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ABSTRACT

We have recently demonstrated that an attenuated st Salmonella enterlcaerovar Typhimurium unable to synthesize the zantsporter ZnuABC

(S. TyphimuriumAznuABC)is able to protect mice against systemic and ergahinonellosis and is safe in pigs. Here, we tested the protective effects
of S. TyphimuriumAznuABQdn pigs. Resistance to challenge with the fullyheint strairS. Typhimurium ATCC 14028 was assessed in animalsnated

with S. TyphimuriumAznuABQtwo dosages tested), in controls vaccinated withiraalin-inactivated virulent strain and in unviaeted controls. Clinical
signs of salmonellosis, faecal shedding and bakimlonization of organs were used to assessneatwluced protection. After the challenge, pigs
vaccinated with the attenuat®dryphimuriumAznuABGstrain did not display clinical signs of salmonsitqfever or diarrhoea). The vaccine also reduced
intestinal tract colonization and faecal sheddirtg@fully virulentSalmonellsstrain, as compared to control grouaJyphimuriumAznuABGepresents a
promising candidate vaccine against salmonellogjs.

1. Introduction

Salmonellosis is one of the most common food-baomnosesSalmonellanfections in humans may result in several clinealdromes,
including acute gastroenteritis, fever and bacteriagl]. A recent epidemiological report attributed 26.9%%9CI| 26.3-27.6%) of human
Salmonellecases in the EU to the consumption of pork prodi2¢t$-urthermore, the prevalenoéSalmonelldan pigs slaughtered at abbatoir
in Europe is medium-high, with 10.3% of animalsrgarg this pathogen in their lymph nodg}.

NationalSalmonellamonitoring and control programmes have been dewesldp recent years in different European countiisvever,
the validity of serologyas the method of choicedetermining herd prevalence for nationwigg#monellanonitoring
programmes has been questioi@d®]. Regarding control efforts, to date, these are nydialsed on measures such as the use of organic
acids in feed and water, good management practézesbiosecurity in pig farms (e.g., visitor restion, pest control}7]. In addition,
appropriate strategies to reduce pig and carcass-@ontamination still need to be perfed&dThe use of antibiotics is excluded due to the
intracellular persistence of this bacterium andrtble of positive selection of resistant clorj@k In this scenario, vaccination may represent
an attractive alternative for the reduction of b8#imonellancidence in swine, and the prevalence of carra@battoir.

Our research group has recently demonstrated tmattant strairof Salmonella entericgerovar Typhimurium unable to synthesize the
zinc transporter ZnuABC (S. TyphimuriuAznuABC)s significantly attenuated and able to protecteragainst both systemic and enteric
salmonellosis, by inducing a strong antigen-spedifimune respongé&0-12]. FurthermoreS.TyphimuriumAznuABGwas recently shown
to be safe and immunogenic in experimentally irddqbigs[13].

The aim of the present study was to assess thigyatiila vaccine based on tige TyphimuriumAznuABCmutant, to induce protection
in pigs against homologous challenge with virul&nTyphimurium.

2. Materials and methods
2.1. Salmonella spp. cultures

Virulent SalmonellaTyphimurium ATCC 14028 and its isogeriauABCmutant (S. TyphimuriumAznuABC) {znuABC.xamijnade
resistant to streptomycin by P22-mediated transdocif ahsdRr.speallele, were used throughout the sti#i9]. The introduction of the
hsdRr.speallele does not modify the lethal dose of the witfde and mutant strains in mice (data not showhg 3trains were grown
overnight at 37 °C in Brain Heart Infusion brothx@d Ltd., Basingstoke, UK), harvested by centrdtign and then washed twice in
ice-cold phosphate buffer solution (PBS) (Sigmaridid, Milan, Italy). To obtain bacterir§. Typhimurium ATCC 14028 was inactivated
with formalin and adsorbed to aluminium hydroxide.

2.2. Animals

A total of 32 female commercial hybrids (Large Véhit Duroc) 3-5 months of age were enrolled in ttuglg. All were the offspring of
five Salmonella-freesows (negative fogalmonellaby both serological and bacteriological tests). $haly animals had not been treated
with antibiotics nor previously vaccinated and prdvto beSalmonella-freeby both stool culture and serology. Experimentsever
authorized by national authority in according talitn and European regulations (D.L 116/92,86/6B@EDecreto 225/2009-B) and were
carried out under the supervision of certified vetarians.



