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Abstract

The teleost gut is a multifunction complex struetdinat plays a pivotal immunological
role in homeostasis and the maintenance of healt&gdition to digestion of food and/or
nutrient absorptionin vitro examination of the intestine leucocyte repertdies the
potential to aid our understanding of gut immunmpetence and allows a rapid screen of
host-microorganism interactions in different immlogical contexts. To explore this
possibility, in the present study we investigateel tesponse of isolated gut leucocytes to 4
bacterins ofAeromonas salmonicida, prepared from different strains, combinations and
strains grown in different environments, in compan to aYersinia ruckeri bacterin for
which a commercial/effective oral booster vaccias been developed. To aid this study
we also optimised further our method of GALT cslblation from rainbow trout, so as to
avoid mechanical clearance of the intestine costehlis drastically increased the cell
yield from ~12 x18 to ~210 x18fish with no change in the percent cell viabiliyer
time or presence of transcripts typical of the kaycocyte types needed for the study of
immune modulation (i.e. T- and B-cells, dendrit&dle and macrophages). A wide array of
immune transcripts were modulated by the bactem@snonstrating the diversity of
GALT cell responses to bacterial stimulation. Irtlebe GALT leucocyte responses were
sensitive enough to distinguish the different baakespecies, strains and membrane
proteins, as seen by distinct kinetics of immuneegexpression. However, the response of
the GALT cells was often relatively slow and ofaavl magnitude compared to those of
PBL. These results enhance our knowledge of théigaapacity and help validate the use

of this model for screening of oral vaccine cantida

Keywords
Rainbow trout; GALT cells; Cell yield; Leucocyteptys;Aeromonas salmonicida;

Yersinia ruckeri; Bacterin; Immune modulation; Gene expression
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1. Introduction

The gut is a multifunction complex structure, atsl physiological importance stretches
beyond food digestion and/or nutrient absorptidnplays a substantial role in health
maintenance through the associated innate andieelaptmune systems. Teleost gut is
different to that of mammals, in that it lacks arg&d lymphoid tissues such as lymph
nodes, Peyer's patches (PP) and isolated lymplaidiés. Rather, it has a diffuse gut
associated lymphoid tissue (GALT) that is comprisédndividual and scattered lamina
propria (LP) and intraepithelial (IE) leucocyte$. [Iwo populations of B lymphocytes are
present in the intestine of rainbow trout, Tg&nd IgM cells. The IgT secreting
lymphocytes are thought of as mammalian’@Acell counterparts, and account for ~54%
of intestinal B cells [2, 3]. B cells are primarilgsident in the LP and secrete IgT and IgM
into the gut lumen through the polymeric Ig recegfigR) pathway. During infection, B
cells migrate to the epithelium where they can atephagocytic activities [4]. The third
type of Ig present in fish, IgD, has not been rggbin the intestine or gut secretions to
date [2, 5, 6]. The presence of T lymphocytes li@o& intestine has been established with
the use of anti-CD3 anti-CD&. and anti-CD4-1 antibodies [7-10], and the expressif
CDg3e, CD4, CD8, RAG1, TCR and CD28 transcripts [1113,13]. T cells exist in the LP
and comprise the main population of the IE lymphiesy(IEL), with CD8 T cells
accounting for ~55% of total gut IELs in rainbowdt [9]. Dendritic cells (DC) have also
been reported in rainbow trout and the expressibnD&-markers (CD83, DC-
LAMP3/CD208, DC-SIGN/CD209 and MHCII) also occursthe intestine [14, 13]. Anti-
CD8u and anti-MHCII monoclonal antibodies allowed theentification of a DC
subpopulation in the intestine of rainbow troutttba-expresses C8and MHCII (CD8
DCs), has a high phagocytic capacity, and is presuta be a regulator of gut immune
tolerance [15]. The phagocytic activity of rainbareut intestinal macrophages has also
been described, for instance against latex micergsh live and inactivatedleromonas
salmonicida, and yeast [16-18].

The intestinal mucosa is in continuous contact waitbroad spectrum of microbiota, i.e.,
symbiotic as well as potentially pathogenic and aspmistic microorganisms. Hence
breaching the mucosa integrity at any point coekllt in fish infection, and the intestine
is considered to be one of the main portals fon@gen entry [19, 6]JA. salmonicida is a

Gram-negative bacterium that is the causative agéritirunculosis, an acute systemic

disease of trout and salmon associated with highaity. This bacterium is present in the
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intestine of several fish species including salrdenand has the ability to translocate
across the intestinal epithelium of rainbow trodtene it can cause an infection [20-23].
After A. salmonicida colonizes the intestine of rainbow trout it subsagly disseminates
into the fish body, in a pattern similar to thag¢isevith the dissemination of another Gram-
negative fish pathogeWersinia ruckeri, the causative agent of enteric redmouth disease
(ERM) in salmonids [24]Y. ruckeri colonizes the intestine of rainbow trout 2-4 daxismp

to systemic infection, indicating the contributiosf the intestine to the systemic
dissemination of the invading pathogen [25]. Thistfcommercially licensed vaccine for
fish (in 1976) was a formalin-killed bacterin 6fruckeri that was delivered by immersion,
although it can also be delivered by injection aally as a booster [26, 27]. Whilst this
vaccine is able to induce protective immunity bycasal vaccination, bacterin mucosal
vaccines againsA. salmonicida are not effective in the field [28-30], suggestititat
specific protective pathways have been elicitedthmy Y. ruckeri bacterin that are not

promoted by thé\.. salmonicida bacterin.

