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SUMMARY

Salmonella enterica serovar Typhimurium is a Gram negative gastrointestinal
pathogen responsible for food poisoning worldwide. Upon entry into the host,
Salmonella must overcome the robust line of defense provided by the innate immune
system and by microbiota-mediated colonization resistance. It is a fascinating
example of pathogen able not only to evade immune response, but also to exploit
multiple aspects of it to colonize intestine. S. Typhimurium has evolved strategies
allowing to thrive in the inflamed gut at the expense of the resident microbiota,
taking advantage of the dramatic environmental conditions induced by inflammation.
To understand the complex dynamics of interaction among S. Typhimurium-host-
microbiota, is extremely important for the possible implications in the development
strategies resulting in the reduction of colonization and/or frequency of
salmonellosis. This thesis aimed at investigating the contribution of virulence,
inflammation and microbiota to S. Typhimurium infection using piglet as model for
salmonellosis. Firstly, we evaluated the capability of S. Typhimurium to exploit
inflammation to promote its own colonization in vivo and in vitro. Our findings have
shown that lipopolysaccharide (LPS) treatment-induced inflammation enhances the
progression of S. Typhimurium, making the pathogen more capable to colonize at
higher numbers both piglets and porcine enterocytes (IPEC-J2) and
monocytes/macrophages cells. Secondly, we investigated the impact of Salmonella
virulence on the porcine intestinal microbiota. To this end, we compared the effects
on the microbiota induced by two different strains of Salmonella, a wild type strain
and its isogenic attenuated mutant. We observed the existence of a link among
virulence, inflammation and microbiota composition. S. Typhimurium wild type
induces a strong inflammation which results in the reduction of some members of

microbiota (i.e. SCFA-producing bacteria), normally involved in the maintaining of



intestinal homeostasis and in the inhibition of pathogen growth. On the contrary, S.
Typhimurium attenuated strain determines a milder inflammation and is correlated to
an increase of protective species of microbiota which could shift the competition
between the pathogen and microbiota in favour of the latter explaining the reduced
ability of the attenuated strain to colonize host.

Finally, we focused on the physiological alterations of porcine cecum caused by wild
type and attenuated S. Typhimurium strains. Our results suggest that host could adopt
a “nutriprive mechanism” in which deprives environment of nutrients and energy
sources, creating intestinal conditions that are detrimental for Salmonella growth.
Moreover, the minor reduction of metabolic and energetic status of the host upon
infection with Salmonella wild type in comparison with the attenuated strain could
indicate that Salmonella wild type is more capable to oppose to the nutriprive
mechanism.

Overall, by investigating the interaction dynamics among S. Typhimurium-host-
microbiota, we have provided insights that the three factors are strictly interrelated
and multiple aspects of each of them contribute to determine the outcome of

infection.



RIASSUNTO

Salmonella enterica serovar Typhimurium ¢ un batterio Gram negativo, patogeno
enterico responsabile di una tossinfezione alimentare a diffusione mondiale. In
seguito alla penetrazione nell’ospite, Salmonella deve superare la robusta linea di
difesa rappresentata dal sistema dell’tmmunita innata e dalla resistenza alla
colonizzazione mediata dal microbiota. Salmonella ¢ un affascinante esempio di
patogeno capace oltre che di eludere la risposta immunitaria, anche di sfruttarne i
molteplici aspetti per colonizzare I'intestino. Ha sviluppato, infatti, strategie di
virulenza che gli consentono di prosperare nell’intestino infiammato a discapito del
microbiota residente, traendo vantaggio dalle condizioni ambientali fortemente
alterate indotte dall’infiammazione.

Comprendere le complesse dinamiche di interazione tra S. Typhimurium-ospite-
microbiota, ¢ estremamente importante per le possibili implicazioni nello sviluppo di
strategie volte a ridurre la colonizzazione e/o la frequenza della salmonellosi. Scopo
di questa tesi ¢ stato caratterizzare il contributo della virulenza, dell’infiammazione e
del microbiota all’infezione da Salmonella, utilizzando il suino come modello
sperimentale per la salmonellosi.

In primo luogo, abbiamo valutato 1’abilita di S. Typhimurium di trarre vantaggio
dall’infiammazione per favorire la propria colonizzazione, in vivo e in vitro. I nostri
risultati hanno mostrato che I'infiammazione indotta dal trattamento con
lipopolisaccaride (LPS) migliora la progressione dell’infezione, rendendo il patogeno
capace di colonizzare con una carica pil elevata sia 1 suinetti sia gli enterociti (IPEC-
J2) e 1 monociti/macrofagi di origine suina.

