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primary immunization

Rzgar M. Jaafaf’, Azmi Al-Jubury?, Inger Dalsgaar, Asma MohammadKararfj Per W. Kania

& Kurt Buchmanrf

a Department of Veterinary and Animal Science, RFgcof Health and Medical Sciences,
University of Copenhagen, Frederiksberg C, Denmark

b National Veterinary Institute, Technical Univéysof Denmark, Frederiksberg C, Denmark
Abstract

Vaccination of rainbow trout against Enteric RedthoDisease (ERM) caused bgrsinia ruckeri

can be successfully performed by administering m&c¢a bacterin consisting of formalin killed
bacteria) by immersion, bath or injection. Boost@munization is known to increase the protection
of fish already primed by one of these vaccinati@thods. Oral vaccination of trout (administering
vaccine in feed) is an even more convenient wagresenting antigen to the fish but the effect of
an oral booster has not previously been describedetail. The present work describes to what
extent protection may be enhanced by oral boosgfefmilowing priming with different
administration methods. The study confirms thatciration by 30 sec dip into a bacterin (diluted
1:10) may confer a significant protection compat@ahon-vaccinated fish. The immunity may be
optimized by booster immunization either provideddgp (most effective), bath (less effective) or
orally (least effective). Oral immunization may b&ed as booster after dip but applied as a single
oral application it induced merely a slight andistecally non-significant response. It is noteviyrt
that primary oral immunization followed by an obaloster vaccination showed a trend for an even
weaker response. It should be investigated if coiell exposure to a low antigen concentration — as
performed by two oral immunizations - may inducertance to the pathogen and thereby leave the

fish more vulnerable.
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I ntroduction

Enteric Redmouth Disease ERM is caused by the awdeterium Yersinia ruckeri and is
considered one of the most problematic diseaselinigdo severe economical losses in freshwater
farming of salmon and trout [1]. Clinical signs aéeedings in the mouth, surface tissues
(particularly fins and fin bases) and at necropsgnbrrhages are also detected in internal organs
including the gastro-intestinal tract [2, 3]. Theahse can be treated by use of various antibiotics
but already decades ago vaccination methodologere wested with some success in traditional
trout farms [4-6]. These classical immunoprophytastudies were performed with the use of
formalin killed Y. ruckeri bacteria (bacterin) and administration methodistudhowed that the way
of presentingy. ruckeri antigens to rainbow trout has an important effecthe protective response.
Intraperitoneal vaccine injection led to a supegfiect compared to dip of trout into the bacterin
[5, 7]. However, protection conferred by dip vaation may be further improved by booster
vaccination either by re-dipping for 30 sec or ahing fish in a diluted bacterin for at least one
hour [8, 9]. Still injection and dip vaccinationgeedures are time consuming and if the antigens
could be supplied with the fish feed it would redl@andling of fish and labor during vaccination
procedures. Oral presentationYofruckeri antigens to trout has been tested previously 11D put

the protection conferred was generally low. Howeweal booster vaccination has been suggested
as a way to increase protection, and a commereietine (AquaVac ERM oral, MSD Animal
Health) is available, but at present no precisduad@n of this administration method compared to
dip or bath is available. We have therefore pertra comparative study in order to determine the
relative protective effect of booster vaccinatiogsing dip, bath and oral antigen administration.
Antibody reactions in the fish were followed by rmeang IgM in sera from fish after vaccination

and after challenge with livé. ruckeri bacteria.



Materials and M ethods

Fish

A total of 3000 rainbow trout were produced by hatg disinfected trout eggs (7-8 °C) of the
Rakkeby strain (Jutland, Denmark) and subsequentnge (12-13 °C) at the Salmon Hatchery,
Bornholm, Denmark, which is a pathogen-free redatad facility supplied with municipal
freshwater [12]. Fish were kept in 14 tanks (£ tanks each containing 700 L municipal
freshwater) and fed (1% biomass) with commerciahdard pelleted feed (Biomar A/S, Brande,
Denmark).