Gaining a better understanding of the host-micraoigm interaction in the intestine
would serve as a basis for promoting fish healtiame and advancing the potential for
oral vaccination, feeding programmes and medicaisdiindeed, studies on gut mucosal
Immunity in response to infection, vaccination,tdrg additives and probiotics in fish have
increased recently (31-35), where typically whotesegments of the gut were used for
transcript analysis. Primary cell culture is aco@a technique in cell and molecular
immunology, that provides excellemtvitro platform models for studying the cell immune
repertoires and potentially the assessment of maccandidates [36]. The use of gut
leucocytes for this purpose would seem a sensitdestep for then vitro testing of oral
vaccine candidates. We recently established a rd€titoGALT leucocyte isolation from
salmonid intestine [13]. The isolated cells weralgsed transcriptionally and deemed to
contain the main adaptive immunity cell types (&.gnd B cells, and dendritic cells). Cell
stimulation with bacterial and viral PAMPs, phytategglutinin (PHA) and recombinant
cytokines revealed the immune competence and spgcibf the GALT cells. However,
the cell yield was still low compared to that obhtad from other tissues, e.g. head kidney,
spleen, qills and blood [36-40]. This low vyield @lprevents study of the cells from
different intestine segments separately to expMrether immunological differences exist.

In view of the above, this study aimed to: a) OtiEnfurther GALT cell isolation in

rainbow trout in an attempt to increase the avem@keyield, b) Investigate if immune
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gene expression in these cells is differentiallydoiated by a variety of bacterin oral
vaccine candidates prepared frdtruckeri andA. salmonicida strains, the latter grown in
different conditions, and c) Understand the disiueness of the GALT leucocyte immune

response relative to the respective peripheraldleococyte (PBL) response [36].

2. Materials and methods

2.1 Fish maintenance

Rainbow trout Oncorhynchus mykiss) with no history of infection were purchased from
the Mill of Elrich Trout Fishery (Aberdeenshire,dland, UK) and maintained at 14+1°C
in 1m-diameter fibreglass tanks with recirculatifrgshwater within the freshwater
aquarium facility at the School of Biological Saexs, University of Aberdeen. At least 10
fish from each batch were screened for potentieldsel infection by taking kidney swabs
and growing on tryptic soy agar (TSA, Sigma, UK3tpk. Fish were fed twice a day with a
commercial diet (EWOS) at 2% body weight/day) aodimatized for at least two weeks
prior to the intestine tissue sampling. The expental procedures were carried out in
accordance with the UK Animals (Scientific Proces)r Act, 1986 and associated
guidelines, EU Directive 2010/63/EU for animal expents, and approved by the ethics

committee at the University of Aberdeen.

2.2. Bacterin preparation

The bacterins were prepared as described previdoghAttaya et al. [36]. TheA.
salmonicida subsp.salmonicida non-pathogenic strain MT004, and pathogenic strain
MT423, and the pathogeni¢. ruckeri strain MT3072 used in this study were obtained
from the Marine Scotland Science Marine Laboratoiperdeen, UK, as described
previously [41, 42]. The bacteria were inoculatet itryptic soya broth (TSB, Sigma, UK)
at 22°C for 18-24 h in a shaking incubator at 10®.rThe MT423 strain was cultured in
normal TSB or in TSB supplemented with 100 uM-Bjpyridyl (Sigma, UK) to deplete
iron (Fe-) to induce the expression of iron-regedlabuter membrane proteins (IROMPS)
[43]. After culture, the bacteria were inactivateyl addition of formalin (Sigma, UK) to
the broth to 1%. The bacteria were then incubatetnaght on a slow magnetic stirrer at

room temperature. Bacteria were collected by deigiation and washed three times using
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phosphate buffered saline (PBS, pH7.4, Sigma, UKg bacterial pellet was weighed
along with a pre-weighed microcentrifuge tube usingicrogram balance, resuspended in
PBS at 10 mg/ml and stored at ‘80ready for use. The bacterins were also plated onto
TSA plates and incubated for 48 h at 22°C, withbaoterial growth confirming complete

inactivation of the bacteria.

2.3. Optimizing GALT cell isolation
2.3.1. Cell isolation
The GALT cells were isolated from rainbow trout,eeage weight 155¢g, as described

previously [13] with a few modifications as follows

a) Stop feeding 48 h before use to reduce the gueotsit

b) Collect the intestine from the pyloric caeca to tmedgut in cold PBS (Sigma, UK),
remove the surrounding connective and adipose essdissect the intestine into
approx. 1 cm long segments and open the segmegisudinally,

c) Flush the contents out with a syringe containiBpPby gently passing PBS over the
internal wall of the segments; avoid mechanicalilng (e.g. squeezing or rubbing),

d) Shake the tissue in 20-25 ml PBS with a wheel gshak80 rpm for 10 min, then wash
in Petri dishes 3-4 times,