Successivamente, abbiamo valutato ’'impatto che la virulenza del patogeno ha sul
microbiota intestinale suino. A tale scopo, abbiamo comparato gli effetti causati da

due differenti ceppi di Salmonella, un ceppo wild type e il suo mutante isogenico



attenuato, sulla composizione del microbiota. Abbiamo osservato 1’esistenza di un
collegamento diretto tra virulenza, infiammazione e composizione del microbiota. S.
Typhimurium wild type induce una forte risposta infiammatoria che determina la
riduzione di membri del microbiota (ad es. i batteri che producono SCFA)
normalmente implicati nel mantenimento dell’omeostasi intestinale e nell’inibizione
della crescita dei patogeni. Al contrario, il ceppo attenuato di S. Typhimurium causa
una debole infiammazione che ¢ invece associata ad un aumento di specie protettive
del microbiota e ci0 potrebbe spostare la competizione tra patogeno e microbiota in
favore di quest’ ultimo, spiegando cosi la ridotta abilita di questo ceppo a colonizzare
I’ ospite.

Infine, la nostra attenzione si ¢ focalizzata sulla risposta dell’ospite ed in particolare
sulle modificazioni pato-fisiologiche che verificano a livello del cieco in seguito ad
infezione con 1 due ceppi di S. Typhimurium, wild type e attenuato. I nostri risultati
suggeriscono I'induzione di un “meccanismo nutriprivo” attraverso il quale 1’ospite
riduce la disponibilita di nutrienti e di fonti di energia per creare condizioni
intestinali che risultano svantaggiose per la crescita di Salmonella. Inoltre, ¢ stata
osservata una minore riduzione dello stato metabolico ed energetico dell’ ospite dopo
infezione con S. Typhimurium wild type rispetto a quella indotta dal ceppo attenuato
che potrebbe indicare una maggiore capacita del ceppo wild type a contrastare il
meccanismo nutriprivo.

In conclusione, studiando le dinamiche di interazione tra S. Typhimurium-ospite-
microbiota, abbiamo fornito ulteriori evidenze del fatto che i tre fattori sono
strettamente correlati e che ’esito dell’infezione ¢ il risultato del contributo fornito

dai molti aspetti che li caratterizzano.



Chapter 1

INTRODUCTION

1.1 Salmonella

Salmonella was discovered in 1884 by Theobald Smith and Daniel Elmer Salmon
who first isolated Salmonella choleraesuis from pigs with hog cholera (Salmon &
Smith, 1886). Salmonellae are Gram negative, road-shaped (0.7-1.5 x 2.0-5.0 pm),
flagellated, facultative anaerobic bacteria belonging to the Enterobacteriaceae
family. The genus Salmonella consists of only two species: S. enterica and S.
bongori. S. enterica is further divided into six subspecies and more than 2600
serovars differentiated according to somatic, flagellar and virulence (O, H and Vi,
respectively) antigens (Cooke et al., 2007). According to the ability to infect a
different range of hosts, Salmonella serovars can be classified into three groups
(Singh, 2013):

host-restricted serovars, that include S. Typhi and S. Paratyphi A, B and C in
humans, and S. Gallinarum and S. Pullorum in poultry, are responsible for a systemic
infection which often results to be fatal;

host-adapted serovars, such as S. Choleraesuis and S. Dublin, that cause highly
severe systemic infection in pigs and cattle respectively; however, they also may
accidentally cause disease in other hosts;

broad host range serovars that rarely produce systemic infections but are able to
cause a gastrointestinal disease in a wide range of animals. These serovars are
collectively called non typhoidal Salmonella (NTS) and include some of the most

common strains such as S. Enteriditis and S. Typhimurium. They represent an



important zoonotic hazard because of developing strategies to invade different hosts
without any greater resistance
This dissertation is focused on NTS and in particular on S. enterica serovar

Typhimurium.

1.2 The Infectious Cycle of Salmonella

Salmonella infections are basically acquired by ingestion of contaminated
food and water. Following ingestion, bacteria encounter the low pH of the stomach to
which a reduced number of them survives exploiting an acid tolerance response. The
remaining bacteria, gain access to the small intestine and invade the intestine wall,
spreading to mesenteric lymph nodes and then to the systemic circulation.
Salmonella has different pathways to invade the intestinal mucosa (Fig. 1) (Khan,
2014).
Salmonella invasion preferentially occurs via microfold (M) cells located in the
follicle-associated epithelium (FAE), sorrounding the Peyer’s patches (PP). The M
cells are specialized phagocytic cells able to target luminal antigens and to transport
them to the basolateral side, where they can interact with lymphoid cells
(macrophages, dendritic cells (DC), neutrophils) in the gut-associated lymphoid
tissues (Broz et al., 2012). Salmonella can also invade non-phagocytic epithelial
cells, promoting its own internalization trough the type III secretion system (T3SS-1)
encoded by the Salmonella Pathogenicity Island 1 (SPI-1). This process involves
secretion of SPI-1-encoded virulence factors, which induce large-scale cytoskeletal
rearrangements, leading to ruffling and extension of the enterocyte membrane and
hence allowing bacteria to be engulfed and dragged inside the host cell (Brawn et al.,
2007). An additional route of invasion might be via CX3CR1" macrophages and