Experimental groups and vaccination

A more comprehensive outline of the schematic aeenof the experimental setup can be found in
the supplementary materials (Fig. S1). Primary weton was performed using 6 months old fish
(2160 degree days) with a mean body weight of 3'Bhg@ experimental set-up comprised group 1:
A total of 1000 rainbow trout kept as unvaccinatedtrol fish, group 2: A total of 1000 rainbow
trout immunized by oral vaccination (AquaVac ERNalp MSD Animal Health) by supplying
vaccine (0.1 ml/fish) in feed (1% biomass per daxgr 2x5 days with a break of 5 days in between
according to the manufacturer's recommendationsgradp 3: A total of 1000 rainbow trout dip
vaccinated for 30 s with AquaVac® RELERA (MSD Animidealth) vaccine (diluted 1:10)
containing formalin-inactivate¥ersinia ruckeri biotype 1 (5 x 1dcells/ml) andY. ruckeri (EX5)
biotype 2 (5 x 1®cells/ml). All fish groups were then kept sepagaia 1 nt fish tanks (water
volume 700 ). Booster vaccination was conductedddys post-primary vaccination and four
additional groups were hereby formed and compriseggt: A total of 200 fish orally vaccinated
once was orally boostered by giving 0.1 ml vac¢ihguaVac® ERM oral) /fish in feed (2x5 days
with a break of 5 days on normal feed in betwegrgup 5: A total of 200 fish dip vaccinated once

were boostered by dip into bacterin (AquaVac® RERERiluted 1:10 for 30 sec, group 6: A total



of 200 fish vaccinated by dip once was orally beosaccinated by using AquaVac® ERM oral as
described above, and group 7: A total of 200 fighwhccinated once were boostered by 1 h bath
(bath vaccination defined as long term exposurdilided antigen for 1 hour or more) in diluted
bacterin (1:1000) (AquaVac® RELERA). Control fisren® sham vaccinated by immersion into
pure water and by feeding them with commercial daath pelleted feed (Biomar A/S, Brande,
Denmark). Thus a total of seven duplicated grodgdigh tanks) were treated (Table 1).

Fish infection facility

For the challenge experiment subsamples of fismfadl groups were transported to the fish
infection facility at the University of CopenhageRrederiksberg, Denmark, where they were
exposed to live bacteria. At arrival the pathogem fstatus of fish was confirmed by examining two
fish from each group by standard bacteriological parasitological examination [13]. Fish were
acclimatized at 14°C for 14 days before experimenriaand fed (1% biomass) with commercial

standard pelleted feed (BioMar A/S, Brande, Denmark

Challenge experiments

The challenge experiment was performed on day 838 egree days) post-primary vaccination
by exposing (using i.p. injection) 3 subgroups atle treatment to three different dosages.of
ruckeri serotype O1 biotype 2 (100415-1/4): 1) low dosayb & 10 cfu/fish), 2) medium dosage
(6.5 x 16 cfu/fish) and 3) high dosage (6.5 x°Iffu/fish), respectively. Th¥. ruckeri strain used
was isolated from a Danish fish farm [14] and fartbharacterized according to Wheeler et al. [15].
All exposures were performed in duplicate (2x2h)fisExperimental fish were anesthetized with
MS222 (50 mg/l) and live bacteria were administdrgdntraperitoneal injection of 100 pl bacterial
suspension. After administration of the live baetegroups of challenged fish were returned to
individual fish tanks (water volume 100 I). Fish rereobserved with 2 h intervals following

challenge and moribund fish were removed, and eigkd in an overdose (300 mg/l) of MS-222



(Tricaine methane sulphonate, Sigma-Aldricti)ruckeri O1 biotype 2 was re-isolated from head
kidney of freshly euthanized fish (2 fish/group) lWonod agar plates to confirm that the disease was
caused by the challenge strain [14].

Sampling

Blood sampling was conducted by caudal vein puec(ten samples per group) at three time
points: at 52 days (728 degree days) and 90 d&@0(degree days) post primary vaccination/ 45
days post booster (45 dpb) (before exposure todaateria) and at 3 weeks post-challenge (from
fish exposed to a low dosage Yafruckeri) corresponding to 119 days/ 74 dpb (1666 degrgs)da
after the primary vaccination. Blood was kept 4C4overnight, centrifuged at 3000 g for 10 min (4
°C), and serum separated and stored at -80 °Craptisurement of specific antibody levels against
Y. ruckeri.

Antibody analysis

Specific antibody in fish raised againétruckeri was measured by ELISA according to Chettri et
al. [7, 16]. In brief, a 48 N. ruckeri O1 biotype 2 (100415-1/4) culture (LB culture mediuwgs
used for coating microtiter plates. Plates werehsdshree times in washing buffer (PBS pH 7.4
with 0.1% Tween 20) and non-specific binding sitese blocked by incubation with 2% bovine
serum albumin (BSA) in PBS for 1 h at room tempaeat Serum samples from all groups were
analyzed in duplicate wells. A diluted serum san{f@0ul, diluted 1:50 and 1:100) was added to
the plate and incubated 12 h at 4 °C. After 3 tinvash each well was incubated with mouse anti-
salmonid Ig (dilution 1:500; AbD Serotec Cat. MCA&21 Dusseldorf, Germany) for 1 h at room
temperature on an orbital shaker (50 rpm) which felewed by 3 times washing and incubation
with HRP (horseradish peroxidase) conjugated radoftitmouse 1gG (dilution 1:500; AbD Serotec
Cat. STAR13B, Dusseldorf, Germany) for 1 h at rotemperature as above. Chromogenic

substrate TMB (AbD Serotec Cat. No. BUF042B, Duksd¢| Germany) was then added, the



reaction stopped after 15 min by adding 1IN HCI &@B read at 450 nm in an Epoch
spectrophotometer (Biotek Instruments, Inc. WingddSA).