e) Shake the tissue in 15-20 ml pre-digestion soluti@&* & Mg*" free HBSS
supplemented with 0.145 mg DL-dithiothreitol (DTand 0.37 mg EDTA/mI, Sigma)
at 50 rpm for 20 min,

f) Filter the supernatant through a 10 nylon mesh strainer (Greiner), and wash the
first cell suspension (S1) 2-3 times with cell awt medium (Leibovitz L-15 medium,
Sigma) supplemented with 100 U penicillin and 1@@ml streptomycin (P/S, Gibco)
and 10% foetal bovine serum (FBS, Sigma), then kedlp at 20°C,

g) Wash tissue fragments with washing medium (0.05Dhd\se I/ml C&* & Mg?* free
HBSS, Sigma) supplemented with 5% FBS to removeanamg DTT and shake in 15-
20 ml digestion solution (0.37 mg collagenase Ngii&)/ml washing medium) at 50
rpm for 60 min,

h) Filter the supernatant through a 0@ nylon mesh strainer and wash with the culture

medium, then add the cell suspension to S1 (S2),
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i) Once again, digest the remaining tissue fragmemtariother 1 h, filter the supernatant
and wash with the culture medium then add thestelpension to S2 (S3),

j) Count and adjust the cell number to 1 %&6ll/ml,

k) In a 50 ml tube, layer carefully the cell suspengi® ml) over a discontinuous Percoll
gradient (Sigma) with two densities (75% and 25%m1%5 ml) and centrifuge at 4 °C
for 30 min at 400g,

[) Collect the cells in the intermediate density (B)d high density (HD) bands, wash 3
times with the cell culture medium to remove thmaeing Percoll and resuspend the

cells in the culture medium ready for use.

2.3.2. Cell viability

Isolated GALT cells were distributed into 12-welhtes at 2x19cells/well and incubated
at 20°C for 4 h and 24 h, at which times they werented using a Neubauer chamber with
addition of 0.5% trypan blue. The viabilities wedetermined by comparison to the

respective time 0 h controls.

2.3.3. Marker gene analysis

Isolated GALT leucocytes (2x16ells/well) were incubated at 20°C and harvested fat
and 24 h by centrifugation at 400g for 10 min &£ 4The supernatant was discarded, and
TRI reagent added, with pipetting up and down s#Evenes. The TRI lysate was stored at
-80°C until RNA extraction for marker gene analysi$ie genes studied included cell
markers for T-lymphocytes (C23CD4-1, CD&, CD83, CD28, CTL4A and TCR), B-
lymphocytes (membrane (m) IgM, secreted (s) IgMgMlsigT, migD and sigD),
dendritic cells (CD83, DC-LAMP3/CD208, DC-SIGN/C02 and MHCIB) and
macrophages (MCSFR1a, MCSFR1b, MCSFR2a, MCSFRi2lcg these cells are key for

adaptive immune responses.

2.4. Stimulation of GALT cells

The GALT cells were distributed into 12-well celllwre plates at 2xfaells/ml. The
GALT cells from each fish were stimulated with 10§'ml of inactivated bacterin (1.
salmonicida MT423 (MT423), (2)A. salmonicida MT423 grown in iron-depleted medium
(MT423 (Fe-)), (3)A. salmonicida MT004 (MT004), (4) an equal combination of MT423



219
220
221

222
223
224
225
226
227
228
229
230
231
232
233
234
235
236
237
238
239
240
241
242
243
244
245

246

247
248
249
250
251

(Fe-) and MT004 (MT423 (Fe-) + MT004), (8) ruckeri MT3072, and (6) PBS as control.
The cells were incubated at 20°C for 4 h and 2dahvested in 1.5 ml TRI reagent (Sigma,
UK), and stored at —80°C until RNA extraction.

2.5. RNA extraction, cDNA synthesis and gPCR

Total RNA extraction, cDNA synthesis and real-tiF€R (qPCR) analysis of gene
expression were carried out as described by Waray. ¢844, 45]. The TRI lysates were
thawed at room temperature and total RNA was pegpas per the manufacturer’s
instructions. Using Oligo (dT) 28VN (Eurofins), dR$ and RevertAid Reverse
Transcriptase (Thermo Scientific), RNA was revers@ascribed to cDNA. The resultant
cDNAs were diluted in TE buffer (10 mM Tris-HCI,iM EDTA, pH 8.0, Sigma) and
duplicate 1Qul real-time gPCR reactions were run in a LightCye@l80 machine (Roche),
using 2x SYBR green (Sigma, UK) gPCR Master Mix madith Immolase DNA
Polymerase kit (Bioline). For each gene analysdt,tree samples from the same
experiment were run in the same 384-well PCR plate genes studied included those
encoding the main cytokines, chemokines, chemoiegeptors, suppressors of cytokine
signalling (SOCS), acute phase proteins (APPs)marbbial peptides (AMPSs), cellular
markers, and master transcription factors of T ceiponses. The primer sets were
designed with at least one primer across an intemted to ensure that PCR products could
only be amplified from cDNA samples and not frorngeic DNA. The PCR efficiency
of the primer pairs used was between 1.95 to 2.00e details of gPCR primers are
provided in the supplementary materials (Table She data were analysed using the
LightCycler 480 integrated software. The gene esgiom level for each sample was
normalised to that of the housekeeping gene, etmgéactor (EF)-4, a normalizer used
previously [40, 45, 49], and shown to be stabléhien current experiment as evidenced by
the similar Ct values between samples (Table SB¢ Jene average expression of each
treatment was calculated as a fold change of isa@e expression in the control cells at

the respective time point.