DCs. DCs are professional antigen-presenting cells (APC) that protrude



prolongations between adjacent enterocytes to capture luminal antigens and to
present them, in association with major histocompatibility complex (MHC)
molecules, to T cells (Niess et al., 2005). However, following phagocytosis,
Salmonella develops around it a membrane-bound vacuole called the Salmonella-
containing vacuole (SCV), and promotes its replication by secreting additional
virulence factors encoded by SPI-2 (Brawn et al., 2007). The pathogen is able to
spread systematically throughout the reticuloendothelial system. However, in healthy
individuals, Salmonella infection is limited to the intestine, leading a diarrhea with a
significant neutrophil influx into intestinal lumen. In these patients, gastroenteritis is

self-limiting and pathogen is eliminated within 14 days (Khan, 2014).
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Fig. 1. Schematic representation illustrating the routes of invasion of S.
Typhimurium. S. Typhimurium can cross the intestinal epithelial by invading
enterocytes, M cells or dendritic cells protruding prolongations to sample the

intestinal lumen.
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1.3 Epidemiology

Human infections caused by Salmonella spp. are a significant public health concern.
The epidemiology of infections is influenced by the type of Salmonella serovar
involved. Host-restricted serovars, such as S. Typhi and S. Paratyphi, are responsible
for enteric fever, an acute and life-threatening febrile illness primarily connected
with low-income countries, which globally causes 22 millions of cases per year and
200,000 deaths (Crump et al., 2004).
The enteric fever is transmitted via the fecal-oral route and it is facilitated by
inadequate sanitation and poor hygienic conditions. In fact, high incidence estimates
are reported in the developing world, particularly in south-central Asia and south-
east Asia (more than 100 cases per 100,000 inhabitants per year), while in Europe,
North America, Australia and New Zealand is registered a low incidence (less than
10 cases per 100,000 inhabitants per year) and it is mainly a disease related to
travelers visiting endemic areas. Countries with medium incidence are observed in
Africa, South America and the rest of Asia (10-100 cases per 100,000 inhabitants per
year). The emergence and spread of antibiotic-resistant S. Typhi and S. Paratyphi
strains in developing countries, increases the risk of complications and death
(Sanchez-Vargas et al., 2011).

Conversely, NTS are a leading cause of acute food-borne zoonosis
worldwide. Transmission to humans generally occurs by either ingestion of
contaminated food and water or by direct contact, person-to-person or animal-to-
person, via the fecal-oral route. The rapid dissemination of pathogens due to the food
production and distribution systems, and the problem of multidrug resistant NTS
strains pose an important public health concern (Sanchez-Vargas et al., 2011). NTS
cause a self-limiting enterocolitis which rarely requires intervention; however,

disease can evolve to septicemia in less than 10% of patients. Approximately 93.8
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million human cases of gastroenteritis and 155,000 deaths occur globally each year
(Majowicz et al., 2010). Moreover, in sub-Saharan Africa, NTS are also an important
cause of invasive bloodstream infection with an estimated mortality rate of 20-25%,
particularly in children with malnutrition, malaria and/or HIV infection (Wick, 2011;

Feasey et al., 2012).

1.4 Non typhoidal Salmonellae in food-producing animals

Most NTS serovars are important foodborne pathogens of zoonotic origin.
They can infect a wide range of farm and wild animal. Poultry, pigs, and cattle are
considered the most important farm animal reservoirs for human infections; however,
rodents, birds, reptiles, fish and insects can also play an important epidemiological
role (Wales et al., 2010).

Salmonella serovars have a widespread geographical and epidemiological
distribution; however, they differ in their pathogenic potential between humans and
animals as well as in prevalence. For instance, despite NTS are common in reptiles
and amphibians, very few human cases of salmonellosis are due to these animals
(Hoelzer et al., 2011).

