
IL-34 1.59 0.52 0.69 1.04
TGF-f1A 1.42 1.07 0.83 | 081
TGF-p1B 243 0.74 0.58 | 0.48
Foxp3A 0.43%** 0.74 1.26 0.76




Table 3. The Spearman’s rho correlation coefficient (R) and the 2-tailed significance (p) between gene expression levels of the pro and anti-inflammatory
cytokines in the spleen of vaccinated fish at day 1 and day 3 post-injection. R in bold suggests a significant Spearman rank ordered correlation.

IL-1B1 IL-182 | TNF-al | TNF-a2 | TNF-a3 | IL-8 IL-6 IL-11 M17 IL-18 IL-21 niL-1Fm | IL-10A

IL-181 R 1.000 0.925 0.846 0.907 0.949 0.954 0.818 0.939 0.837 0.415 0.724 0.905 0.691

p .000 .001 .000 .000 .000 .001 .000 .001 .180 .008 .000 .013

IL-1B2 R 0.925 1.000 0.774 0.811 0.888 0.872 0.799 0.806 0.768 0.439 0.544 0.774 0.600

p .000 .003 .001 .000 .000 .002 .002 .004 154 .068 .003 .039

TNF-al |R 0.846 0.774 1.000 0.870 0.809 0.847 0.882 0.821 0.747 0.668 0.789 0.902 0.499

p .001 .003 .000 .001 .001 .000 .001 .005 .018 .002 .000 .099

TNF-a2 | R 0.907 0.811 0.870 1.000 0.895 0.912 0.891 0.947 0.863 0.627 0.704 0.924 0.613

p .000 .001 .000 .000 .000 .000 .000 .000 .029 .011 .000 .034

TNF-a3 | R 0.949 0.888 0.809 0.895 1.000 0.907 0.855 0.904 0.853 0.519 0.723 0.865 0.656

p .000 .000 .001 .000 .000 .000 .000 .000 .084 .008 .000 .020

IL-8 R 0.954 0.872 0.847 0.912 0.907 1.000 0.823 0.94 0.896 0.508 0.780 0.949 0.779

p .000 .000 .001 .000 .000 .001 .000 .000 .092 .003 .000 .003

IL-6 R 0.818 0.799 0.882 0.891 0.855 0.823 1.000 0.828 0.787 0.724 0.747 0.830 0.599

p .001 .002 .000 .000 .000 .001 .001 .002 .008 .005 .001 .039

IL-11 R 0.939 0.806 0.821 0.947 0.904 0.940 0.828 1.000 903" 0.485 0.743 0.961 0.745

p .000 .002 .001 .000 .000 .000 .001 .000 110 .006 .000 .005

M17 R 0.837 0.768 0.747 0.863 0.853 0.896 0.787 0.903 1.000 0.465 0.669 0.907 0.861

p .001 .004 .005 .000 .000 .000 .002 .000 128 .017 .000 .000

IL-18 R 0.415 0.439 0.668 0.627 0.519 0.508 0.724 0.485 0.465 1.000 0.428 0.589 0.165

p 0.180 154 .018 .029 .084 .092 .008 110 .128 .165 .044 .607

IL-21 R 0.724 0.544 0.789 0.704 0.723 0.780 0.747 0.743 0.669 0.428 1.000 0.782 0.613

p .008 .068 .002 .011 .008 .003 .005 .006 .017 .165 .003 .034

niL-1Fm | R 0.905 0.774 0.902 0.924 0.865 0.949 0.830 0.961 0.907 0.589 0.782 1.000 0.731

p .000 .003 .000 .000 .000 .000 .001 .000 .000 .044 .003 .007

IL-10A | R 0.691 0.600 0.499 0.613 0.656 0.779 0.599 0.745 0.861 0.165 0.613 0.731 1.000
p .013 .039 .099 .034 .020 .003 .039 .005 .000 .607 .034 .007




Table 4. The Spearman'’s rho correlation coefficient (R) and the 2-tailed significance (p) between gene expression levels of the cytokines involved in Th cell
development in the spleen of vaccinated fish at day 1 and day 3 post-injection. R in bold suggests a significant Spearman rank ordered correlation.