2.6. Data statistical analysis

The normalized gene expression data were scaledogdtransformed to improve the
normality of real-time quantitative PCR measurersehbéefore statistical analysis, as
described previously [44]. Then, one-way ANOVA wased to detect whether a

significant difference was apparent amongst thé odtures at each time point. The
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control and bacterin treated cell cultures wergualted from the same cell pool that was
obtained from a single fish (cognate cell culturesith each experiment consisting 4
replicates of cells from 4 fish. Since the modwiatof gene expression in the GALT cells
was expected to be relatively small in magnitudeth& gut is in continuous contact with
the intestinal microbiome, making the cells tolétanmany types of stimulation, a paired-
samples T-test was used as a post-hoc test whigmificant difference was detected by
one-way ANOVA. The analysis was performed using BEl SPSS Statistics package
26.0 (SPSS Inc., Chicago, lllinois), with differesscconsidered significant aty0.05.

3. Resultsand discussion

The potential to isolate large numbers of GALT sdlelps facilitate the examination and
quantification of the gut biocapacity relating tmdies of fish immunoprophylaxis and
dietary supplements. In this study, the GALT cellere isolated from the intestine of
rainbow trout using a method that we describediptsly [13], but now with avoidance of
any mechanical processing of the tissue. The aeeraly yield was calculated from 4 fish
and the expression of cell markers typical of ttemeucocyte types relevant to adaptive
immunity was examined. Lastly, the immune compateaf the cells was investigated
against bacterins prepared from two different bréadtespecies. One was the causative
agent of enteric redmouth disease (ERM)ruckeri, for which an effective (commercial)
oral booster vaccine exists [26, 27]. The second tha causative agent of furunculosis,
Aeromonas salmonicida subsp.salmonicida, which has been refractory to successful oral
vaccination to date but effective injection (adjoted) vaccines exist. Four bacterinsfof
salmonicida were prepared using different strains/combinatenmd under different growth
conditions. Two bacterins were prepared from Ahesalmonicida non-pathogenic strain
MTO004 and the pathogenic strain MT423, respectivétat are not effective vaccines
against furunculosis [43, 30]. A third bacterin tth@presents an effective vaccine
candidate was from strain MT423 cultured in irompldéeed medium (MT423 (Fe-)) [43].
The last bacterin was comprised of equal quantdafethe bacterins MT004 and MT423
(Fe-), and corresponds an unadjuvanted vaccinehdmtbeen used before in the field
(AquaVac FNM Plus, Intervet UK Ltd). Their impach @ene expression of a panel of
relevent immune molecules (Table S1) in GALT celizss analazed by RT-gPCR at an
early (4 h) and a late (24 h) time point.
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3.1. Improved methodology boosts the yield of GALT cells

Although the previous optimization of GALT cell lation increased the average cell yield
[13], it is still an expensive process in termstlod time taken and cost compared to cell
isolation from other tissues, e.g., the head kidsgjeen and blood [46, 40]. GALT cell
isolation requires expensive reagents (e.g., DTd emllagenase 1V), 3 pre-/digestion
periods andmultiple washes to eliminate the associated mucusraagent residues. In
order to boost the effectiveness of GALT cell isiola, i.e., increasing the cell yield within
the same cost and time frame, the mechanical etee of the intestine contents was
excluded and replaced with liquid flushing, usirgSPextruded from a syringe against the
tissue (hydraulic rinse). This increased the awergield to 210x1® cells/fish (vs
12x10/fish previously) whilst the percent cell viabiligver time was not different to the
previous values, ~93% at 4 h and ~55% at 24 h qdsire [13]. The leucocyte markers
examined, for T-cells (CD4-1, CD8 and T@RB-cells (migM, sigM, migT and siIgT) and
dendritic cells (CD83, CD208, CD209 and MH@)Iwere also expressed by the isolated
cells at 4 h and 24 h post-culture (Fig. S1), andeefore [13]. The gene expression levels
were mostly lower at 24 h vs 4 h, with a few exme (e.g., migM, migT, migD,
MCSFR1a/2a/2b). However, compared to the previoathad, the marker gene analysis
showed a relative increase in the expression of-C@4 CD8 and CD208 vs CD209. In
addition, the expression of CD83 and sIgT at 24ehnewpreviously increased compared to
values at 4 h but here they were decreased. Theemqirestudy also demonstrated the
expression of the T-cell markers CD28 and CTL4Acd8-markers migD and sigD, and
macrophage cell markers MCSFR1 and MCSFR2 in tbiated cells that were not
previously examined (Fig. S1). Regarding the Ig@lgsis it should be noted that neither
IgD*/IgM™ B cells or IgD protein have been detected in titestine or gut secretions to
date [2, 6]. Whilst teleost B-cells bearing different membramgs lcan correspond to
different cell lineages, as fish lack Ig isotypeitshing [47, 6], nevertheless fish have B-
cells that co-express surface IgM and IgD and tbeseexpression of migD and sigD
markers in this study is not a clear indicatioranfindependent B-cell lineage in the GALT
cells. Overall, the boost to the average celldyiglith no detrimental effect on viability or
the main leucocyte types isolated (as assesseaigctipt analysis), is a huge advance in
terms of animal welfare, cost and time. Indeedngishe previous method [13] to obtain
210x10 cells would require more than 17 fish, with a samilncrease in the reagents
needed. These findings suggest that the mechameaiment of the intestine causes a