2.3. Experimental design

Pigs were divided into four groups, each of whidisvkept in a separate pen. Groups A, B, C were caedpafssix animals each; group
D was composed of eight animals. Groups A and B wareinated by the oral route, with 5 x®%nhd 5 x 16 CFU of S. Typhimurium
AznuABdn a single dose, respectively. Oral inoculatiors\warformed using a gastric catheter, vd@imonellsstrains suspended in 20 ml of
sterile 10% sodium bicarbonate buffer. Group C wased intramuscularly with a bacterin dose of 28 €FU and boosted 14 days later with
an identical dose of vaccine. Group D was orallycunated with saline and served as a naive cogralp.

Thirty-four days after vaccination, all animals weveighed and then challenged by the oral routh wik 16 CFU of fully virulentS.
Typhimurium using a gastric catheter. Here t®almonellastrains were suspended in 20 ml of sterile 10%wudiicarbonate buffer.

Body temperature and bacterial colonization wermrduss biomarkers or surrogate endpoints to evathatefficacy of vaccines. At 2,
7,10 and 14 days after the challenge, rectal teatper was recorded and blood, serum and faecal lsanwere collected to study
antigen-specific production of IFN-7, TN&production, and to detect faecal excretion ofchallenge strain, respectively.

Diarrhoea was assessed visually by a single indépenobserver, who attributed a score to eachetdmples collected from each
animal, using the following scale: (0) faeces witbrmal appearance; (1) moderately softened fae(®s,softened faeces, (3)
semisolid/semiliquid faeces, (4) liquid faeces, §bdwatery faeces.

Twenty-one days after the challenge, pigs were haggagain, and then euthanized using a captivedisivl and exsanguination.
Samples of tonsils, liver, kidney, spleen, gallddar, caecal and mesenteric lymph nodes, lung, dnoch, proximal and distal
jejunum, ileum, caecum, colon, stomach contentfaedes were collected from each pig for the evatuaof bacterial burden.

To assess the persistenceSaimonellain the environment, faecal samples from the pearfiof each group of animals were collected
following the ISO 6579:2002/Amendment 1:2007 protoc

2.4. Microbiology

The microbiological analysis of faecal samples,aorgamples and environmental (pen floor) samplesagaducted according to the
ISO 6579:2002/Amendment 1:2007 protocol. Brieflgmples were weighed and homogenized in nine pdrButfered Peptone Water
(BPW) (Oxoid Ltd., UK). This initial solution was ¢m used to perform a decimal dilution series cdroigt by systematically transferring an
aliquot of 0.5 ml of each successive dilution ib sl of BPW. All BPW-diluted samples were incubatd®7 °C for 18 £3 h. Cultures (0.1
ml) were subsequently seeded on Modified Semisdigpaport-Vassiliadis (MSRV) agar plates (Oxoid L t4K) and incubated at 41.5°C for
24h for the selective enrichment $&lmonellaA loopful of growth from each MSRYV plate was strechkmto Xylose-Lysine-Desoxycholate
Agar (Oxoid Ltd., UK) and Brilliant Green Agar (OxblLtd., UK) plates and hence incubated at 37°C ig#it. Five suspecbalmonella
colonies were subjected to biochemical identificatby the BBL Enterotube Il system (BD, Franklinkea, NJ USA) and to serological
identification usingSalmonellagroup-specific antisera. This semiquantitative aagh allowed us to determine the likely concemratf
Salmonellain a sample. Distinction between challenge and wacstrains was carried out by plating bacteriaagar plates containing
streptomycin and then transferring individual caEmon agar plates without antibiotics or contagnohloramphenicol, where on§.
Typhimurium AznuABCcan grow. Further confirmation of strain identificam was subsequently obtained by analysing attléae
colonies from each plate by PCR, exploiting theoohosomal differences between the two strains. Briefiromosomal DNA extracted by
ZR Fungal/Bacterial DNA Kit (Zymo Research, Californi&d/SA) was used as a template for PCR with forwardner olil32
(CGGTAAGAGGGAACGAATCT) and reverse primer olil31 CATCAGACCTGGGCGATTT). Amplification of the chromoswl region
carrying the modified (delete@nuABCoperon yielded a 1384bp DNA fragment, whereas dinption of the wild type sequence resulted
in a 2828 bp DNA fragment.