Satistical analysis

Normality test (Shapiro-Wilk) was conducted for #naluation of the normal distribution of data
within each group. The software GraphPad Prism § wsed for creating graphs and performing
statistical analysis. Mortality data from the irtfea experiment were analyzed by the Kaplan-
Meier test and differences among groups were tastety one way ANOVA with Tukey’s post
hoc test after combining data from the replicatesISA data are presented from 1:50 serum
dilutions and differences in antibody level (OD}Jween groups were tested using Studeriest
and Mann-Whitney test. Groups were considered significantly diffénghen P < 0.05.

Results

Survival following challenge

No significant differences were found between digié tanks, which allowed pooling of mortality
counts from these for further analysis. In ordedé&bect the vaccine effect, the challenge dosage
was adjusted at three different levels which @ttidifferent mortality rates in vaccinated fisheTh
best survival rate was seen in fish vaccinatedeawig dip vaccination (2 x dip). Fish receiving the
low challenge dosage showed a higher survivalgatepared to fish challenged with medium and
high dosages. Survival rates were 97% and 92%anpb (2 x dip) and 7 (1 x dip + 1 x bath),
respectively. Fish immunized once by 1 x dip antévby 1 x dip + 1 x oral showed survival rates
of 69% and 68%, respectively. Non-immunized confisih showed a survival rate of 49% which
was not significantly different from fish exposedl x oral and 2 x oral (44%) (Table 2) (Fig. 1A).
Fish challenged with the medium dose exhibited 83685, and 49% survival (groups exposed to
2 x dip, 1 x dip + 1 x bath, and 1 x dip fish),pestively. The other vaccinated fish showed 31%,

28%, 11%, and 5 % survival rates (1 x dip + 1 M,dkax oral, control, and 2 x oral), respectively



(Table 2) and (Fig. 1B). Fish injected with the Hhigose ofY. ruckeri exhibited a relatively high
mortality even in vaccinated fish. Non-immunizedntol fish and fish receiving 2 x oral
vaccination exhibited comparable survival rate afd 6 %, respectively. Fish dip immunized once
(1 x dip) and orally immunized once (1 x oral) sleasurvival rates of 11 and 13%, respectively.
Fish vaccinated once by dip and boostered orallydib + 1 x oral) or boostered by bath (1 x dip +
1 x bath) exhibited survival rates of 22 % and 28réspectively. Fish dip vaccinated twice (2 x
dip) showed the best resistance with a 40 % survéta (Table 2) and (Fig. 1C).

Antibody responses measured by ELISA

At 52 days post-vaccination (pre-challenge) no ificant differences were found with regard to
antibody (IgM) levels between control, one time digccination (1 x dip), and one time oral
vaccination (1 x oral) (Fig. 2A). Samples fromhfisaken 45 days after boostering (but before
challenge) showed a slight but significant elevatad antibody levels in all groups which had
received booster vaccination (2 x oral, 2 x dipd &nx dip + 1 x bath), except of fish which had
received 1 x dip + 1 x oral, while control and dimee vaccinated fish (1 x oral and 1 x dip) showed
no change of antibody levels (Fig. 2B). Three weggst-challenge (74 dpb) the antibody levels
were elevated in all groups. In general, all groepkibited higher antibody level compared to the
level before challenge. Only two groups (1 x did « oral) and (1 x dip + 1 x bath) exhibited
significantly higher antibody responses comparedchallenged but previously naive (non-

vaccinated) fish (Fig. 2C).