significant reduction in the number of GALT cellstained, as was seen by Salinas et al.
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[48]. This larger cell yield greatly helps vitro experimentation and allows cells to be
obtained separately from the pyloric caeca, midgut hindgut to gain deeper insights into
their immune differences and capabilities [49, 5D, 6]. It may also allow the possibility

of isolating a good number of GALT cells withoutetineed for chemical or enzymatic

digestion, and is certainly worth trying in furtretudies.

3.2. Responsiveness of GALT leucocytes

3.2.1. Diversity of the immune repertoire

Eighty immune molecules were selected to be exaipust-stimulation of the GALT
cells that comprise the immune categories thattygpecally modulated upon bacterial
infection, stimulation or vaccination [52, 53, &%, 36]. Sixty of these molecules could be
modulated with thé\. salmonicida and/orY. ruckeri bacterin preparations at 4 h and/or 24
h. The modulated molecules were distributed irthal examined categories, that included
the classical pro-inflammatory cytokines - 1B41 IL-182, IL-1B3, TNFal, TNFu2,
TNFa3, IL-6A, IL-6B (Fig. 1); other inflammatory cytokines - IL{&XCLS8), IL-11, IL-
17C1, IL-17C2, IL-22, IL-34, CXCL11_L1, type | IFN@ig. 2) and IL-20 (Fig. S2B);
anti-inflammatory cytokines - nIL-1F, IL-10A, TGFLA and TGFB1B (Fig. 3A-D);
suppressors of cytokine signalling - SOCS1A and S8 (Fig. 3E-F); cytokines mainly
involved in the adaptive immune response - JENIFNy2, IL-2B, IL-17A/F1A, IL-
17A/F2A, IL-17A/F3 (Fig. 4) and IL-4/13B1 (Fig. S3C IL-12 family subunits - P19,
P28A, P35A1, P35A2, P40B1, P40C (Fig. 5), PA0B2 BBtB (Fig. S2E-F) acute phase
proteins (APPs) - COX2, SAA, SAP1 and SAP2 (Fig.-BA antimicrobial peptides
(AMPs) - cathelicidin (CATH)1, CATH2, LEAP1p-defensin 4 (Fig. 6E-H) andp-
defensin 1 (Fig. S5B); B cell markers - migM, sigelgT and sigD (Fig. 7); T cell
markers - CD8 and CD4 (Fig. S6C-D); the transcriptional fact@®® (Fig. S7C); and
chemokine receptors - CXCR3A, CXCR4B, CCR6A, CCRTALR9A and XCR3 (Fig.
8).

Forty-nine of the 60 modulated genes were up-régdlay at least one of the bacterins
used and at one or more time points. A few of thgesees (SOCS1A, P40B1, P40B2 and
slgT) were also inhibited (relative to the conirells) at the other time point and/or with a
different bacterin (s). The remaining 11 modulaggshes (TGH1A, IL-4/13B1, IL-20,
EBI3, sigM, CDZ, CD4, ROR, CXCR4B, CCR9A and XCR3) were (only) inhibited kwit

one or more of the bacterin preparations. Lastly,n®lecules were not modulated by
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stimulation withA. salmonicida or Y. ruckeri bacterins. This group included cytokines (IL-
2A, IL-4/13A, IL-4/13B2, IL-10B, IL-12 P35B, IL-18nd IL-21, Figs. S2-4), AMPs
(LEAPZ2, B-defensin 2 and 3, Fig. S5), cellular markers (migifgD, CD28 and CTLAA4,
Fig. S6), master transcription factors (T-bet, GATAFoxp3A and Foxp3B) and a
chemokine receptor (CXCR4A) (Fig. S7F).

It is noteworthy that of the paralogous cytokine@g studied, that have arisen from the
third teleost-wide and/or the fourth salmonid-wideole genome duplication events, some
differential modulation was seen in GALT cells. Tparalogues of pro-inflammatory
cytokines, e.g. IL-g1-3 [56], IL-6A-B, IL- IL-17A/F1-3 [57], 17C1-2 [5B IFNy1-2, and
TNFal-3 [59], behaved in a similar way in GALT cellshere they were typically induced
after bacterin stimulation. In contrast, the pagaks of the anti-inflammatory cytokines
IL-10A-B [60] and TGFB1A-B [61] and the adaptive cytokines IL-2A-B [45ha IL-
4/13A/B1-2 [62], behaved differently, with one inshd and the other refractory (as in the
case of the IL-2, IL-10 and IL-4/13 paralogues)poe inhibited and the other induced (as
in the case of TGBL1A-B). Differential expression and modulation ofrglagous genes
has been observed in multiple studies in saimgi@6@s55], and highlights the importance

of including all paralogues in an analysis.