2.5. Production of TNk

TNF-o production was measured in sera using a sandwit®/E(Porcine Quantikine ELISA Kit, R&D Systems, MNSA) according to the
manufacturer's instructions.

2.6. Production of IFN~

Antigen-specific production of IFN-7 was evaluataftler in vitro stimulation of peripheral blood manzlear cells (PBMC). Aliquots of
heparinized blood (1.5 ml) were stimulated with theactivatedSalmonellgf 109CFU/ml), pokeweed mitogen (PWM) (Sigma-AldrithS,
USA) (5pg/ml) or PBS (Sigma-Aldrich, MS, USA). Supernatawere harvested after a 24 h culture at 37 °C inraitlified 5% CO2
atmosphere. IFN-7 production was evaluated usgandwich ELISA (Porcine IFN-7 Quantikine ELISA KR&D Systems, MN, USA)
according to the manufacturer's instructions.

2.7. Histology

Tissue samples of duodenum, proximal and distalnjejn, ileum, caecum and colon for histological eieation were fixed in 10%
neutral buffered formalin (pH 7.0) and embeddeg@anaffin wax. Sections were cut gt (Leica Microsystems, Wetzlar, Germany), and
stained with haematoxylin and eosin. Lymphocytid ansinophilic infiltration of mucosa, agglutinatidlunting and necrosis of villi of all
intestinal districts were evaluated.

2.8. Statistics

Differences in body temperature were estimatedimyivay repeated measures analysis ofvariance (ANJollowedbyTukey multiple
comparison tests. Differences in weight gain and=TiNwere estimated by repeated measures analysisiasfear(ANOVA) followed by
Tukey multiple comparison tests. Differences imdiaea severity were estimated by Chi squared®trences were considered significant
when P< 0.05.



Fig. 1. S.TyphimuriumAznuABCvaccination prvents a rise in body temperatafter challenge infection. Body temperature aedfit time points after a challenge infec
with virulent S. Typhimurium in pigs vaccinated with either 5 2 @FU (group A) or 5 x T0CFU (group B) of attenuaté®i TyphimuriumAznuABCin pigs vaccinated with
inactivated S. Typhimurium (group C); and in unigaied controls (group D). In the upper panel, sylmkepresent group means and standard errofse llower panels,
symbols represent individual animals, by groupaDafer to one out of two separate experiment®pegd with comparable results. The differencesémtvgroup A
and group D were statistically significant (*P €%).
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3. Results

3.1. Vaccination with S. Typhimurium AznuABC consioly attenuates, or even eliminates, the clingighs and inflammation induced by
virulent S. Typhimurium in pigs

Pigs that were vaccinated wi®. Typhimurium AznuABC(groups A and B) showed no clinical signs after ¢hallenge infection.
Conversely, pigs vaccinated with bacterin and arigs (groups C and D, respectively) showed patigtn and other manifestations of
infection. Specifically, pigs of groups A and B hadnormal temperature (below 39.5 °C) throughowt tfbservation period and no
diarrhoea, while pigs of groups C and D showed exiar reluctance to move, and a transient incrégasmdy temperaturérig. 1). In
addition, pigs of groups A and B had normal faestgreas pigs of groups C and D had watery diarrfiiga2).Histological analysis revealed
necrosis of villi in the distal jejunum of unvacated pigs (group D) (Supplementary Fig. Ib), and tesser extent in vaccinated pigs (group
A) (Supplementary Fig. la). The large intestine \ess severely affected in all animals of all gmupymphocytic infiltration was commonly
detected in all districts of all groups of anim@&upplementary Fig. 2a), more often in the smatikstine of pigs in groups C and D
(Supplementary Fig. 2b).

After infection with fully virulentS. Typhimurium, pigs of different groups showed di#fat degrees of weight gain, with an average
increase of 7.7 kg, 6.1 kg, 5.9 kg, and 3.5 kggrioups A, B, C and D, respectively (Supplementary B)g While these results were not
statistically significant due to large within-growpriability, the animals in groups C and D shoveendency to gain less weight than the
animals vaccinated wit8. TyphimuriumAznuABC.

Serum TNFe was measured to assess the inflammatory respodaedd by challenge with wild-tyg® Typhimurium. As shown in
Fig. 3, pigs vaccinated witts. Typhimurium AznuABC(groups A and B) produced less TNRhan pigs vaccinated with inactivat&d
Typhimurium (group C) or unvaccinated pigs (group D

These findings suggest that vaccination w&hTyphimurium AznuABCreduces both the clinical effects and the proinftatory
response in pigs challenged with virul&hfTyphimurium.