IL- IL- IL- IL- IL-

IFNy1 IFNy2 | 17A/F1A | 17A/F2A | 17A/F3 | 4/13B1 | 4/13B2 P35A1 P35A2 P35B1 P19 P28A P28B P40B2
IFNy1 R| 1.000 0.830 0.904 0.564 0.753 0.011 0.652 0.605 0.840 0.775 0.789 0.881 0.793 0.385
p .001 .000 .056 .005 974 .022 .037 .001 .003 .002 .000 .002 217
I FNy2 R| 0.830 1.000 0.741 0.394 0.720 | -0.014 | 0.425 0.845 0.839 0.900 0.646 0.715 0.620 0.456
p .001 .006 .205 .008 .966 .169 .001 .001 .000 .023 .009 .032 .136
IL-17A/F1A | R | 0.904 0.741 1.000 0.528 0.755 | -0.210 | 0.386 0.694 0.86 0.609 0.877 0.904 0.830 0.186
p .000 .006 .078 .005 513 215 .012 .000 .035 .000 .000 .001 .563
IL-17A/F2A | R | 0.564 0.394 0.528 1.000 0.500 0.127 0.534 0.397 0.682 0.473 0.530 0.490 0.215 | -0.223
p .056 .205 .078 .098 .695 .074 .201 .015 121 .076 .106 .502 487
IL-17A/F3 | R| 0.753 720" 0.755 0.500 1.000 0.168 0.498 0.528 0.670 0.529 0.523 0.578 0.420 0.102
p .005 .008 .005 .098 .602 .099 .078 .017 077 .081 .049 174 .753
IL-4/13B1 | R | 0.011 | -0.014 | -0.210 | 0.127 0.168 1.000 0.491 | -0.412 | -0.021 | 0.018 | -0.453 | -0.298 | -0.347 | 0.207
p 974 .966 513 .695 .602 .105 .183 .948 .957 .140 347 .269 .519
IL-4/13B2 | R | 0.652 0.425 0.386 0.534 0.498 0.491 1.000 0.002 0.465 0.475 0.151 0.290 0.246 0.401
p .022 .169 215 074 .099 105 .996 .128 119 .639 .361 441 .196
P35A1 R | 0.605 0.845 0.694 0.397 0.528 | -0.412 | 0.002 1.000 0.795 0.762 0.746 0.691 0.550 0.102
p .037 .001 .012 .201 .078 .183 .996 .002 .004 .005 .013 .064 .751
P35A2 R | 0.840 0.839 0.860 0.682 0.670 | -0.021 | 0.465 0.795 1.000 0.830 0.759 0.779 0.608 0.155
p .001 .001 .000 .015 .017 .948 128 .002 .001 .004 .003 .036 .631
P35B1 R| 0.775 0.900 0.609 0.473 0.529 0.018 0.475 0.762 0.830 1.000 0.624 0.646 0.460 0.290
p .003 .000 .035 121 077 .957 119 .004 .001 .030 .023 133 .361
P19 R | 0.789 0.646 0.877 0.530 0.523 | -0.453 | 0.151 0.746 0.759 0.624 1.000 0.942 0.780 0.030
p .002 .023 .000 .076 .081 .140 .639 .005 .004 .030 .000 .003 .926
P28A R | 0.881 0.715 0.904 0.490 0.578 | -0.298 | 0.290 0.691 0.779 0.646 0.942 1.000 0.896 0.262
p .000 .009 .000 .106 .049 347 .361 .013 .003 .023 .000 .000 411
P28B R| 0.793 0.620 0.830 0.215 0.420 | -0.347 | 0.246 0.550 0.608 0.460 0.780 0.896 1.000 0.513
p .002 .032 .001 .502 174 .269 441 .064 .036 133 .003 .000 .088
p40B2 R | 0.385 0.456 0.186 | -0.223 | 0.102 0.207 0.401 0.102 0.155 0.290 0.030 0.262 0.513 1.000

p 217 .136 .563 A87 .753 .519 .196 .751 .631 .361 .926 411 .088




Table 5 Comparison of gene expression modulated by ERM vaccination and Y. ruckeri infection in the

spleen and gills of rainbow trout. “1” = up-regulation, {"=down regulation and “-” = no change.
ERM vaccination Y. ruckeri infection
Gene
Spleen Gills Spleen Gills