Some of the molecules that could not be modulatetthis study, such as IL-4/13A, IL-
4/13B2 and IL-21, have been induced in the intesti rainbow trout following oral
administration ofA. salmonicida MT004 + MT423 bacterin conjugated with nanocasrier
for 5-10 days [63]. The 1L-4/13B1 cytokine was ueed in rainbow trout and Atlantic
salmon Galmo salar) GALT cells stimulated with PHA and poly I:C, anecombinant IL-

21 and IL-2B cytokines [12, 13], but consistenthaihe present study was also inhibited
with the bacterial PAMP lipopolysacharide (LPS)Atantic salmon GALT cells. This
suggests that some of the molecules that were pomes/e to stimulation in this study
might be modulated under different conditiongblater time points, and that the direction
of the modulation is reliant on the stimulant tygeken together, the responsiveness of
this wide array of molecules that cross several umencategories demonstrates the diverse

immune repertoire of isolated GALT cells.
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3.2.2. Distinctiveness of the immune response between GALT cells and PBL

This panel of bacterin preparations has been usadauisly to stimulate freshly prepared
PBL from rainbow trout in a kinetic study [36]. T8eePBL were isolated by a hypotonic
lysis method, and contain the main immune cell $ypeeded to monitor adaptive immune
responses, i.e., T cells, B cells and monocytesimpaages [40, 64]. The current study
aimed to evaluate the intestine immune responsgéivelto that of the PBL, therefore the
GALT cells were similarly stimulated, and the exgsien of selected immune genes was
examined at two corresponding time points. Althotiggre was a wide consensus in the
response direction with most of the immune molesustudied, the magnitude of the
response was generally lower in GALT cells thaRPBL, and some responses were not in
the same direction. For instance, Td2Fat 4 h was induced in the GALT leucocytes but
inhibited in the PBL, IL-10B was not changed in tBALT cells but induced in the PBL,
and ROR, CD% and CD4 were inhibited in the GALT cells but indddn the PBL. Also,
some molecules such as IL-2A, IL-4/13, IL-18, IL;24IlgM, migD, T-bet, Foxp3A,
Foxp3B, CXCR4B, CCR9A and XCR3 were only inducedhe PBL. Lastly, with some
molecules, the onset of induction was relativetg ia the GALT cells (e.g., 24 hvs 4 hin
PBL), as seen with IL{i3, IL-11, IL-10A, TGF$1B, SOCSI1A, IFN1, IFNy2 and
CCRG6A.

The variation in the molecules modulated, and nespanset, direction and magnitude
could be attributed to the composition of differeell populations/types present in the
GALT leucocytes vs PBL. For example, both IgM- dgd@i-expressing B cells are present,
but the abundance is different between GALT celld BBL [65]. On the other hand, the
same type of leucocytes in the gut environment imaye developed into an immuno-
tolerogenic phenotype, as a consequence of théenconts contact of the mucosal surface
with the microbial community in the intestine thatdominated byAeromonadaceae and
Enterobacteriaceae bacteria [66, 67, 68, 3, 6]. Hence the distinspomse of the immune
molecules in the GALT cells may indicate a levehaflecule sub-functionalisation that is
suited to the intestine non-sterile environmentesehdistinct immune responses suggest
that GALT cells could be a more appropriate model rhucosal immune studies and

mucosal vaccine development.
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3.2.3. Sensitivity of the detection of immune responsesin GALT cells

Sixty of the eighty immune genes examined were riaded in GALT cells by bacterin
stimulation, with the majority of these genes imsed and found higher at 24 h than at 4 h.
The genes modulated at 24 h are summarised in Tabl&e expression of most of the
pro-inflammatory cytokines (IL{i1-2, TNFal-2, IL-8, IL-17C1, IL-22, IL-34 and
CXCL11_L1), thea-chains of the IL-12 family (P19, P28A, P35A1), ARFAA), AMPs
(CATH1-2 and LEAP1) and chemokine receptors (CXCR3#A CCR6A) was increased
by all the five bacterin preparations at 24 h (€ab). These data suggest the activation of
common inflammatory pathways in GALT cells by difat bacterins, as seen in PBL
[40].

Despite a common inflammatory response,theuckeri driven response was distinct from
A. salmonicida bacterins in the GALT leucocytdbigs. 1-8, Table 1), as seen with PBL
[40]. In comparison tdA. salmonicida bacterins,Y. ruckeri induced gene expression was
higher at 4 h for IL-6A, IL-8, IL-22, IL-34, IFNg19, p35A2, COX2 SAA and CATH1,
and in some casés salmonicida had no effect at this timing. Similarly, at 24 xpeession
of TNFa3, IL-6A, IL-8, IL-11, IL-22, IL-34, COX2, SAA, CAH1 and CATH2 were all
higher relative to thé. salmonicida stimulated cells. However, unlike tiAe salmonicida
bacterins,Y. ruckeri was unable to induce IR, IFNy2 and IL-2B, molecules typically
linked to a Thl type response, SOCS1A, a major ragspr of IFN signalling [69], and
IL-12 P40C that forms an IL-12 isoform known to uro@ IL-10 expression [70]. These
differences in specific molecules induced with theruckeri bacterin could be used as
potential markers for testing oral vaccine candidat@sY. ruckeri can be used as an
effective oral booster vaccine [26, 27], however Kinetics of induction might also be

(bacterium) species-dependent.