3.2. Vaccination with S. Typhimurium AznuABC reddfaecal
shedding after homologous challenge infection wiithlent S.
Typhimurium

As shown irFig. 4,as early as 2 days after challenge infection,ekiels ofS. Typhimurium faecal shedding in vaccinated pigs (gr®A,
B and C) were lower than those of control pigs (gr®). Remarkably, at 7 and at 10 days after chgle pigs of groups A and B shed
considerably less bacteria than those of groupsd@aft 14 and 21 days after challenge infectiordsling levels were low overall. At day 14,
however, virulenSalmonellacounts in faecal samples from group A, were stilvér than those from group D. Similarly, at dayli#tterial
counts in faecal samples from group B were stildo than those from group D.

These findings suggest that vaccination v8tAyphimuriumAznuABGsignificantly reduces faecal shedding followingeiafion with a
virulent strain ofS. Typhimurium.



3.3. Vaccination with S. Typhimurium AznuABC redudailent
S. Typhimurium colonization of organs

As shown inFigs. 5 and 6the colonization of organs with viruleSt Typhimurium in naive animals (group D) was consadée, with
particularly high levels oBalmonellan the caecum and in the tonsils, moderate coldidnaof the jejunum, the ileum and the colon,
and low bacterial counts in the stomach and duoalesamples. In contrast, colonization of all orgaxamined was markedly reduced in
pigs from groups A and B. Remarkably, most organ $asnaken from pigs in group B were virtually negatiMoreover, the bacteria
isolated from the organs of pigs from group A w8r&yphimuriumAznuABCij.e. the vaccine strain (data not shown), sugggstiat
pigs were strongly protected against the challénfgetion but had not completely cleared the vaedtrain. Pigs in group C showed
essentially the same degree of colonization asipigsoup D. These findings show that vaccinatiathvé. TyphimuriumAznuABC
reduces wild-typ&almonellacolonization of the intestinal tract.

3.4. Protection induced by S. Typhimurium AznuAB@taies with antigen-specific production of IEN-

As early as 2 days after challenge infection, gesipl blood leukocytes from pigs in group A produ@€eN-7 upon in vitro stimulation with
heat-inactivated. Typhimurium (Supplementary Fig. 4). Leukocytes frpigs in groups B and C produced the same amouliRN{7 as
cells obtained from animals in group A only 7 dafter challenge infection. In contrast, pigs in gsoD mounted aSa/mone//a-specific
immune response involving IFN-7 production only @dys after infection. These findings suggest thatcination is able to prime a
Sa/mone/fa-specific immune response, which is sylesatly recalled upon challenge.

4. Discussion

Salmonellosis in pig farms entails both an econoodst and a considerable public health cong&dj. Although S. Typhimurium
infection may cause septicaemia in pigs, it is nodtetn characterized by enterocolitis and diarrhdehas been shown, however, that pigs
that have suffered from enterocolitis can becontermie carriers. In such case®almonellatypically persists in mesenteric lymph nodes,
tonsils and the gut. The presence of adult carriéfsin swine herds may therefore play a role ia thaintenance of infection, reducing the
effectiveness of convention8almonellacontrol programmegl5]. In this context, vaccination may constitute a pduleaind effective tool
for Salmonellacontrol in pig farmg14]. A recent systematic literature review has indicateat vaccination is associated with reduced
Salmonellgrevalence in swine at or near harjé$. Nevertheless, to date, the efficacy of such vaccia@ot sufficiently supported by the
experimental datfl6] and recent studies on the efficacy of commerciallgilable vaccines have yielded inconsistent regtit-19]. In
addition, it has been demonstrated that a monoveabatine does not induce protection against higtgounis infection$17,18].Our approach
could overcome this limitation, since it allows thduction of a polyvalent vaccine preparationcloynbining attenuated strains of the
most epidemiologically significant serovars.

There is a pressing need to find novel vaccinesdha effective in preventing and eradicating saleitosis in pigs, with the goal of
reducing transmission of this disease to the huhwst.