Discussion

It is generally recognized that the administratiaethods applied when vaccinating fish play a
crucial role for the protection induced [5]. Inject vaccination provides a superior protection of
rainbow trout towardsYersinia ruckeri compared to dip (short term immersion into a high
concentration bacterin) and bath (long term bath low concentration bacterin) [16]. If adjuvants
are combined with the vaccine antigens the prairditer injection vaccination can be even higher
[7]. However, small fish with a body weight of aMegrams are not easily handled for injection
vaccination and alternative administration methaudsbooster immunization may instead be
optimized in order to achieve higher protection [Bjus, boostering by dip or bath has been shown
to be effective both in the laboratory and in tiedf[8, 9]. Oral administration of vaccine may be
an additional way to administer booster immunizatiot the precise effect of this methodology has
remained unclear. The present investigation eltetdao which extent ERM vaccine antigens
provided in fish feed confer immunity of rainboreut againsiy. ruckeri infection. A primary oral
vaccination of small rainbow trout - by feeding ledish over 2 x 5 days with a total of 0.1 ml
vaccine in feed - only interrupted by a 5 day breghve the fish a slight (statistically insignéitt)
protection against. ruckeri infection. However, if used as booster vaccinati@fter a primary dip
vaccination in a bacterin diluted 1:10 for 30 sebe oral administration provided led to a slightly
increased protection when exposed to a mediumhoghaconcentration of live. ruckeri bacteria.
When an effective primary immunization against ER&% taken place it seems that boostering by
the oral route may lift the response slightly. Heese the study did also show that oral vaccination
may not always be beneficial. If oral administrativas used twice — without any prior strong
immunization — a trend for a slightly (although tstizcally non-significant) decreased disease
resistance (elevated mortality after challenge) wated. It cannot be excluded that the low

protection following two times oral antigen admtragion may be caused by induction of tolerance



to the pathogen. Induction of tolerance is a basechanism in the immune system [17, 18] as
responses in a host against some antigens inclgeiftgntigens are clearly devastating. Therefore
such auto-reactions must be avoided and duringrtegenetic development of the immune system
the host organism exerts clonal deletion of selt:tiwe lymphocyte clones [19]. In addition, host
reactions against microbiotas (associated withskie, gills and gut) must be tightly regulated as
exacerbated inflammatory reactions would be higilgblematic as there is a constant bacterial
exposure of outer or inner mucosal surfaces. Thhs, highly debilitating condition IBD
(Inflammatory Bowel Disease), which is widespreadthe industrialized part of the world, is
caused by a severe inflammatory reaction of the intestinal immune system against even benign
gut microorganisms [20, 21]. Therefore, the hossinine able to activate and apply immunological
pathways in order to achieve tolerance to certaicraarganisms which are recognized as non-
harmful, unable to penetrate the host or occuhat tow densities that they are not perceived a
danger by the host. These regulatory immune meshmnimay explain the inferior efficacies
achieved after dermal vaccination against tubesssilim certain areas where the human population
is continuously exposed to environmental mycobact¢?2]. Correspondingly, mice orally
immunized against antigens may exhibit a depressaction and immunity development towards
these specific antigens [23]. Tolerance may inclindeaction of regulatory T-cells with depression
of cytokine expression [24] and possibly other ilfm@aumechanisms. It can therefore not be
excluded that oral vaccination against ERM usingdiieg with a low concentration of formalin
killed Y. ruckeri will initiate a state of immunological memory iaimbow trout but due to the
evidently non-pathogenic nature of the killed asmig, combined with the extremely low
concentrations, the tolerance pathway may be detiv8 o what extent the rainbow trout immune
system applies Treg cells, immune regulating cyte&ior other mechanisms in this process should

be further investigated. It is generally found thmamersion of fish into a bacterin merely elicits a



very low antibody reaction [25] and we have presgigullustrated that antibody levels in sera were
elevated post-vaccination particularly in injectiand twice immersion vaccinated fish. In the
present study we saw merely a light (but statijicagnificant) elevation of Ig levels in boostdre
trout which were best protected groups but this mait to the importance of antibody based
protection as corresponding to previous work oe rtfle of humoral immunity of rainbow trout in
eliminationY. ruckeri [7, 8]. In addition, we showed in a previous stiidgt the densities of IgM-
positive lymphocytes in trout spleens were sigaffity higher in fish immersed three times in
bacterin compared to control fish [26]. In the grasstudy the ELISA data showed that some
immunological priming must have taken place as syp®to the livey. ruckeri induced different
antibody elevations in the differently primed greup including fish immunized orally twice.
Therefore protection is not solely reflected byilaody levels but must also involve various cellular
reactions and regulatory mechanisms. This notiosugported by previous studies indicating that
cellular mechanisms contribute to immunity agaiistuckeri. Thus, expression levels of rainbow
trout immune genes including T-cell markers (Tc®8a and CD4) were elevated in spleen tissue
of rainbow trout dip-vaccinated againétruckeri [27]. Further, expression levels of genes encoding
CD4" T (T-helper/TH), 1, T2, Tyl7, Tregs, and CDOST (cytotoxic T lymphocytes/CTLS)
markers were up-regulated in challenged fish grdqidpsThis indicates that protection of trout is
regulated by an intricate network of immune factarsaccordance with previous studies on

vaccinated salmonids [28, 29, 30].