The response induced in GALT cells by the differ&ngalmonicida bacterins also varied.
For example, the non-pathogericsalmonicida MT004 driven response was different to
that induced with the pathogenic salmonicida MT423 bacterin, in that induction of the
proinflammatory cytokines IL{f1and TNFe was typically lower at 4 h but at similar levels
at 24 h. In addition, induction of P35A1, P28A, B40wvas lower at 4 h, as was lfFNand
IL-2B at 24 h but IL-17C1 and CCR7A were higherkdth. These differences might be
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due to the lack oA. salmonicida virulence factors in this strain, such as the yelg[71-
73]. The iron depleted form of th& salmonicida strain MT423 (MT423 (Fe-)) bacterin
led to a higher induction of IL-17A/F2A, IL-17C1,-17C2,B-defensin 4, migM, sIgT and
CCRG6A, but a lower induction of ILfL, IL-12, IL-P35A1 and P28A, particularly at 24
h. These variations could be due to the produatiothe iron-regulated outer membrane
proteins (IROMPSs) that are considered to be pakmptiotective antigens [43, 74], and
hints at a better stimulation of mucosal/Th17 typsponses. The combination Af
salmonicida MT423 (Fe-) withA. salmonicida MT004 (MT423 (Fe-) + MT004) has also
driven a specific pattern of modulation with somelecules, such as ILB1, IL-182 and
P35A1 at 4 h and CXCL11_LB;defensin 4 and migM at 24 h where the inductioele
were in-between those seen with each bacterin aldhese findings demonstrate that
despite the small scale of the GALT cell resporsmmared to PBL, it was possible to
distinguish different bacterial species, straind different antigens. This shows that the
intestinal cells are sensitive to potentially sndifferences in the immunological insults
they receive and that this subsequently generatedomed/specific response. This is in
agreement with the conclusion made by Attaya €tl8]. that revealed different pathways
are elicited with different stimulants in salmongls.

3.3. Conclusion

The current study optimized further a method ofrgalid GALT cell isolation, increasing
the average cell yield by more than 17 fold. Thi# veduce fish use, save money and
time, and enable the potential vitro experimentation on leucocytes obtained from the
pyloric caeca, midgut and hindgut separately frasmgame fish. Stimulation of the GALT
cells withY. ruckeri and 4 bacterin preparationsAfsalmonicida revealed that the GALT
cell immune repertoire is diverse but distinct altbh often relatively slow and of a lower
magnitude compared to PBL [36], perhaps as a comeseg of the tolerogenic nature of
the gut environment. The GALT cell response wassitiga enough to distinguish the
different bacterial species, strains and membraoéeins present by producing specific
immune profiles. The. ruckeri bacterin drove a range of exclusive changes irGAeT
leucocytes that could have value as potential bikena for the evaluation of oral vaccine
candidates. These results, that show differentgression of immune molecules to

different stimulants, will aid future research into vitro assays using GALT cells to

15



480
481

482

483
484
485
486

487

488

489

490
491
492
493

494
495
496

497
498
499

500
501
502

503
504

505
506

507
508
509

evaluate oral vaccine candidates, establish efboacoral vaccination strategies, and

progress fish feeding regimes.
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Figure and table legends

Table 1. Differential modulation of immune gene expression by bacterin in GALT
cells. Rainbow trout GALT cells were stimulated with keats prepared fronYersinia
ruckeri strain MT3072 andAeromonas salmonicida strains MT423, MT004, MT423
grown under iron-depleted conditions (Fe-), andigture of MT423 (Fe-) and MT004.
The expression of immune genes was analysed byHRIRg The up-1) or down- ()
regulation of genes by a bacterin at 24 h postuséition is summarised. Dash (-) indicates

no significant change relative to unstimulated omint

Figure 1. Modulation of the expression of classic pro-inflammatory cytokine genesin
GALT cdls. GALT cells isolated from the intestine of rainb&wut were stimulated for 4

h and 24 h with bacterins prepared frdfrsinia ruckeri strainMT3072 andAeromonas
salmonicida strains MT423, MT004, MT423 grown under iron-dépte conditions (Fe-),
and a mixture of MT423 (Fe-) and MT004. The genpression of IL-B1 (A), IL-1p2
(B), IL-1p3 (C), TNFul (D), TNFe2 (E), TNF3 (F), IL-6A (G) and IL-6B (H) was
examined by RT-gPCR as described in Materials aathbtls. Bars are mean fold changes
+ SEM of 4 fish. Letters over the bars at the same point indicate a significant
difference (p< 0.05) was found by one-way ANOVA, and are the Itesof a post-hoc
paired samples T-test. Bars having the same latéenot different statistically.
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Figure 2. Modulation of the expression of other pro-inflammatory cytokine genesin
GALT cdls. Rainbow trout GALT cells were stimulated with fdilent bacterin
preparations for 4 h and 24 h, and the expresdigmnosinflammatory cytokines IL-8 (A),
IL-11 (B), IL-17C1 (C), IL-17C2 (D), IL-22 (E), I134 (F), CXCL11_L1 (G) and IFNa (H)
was examined as describedkigure 1. Bars are mean fold changes + SEM of 4 fish.
Letters over the bars at the same time point ineiaasignificant difference ( 0.05) was
found by one-way ANOVA, and are the results of atgwc paired samples T-test. Bars