Our findings extend those reported by Schwarz dtd] providing evidence that attenuat8dryphimurium can also serve as an effective
orally delivered vaccine. The use of attenuateddrécin vaccine formulations has significant ace@es over whole inactivated bacteria
because, by inducing a mild and limited infectithey stimulate a robust and protective immune raspoln addition, their natural ability
to colonize the host makes them suitable for mulcdstivery. The development of mucosal vacciragainst enteric pathogens is a
challenging task, both because a large numberatétial pathogens exploit the mucosal surface tefate and colonize the host and
because classical parenteral inoculation tendwliace an excellent systemic immune response, buhatgrime the mucosal immune
system[20,21 ].Recent studies suggest t&aimonellacolonization of the gut is promoted by its abiliblyacquire nutrients, including
metal ions, in the harsh host environm@2f. Metals are essential to most organisms, as thegadadytic or structural cofactors in a
wide range of proteins. Given the importance ofalsemost bacteria have evolved complex mechan@eissure an adequate supply of
these elements, while averting their potentiatigddntracellular accumulation. Indeed, it is novdety recognized that the ability of the
host to control infectious bacteria requires thevation of metal sequestration mechanisms thabvenessential metals from the host's
cellular and extracellular compartmei2]. Conversely, the invading pathogens respond to dloeity of metal ions by expressing
high-affinity metal-binding site23]. Although the competition for iron has been recoggias relevant to host-pathogen interaction for
a long time, other divalent metals, such as zirdt manganese, have been shown to play a companéb|24]. Specifically, our
studies have established that the competition ifar glays a critical role ifmost-Salmonellanteraction[10,25]. More recently, we
demonstrated that, whereas wild-tgamonellaexploits inflammation to overcome competing integtimicroflora and proliferate in the
gut, aSalmonellastrain lacking the necessary transporter (ZnuABEZnot compete with other microorganisms and isdilhy the
inflammatory responsg26]. These results showed th&almonella uses the ZnuABC transporter to acquire zinc during
calprotectin-mediated zinc chelation and that cédtin, rather than controllin§almonellainfection, confers an advantage on this
pathogen over competing microbes. These studidslnate to our understanding of the attenuationhaeism of theS. Typhimurium
AznuABGraccine strain, whose inability to stably persighie host and cause disease is clearly relafeginapaired ability to recruit zinc.

In conclusion, our results show that oral admiaisbn of an attenuatesl. TyphimuriumAznuABGraccine reduce clinical signs,
bacterial colonization and shedding in pigs chaliehwith a virulent strain d. Typhimurium, corroborating our previous studies on
salmonellosis in micl.1,12].Coupled with our results demonstrating the safiethimmunogenicity 085. TyphimuriumAznuABGn pigs
[13], these findings underscore the potential usefuloEtss attenuated strain as a candidate mucosainein swine and the possible
benefits of its use in pig farms.
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Fig. 2. S. TyphimuriumAznuABCvaccination reduces diarrhoeaSalmonellanfected pigs. Diarrhoea scores at different timéngs after a challenge infection with virulent
S. Typhimurium in pigs vaccinated with either 5 x*10FU (group A) or 5 x 10CFU (group B) of attenuated S. TyphimuriukmnuABC;in pigs vaccinated with inactivatesl
Typhimurium (group C); and in unvaccinated contr@soup D). Symbols represent individual animalsl dars indicate group means. Data refer to oneobtvo separate
experiments performed with comparable results (*®.65).
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Fig. 3. S. TyphimuriumAznuABCvaccination reduces inflammation $almonellainfected pigs. TNFe production 2 days after a challenge infection witlilent S.
Typhimurium in pigs vaccinated with either 5 ¥ TFU (group A) or 5 x T0CFU (group B) of attenuate®l TyphimuriumAznuABCin pigs vaccinated with inactivatei
Typhimurium (group C); and in unvaccinated contfgleup D). Symbols represent individual animafs laars indicate group means (*P< 0.05).
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Fig. 5. S.TyphimuriumAznuABGraccination reduceSalmonellagut colonization in infected pigs. Recovensaimonelldrom different parts of the gastrointestinal tiater
a challenge infection with virulent S. Typhimuriuimpigs vaccinated with either 5 x*30FU (group A) or 5 x T0CFU (group B) of attenuated S. TyphimuridanuABCin
pigs vaccinated with inactivated S. Typhimuriumo(gr C); and in unvaccinated controls (group D). ISysrepresent individual animals and bars indigedap means and
standard errors. Data refer to one out of two sépaxperiments performed with comparable results.
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