In conclusion the present study confirmed that\dipcination combined with boostering by dip,
bath or oral antigen presentation will elevate fmetection againsy¥. ruckeri. However, it is
noteworthy that a primary oral immunization folladvby a corresponding oral booster left trout as

susceptible as naive control fish.
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Tables:

Table 1. Treatment groups. Seven duplicated groups were formed. Fish weraunized by oral
and dip vaccination. Oral vaccination (AquaVac ERWAl) was conducted by administrating
vaccine 0.1 ml/fish in feed (1% biomass per day) 2ays with a break of 5 days in between
according to the manufacturer's recommendationp.\aiccination was performed by vaccinating
fish for 30 s with AquaVac® RELERA (MSD Animal Heéfa) vaccine (diluted 1:10) containing
formalin-inactivatedYersinia ruckeri biotype 1 (5 x 19 cells/ml) and EX5 biogroufY. ruckeri
biotype 2 (5 x 19 cells/ml). Control fish were sham vaccinated bppiig into pure water or
feeding them with commercial standard pelleted {@&dmar A/S, Brande, Denmark).

Tabd 2. Statistics of survival data presented in fig. 1. In order to elucidate differences between
the treatment groups one way ANOVA with Tukey's ppb®c test was conducted. NS: no
significant difference. *: p<0.5, **: p<0.01, **p<0.001.

Figures:

Figure 1. Percentage survival (Kaplan-Meier) of rainbowutran different experimental groups
following challenge 97 days post-Yaccination by three different doses (low, mediamg high)
with Yersinia ruckeri O1 biotype 2. Differences among groups were tegsaay one way ANOVA
with Tukey’s post hoc test after combining datanfrthe replicates. A: Low dose (6.5 x*10
cfu/fish). B: Medium dose (6.5 x 1@fu/fish). C: High dose (6.5 x f@fuffish).

Figure. 2. Yersinia ruckeri specific antibody (IgM) levels measured by ELIS&nZyme-linked
immunosorbent assay). Each symbol represents ke disly (total of 10 fish/group were analyzed)
and average antibody level in each group is shoyhdrizontal line. A: Pre-challenge (52 days
post-F' vaccination). B: Pre-challenge (97 days pdStvaccination/ 45 days post-booster). C:
Three weeks post- exposure to live bacteria (136 gast-1 vaccination/ 74 days post-booster).
Student's-test and Mann—Whitnely test (*, P < 0.05).

Supplementary figure: Schematic overview of the experimental setup.



Tablel

Group no. Treatment Group ID

1 Sham vaccinated control (No vaccination at all) Control

2 One time oral vaccination (AquaVac ERM oral) aral

3 One time dip vaccination (AquaVac® RELERA) 1 pdi

4 Two times oral vaccination (AquaVac ERM oral) Bral

5 Two times dip vaccination (AquaVac® RELERA) 2ipd

6 One time dip vaccination + One time oral vacdorat 1 x dip + 1 x oral
7 One time dip vaccination + One time bath vacoimat 1 x dip + 1 x bath




Table2:

1xdip. 1xdip. Percentage

1xord 1xdip. 2xord 2xdip. +1xora +1xbah  surviva

Low dose (6.5 x 10 cfu/fish)

Control NS NS NS *hx NS *kk 49
1xord NS NS *kx NS *kk 44
1xdip NS NS NS NS 69
2xord i NS &

2x dip. NS NS 97
1xdip+1xora NS 68
1xdip+1x bath 92
M edium dose (6.5 x 10° cfu/fish)

Control NS *x NS *kk NS *kx 11
1xord NS NS *kx NS NS 28
1xdip *kk * NS NS 49
2xord e’ NS *oxk 5
2xdip *xk NS 83
1xdip+1xora NS 31
1xdip+1x bath 56
High dose (6.5 x 10° cfu/fish)

Control NS NS NS *x NS NS 5
1xord NS NS * NS NS 13
1xdip NS * NS NS 11
2xord *x NS NS 6
2xdip NS NS 40
1xdip+1xora NS 22

1xdip+1x bath 28
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Highlightsfor the manuscript

Vaccine induced protection of rainbow trout can be optimized by booster immunization
either provided as dip (most effective), bath (less effective) or oraly (least effective).

Ora immunization may be used as booster after dip vaccination but applied as asingle oral
application it induced merely a slight immune response.

Ora primary vaccination followed by an oral booster conferred no protection.