having the same letter are not different statiljica

Figure 3. Modulation of the expression of anti-inflammatory genes in GALT cells.
Rainbow trout GALT cells were stimulated with ditat bacterin preparations for 4 h and
24 h, and the expression of anti-inflammatory cytek IL-1Fm (A), IL-10A (B), TGF-
B1A (C) and TGH1B (D), and the suppressors of cytokine signal8@CS1A (E) and
SOC3A (F) was examined as describeéigure 1. Bars are mean fold changes + SEM of
4 fish. Letters over the bars at the same timetpauticate a significant difference
0.05) was found by one-way ANOVA, and are the rssof a post-hoc paired samples T-

test. Bars having the same letter are not diffestattstically.

Figure 4. Modulation of the expression of adaptive cytokine genes in GALT cells.
Rainbow trout GALT cells were stimulated with ditat bacterin preparations for 4 h and
24 h, and the expression of adaptive cytokinesyIFKR), IFNy2 (B), IL-2B (C), IL-
17A/F1A (D), IL-17A/F2A (E), and IL-17A/F3 (F) wasxamined as described kigure
1. Bars are mean fold changes + SEM of 4 fish. ketbger the bars at the same time point
indicate a significant difference @ 0.05) was found by one-way ANOVA, and are the
results of a post-hoc paired samples T-test. Bavén the same letter are not different

statistically.

Figure 5. Modulation of the expression of IL-12 family cytokine genesin GALT cells.
Rainbow trout GALT cells were stimulated with diéat bacterin preparations for 4 h and
24 h, and the expression of IL-12 family cytokine3 P19 (A), IL-27 P28A (B), and IL-
12 P35A1 (C), p35A2 (D), P40B1 (E) and P40C (F) e=ramined as described kingur e

1. Bars are mean fold changes + SEM of 4 fish. ketbger the bars at the same time point
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indicate a significant difference (@ 0.05) was found by one-way ANOVA, and are the
results of a post-hoc paired samples T-test. Bavéng the same letter are not different

statistically.

Figure 6. Modulation of the expression of genes encoding acute phase proteins and
antimicrobial peptidesin GALT cells. Rainbow trout GALT cells were stimulated with
different bacterin preparations for 4 h and 24rd the expression of acute phase proteins
COX2 (A), SAA (B), SAP1 (C) and SAP2 (D), and antirobial peptide genes CATH1
(E), CATH2 (F), LEAP1 (G), an@-defensin 4 (H) was examined as describeBigure

1. Bars are mean fold changes + SEM of 4 fish. ketbeer the bars at the same time point
indicate a significant difference @ 0.05) was found by one-way ANOVA, and are the
results of a post-hoc paired samples T-test. Bavdng the same letter are not different

statistically.

Figure 7. Modulation of the expression of immunoglobulin genes in GALT cells.
Rainbow trout GALT cells were stimulated with ditat bacterin preparations for 4 h and
24 h, and the expression of immunoglobulin genegM(A), sigM (B), slgT (C) and sigD
(D) was examined as describedFigure 1. Bars are mean fold changes + SEM of 4 fish.
Letters over the bars at the same time point ingiassignificant difference (g 0.05) was
found by one-way ANOVA, and are the results of atgwc paired samples T-test. Bars

having the same letter are not different statiljica

Figure 8. Modulation of the expression of chemokine receptor genesin GALT cells.
Rainbow trout GALT cells were stimulated with ditat bacterin preparations for 4 h and
24 h, and the expression of chemokine receptor g&¥CR3A (A), CXCR4B (B),
CCR6A (C), CCRT7A (D), CCR9A (E) and XCR3 (F) wasedned as described kigure

1. Bars are mean fold changes + SEM of 4 fish. ketbger the bars at the same time point
indicate a significant difference @ 0.05) was found by one-way ANOVA, and are the
results of a post-hoc paired samples T-test. Bavéng the same letter are not different

statistically.
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Table 1. Differential modulation of immune gene exgession by bacterin in GALT cells.Rainbow
trout GALT cells were stimulated with bacterins paeed fromYersinia ruckeri strainMT3072 and
Aeromonas salmonicida strains MT423, MT004, MT423 grown under iron-dépteconditions (Fe-),
and a mixture of MT423 (Fe-) and MT004. The expms®f immune genes was analysed by RT-
gPCR. The up-17) or down- () regulation of genes by a bacterin at 24 h pasauation is
summarised. Dash (-) indicates no significant ckae¢ative to unstimulated control.
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Figure 3

Fold change
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Figure4

Fold change
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Figure5

Fold change
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Figure?
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Figure8

Fold change
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Highlights

* Further optimization of the GALT leucocyte isolation procedure boosted the average
cell yield more than 17 fold.

» Transcripts for markers of T- and B-lymphocytes, dendritic cells and macrophages
were detectable in cells isolated with the optimized method.

» The GALT cel immune responsiveness to bacterins is diverse and distinct but
relatively slow and of alower magnitude compared to PBL.

* TheY. ruckeri bacterin elicited a range of exclusive changes in the GALT cells that

could have value as biomarkers to evaluate ora vaccine candidates.