SAA 1 1 19,36 ]
SAP1 1 - ND ND
SAP2 - ND ND
CATH1 1 - ND ND
CATH2 1 1 191 ND
Hepcidin 1 1 ND ND
LEAP2A - ND ND
B-defensin-1 - ND [38]
B-defensin-2 - ND [38]
B-defensin-3 - ND 1 [38]
B-defensin-4 - ND - [38]
IL-1p1 1 1[9,17,36,45,62] | 1[17]
IL-1p2 1 1 [45] ND
IL-1B3 - ND ND
niL-1Fm 1 1 [45] ND
IL-2 - 1[17,50] 117,50]
IL-4/13A - - [9] 1[25]
IL-4/13B1 1 ND 1[25]
IL-4/13B2 1 ND 1[25]
IL-6 1 1 1[9,17,59] 1[17]
IL-8 1 [60]
IL-10A 1 1[9,17,59] 1[17]
IL-10B - -[42] 1171
IL-11 1 1[17,59] 1[17]
M17 1 1 [45] ND
IL-12 p35A1 1 1 [26] ND
IL-12 p35A2 1 ND ND
IL-12 p35B1 1 ND ND
IL-12 p40B1 - - 1 [26] ND
IL-12 p40B2 1 ND ND
IL-12 p40C - 1 [26] ND
IL-23 p19 1 1 [28] ND
IL-27 p28A 1 ND ND
IL-27 p28B 1 ND ND
EBI3 - ND ND
IL-15 - ND ND
IL-17A/F1A 1 1 [24] - [24]
IL-17A/F1B - - [24] - [24]
IL-17A/F2A 1 1 [23-24] - [24]
IL-17A/F2B - - [24] - [24]
IL-17A/F3 1 1 [24] - [24]
IL-17A/F4/N - 1 [24] - [24]
IL-17C1 1 [53] ND
IL-17C2 - 1 [53] ND
IL-17D ! ND ND
IL-18 1 ND ND
IL-20 - 1 [54] ND
IL-21 1 1[31] ND
IL-22 - 1 [17,55] 1[17]
IL-34 - ND ND
IFNy1 1 1[9,17,36,59] 1[17]
IFNy2 1 ND ND
TGF$1A - 1[17,36] 1[17]
TGF$1B - ND ND
TNF-al 1 1 [9,36] 1[17]
TNF-02 1 1[17,22] 1[17]
TNF-03 1 1[22]
T-bet - L [17,47], 1 [9] 1[17]
GATA3 1[9,17,48] 1[17]
RORy 1[49] 1[49]
Foxp3A - ND ND
Foxp3B l ND ND




Fold change

C. SAP2

A. SAA B. SAP1
100 % 1000 . 10
% 3 . X B Control B ERM Vaccinated
* 100 | ¥
10
10 1
1
1
dl d3 d7 di4 dl d3 d7 d14

1 0.1
dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4

Spleen Gills Spleen Gills Spleen Gills
D. CATH1 E. CATI:I(_Z F. Hep’c(_ldln
*
10 1000 | ¥ " 100 | %
X % *
100 * *
* * 10
1 10
1
1
1 0.1 0.1
dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4
Spleen Gills Spleen Gills Spleen Gills
—>

Time and tissue



Fold change

. A.IL-1p1 B.1L-1p2 C.TNf-al DTN w2
* * *
100 * 100 —% 10 % 100 *
o5
S
: :
10 10 10 %
1
1 1 1
0.1 0.1 0.1
dl d3 d7 di4 a1 d3 d7 d4 %' T4 @3 47 du dl  d3 d7 di4
E. TNf-a3 F.IL-8 G.IL-6 H.IL-11
*
10 —* 100 T 100 —=
* *
* *
10 10
1
1 1
0.1 0.1 01 0.1
di d3 d7 di4 dl d3 d7 dl4 7 41 d3 d7 di4 dl d3 d7 di4
l.M17 J. IL-1>9A K. nIL;lFm L. Foxp3b
100 —x 1000 —% 10 —% 10
* *
*
* 100 *
10 *
>(.
10 1 1
1
1
0.1 0.1
dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4
Time B Control @ ERM Vaccinated



Fold change

A.IFNy1 C. T-bet D. IL-2
100 10 10
>*
>*
>*
10
1 1
1
0.1 0.1 0.1
di d3 d7 di4 di d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4
E. IL-17A/F1A F.IL-17A/F2A G. IL-17A/F3 H. RORy
*
1000 — 10 —%—% 100 —%* 10
* *
* *
100
10 T
10 1
1
1
0.1 0.1 0.1
dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4
1. IL-4/13A J. IL-4/13B1 K. IL-4/13B2 L. GATA3
10 10 * 10 10
* *
1 1 1 1
0.1 0.1 0.1 0.1
dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4
~
Time @ Control B ERM Vaccinated



Fold change

A. p35A1 B. p35A2 C. p3551

100 5 100 100
*
*
10 10
1 1
0.1 0.1
dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4
D. p19 E. p28A F. p40B2
*
10000 % 100 10
* *
1000
100 10
10 *
1
1
0.1 0.1 :
dl d3 d7 di4 dl d3 d7 di4 dl d3 d7 di4

N

7

Time B Control B ERM Vaccinated



Highlights

® ERM vaccination activates both pro- and anti-inflammatory cytokine expression in
spleen.

® ERM vaccination upregulates APP and AMP expression in both spleen and gills.

® ERM vaccination induces the expression of specific IL-12 and IL-23 isoformsin spleen.

® ERM vaccination initiates a Th1/Th17 biased immune response in spleen.