Salmonella colonize the gastrointestinal tract causing an acute enterocolitis
that can be followed by a chronic infection, given the ability of the pathogen to
establish a persistent colonization. Persistently colonized animals are asymptomatic
and indistinguishable from uninfected animals, constituting an important risk factor
for humans (Hoelzer et al., 2011). In addition, environmental contamination by
manure and waste products from food production represents another significant
source of infection, and it is favored by the ability of Salmonella to survive for long

periods in soil and water (Silva et al., 2014).
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The human health risk associated with animals is influenced by multiple
factors including age group, herd management system and health status. For
example, large-scale intensive farm conditions determine more easily the rapid
spread of Salmonella among animals and contamination of food products (Hugas and
Beloeil, 2014). However, the improvement of good hygienic measures and the
implementation of management practices can reduce the risks of infection animal-to-
person (Hoelzer et al., 2011).

Nevertheless, ingestion of contaminated food is thought to be the
predominant risk factor for salmonellosis. A wide variety of foods, mostly of animal
origin, are frequent sources of Salmonella infection in humans; they include pork
meat, poultry, eggs, raw milk and dairy products. In recent years, the role of food of
vegetable origin, as potential vehicles of gastrointestinal infection, has been
highlighted. Vegetables and fruits can be contaminated with Salmonella in both the
pre-harvest (i.e. utilization of organic wastes as fertilizer or contaminated water for
irrigation) or post-harvest steps (during storage) of the processing chain (Heaton and
Jones, 2008).

The monitoring and surveillance plans are crucial in sustaining food safety
standards; moreover, the ability of Salmonella to exploit different sources of

infection creates public health challenges (Newell et al., 2010).
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Chapter 2

SALMONELLA-HOST INTERACTIONS
The intestinal mucosa is the largest surface of mammalian body in direct contact with
the external environment, and it is exposed to a wide variety of potentially harmful
enteric microbes. The host is protected from the invading pathogens by several types
of barriers, including physical, chemical and immunological ones, which exert
mechanisms of protection to maintain the integrity of the intestinal epithelium and to

limit inflammation-associate damage (Patel & McCormick, 2014).

2.1 Salmonella interaction with the intestinal mucosal epithelia

A thick layer of mucus that covers the luminal lining of the intestinal
epithelium, antimicrobial peptides and immunoglobulins are the first obstacles to
Salmonella entry (Patel & McCormick, 2014).
Mucus is primarily composed of mucins. Mucins are highly glycosylated
transmembrane proteins secreted by Goblet cells which aggregate to form a
gelatinous barrier aiming to constitute a physical barrier against the bacterial
invasion as well as to protect intestinal mucosa from dehydration and mechanical
damage. (Broz et al., 2012). Nevertheless, mucus is permeable to low molecular
weight components allowing the transport of nutrients. The production of mucins can
occur constitutively to a low level, or can be modulated in response to microbial
component and inflammation. However, the mechanisms regulating their secretion is
unknown (Kim & Khan, 2013).
In addition to mucins, specialized epithelial cells called Paneth cells secrete

antimicrobial peptides (AMPs) of ~20-40 amino acids in length. AMPs take part in
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the front line of chemical defense against bacteria and function targeting the bacterial
membrane and disrupting its integrity (Broz et al., 2012). Four families of AMPs
have been identified: defensins, cathelicidins, histatins and lactoferrin (Patel &
McCormick, 2014). Defensins are small cationic proteins that directly bind the
microbial cell membrane forming large pores that cause the loss of essential ions and
nutrients. Cathelicidins are also cationic proteins that act as potent lipopolysaccaride
(LPS)- neutralizing factors. Lactoferrin is a multifunctional protein that functions
sequestering iron and destabilizing microbial membranes. Histatins are involved in
the generation of reactive oxygen species (ROS) and induce apoptosis by inhibiting
mitochondrial respiration (Kavanagh & Dowd, 2004). All AMPs are generated as
inactive prepropeptides and need to be processed into its active form; their
production is upregulated in response to bacteria (Patel & McCormick, 2014).

Finally, also secretory IgA (SIgA), produced by plasma cells in the in lamina propria
and transcytosed in the mucus layer, serve as line of defense against Salmonella.
Through a process called immune exclusion, SIgA prevent the microbial adhesion to
epithelial receptors on the luminal side of the intestinal epithelium, while facilitate

the clearence of antigens from the basolateral side (Mantis et al., 2011).

In the lumen outside the mucus layer reside another important mucosal barrier
against Salmonella: the resident microbiota. Microbiota constitutes a heterogeneous
ecosystem containing up 410" bacteria, which physically block pathogen access to
the epithelial layer by competing for nutritional resources and attachment sites.
Additionally, microbiota promote resistance to infection through the production of
bacteriocins and end-products of metabolism, called shorty chain fatty acids
(SCFAs), by individual species of bacteria (Patel & McCormick, 2014). The

anaerobic environment of the intestine is dominated by fermentative bacteria which
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produce acetate, propionate and butyrate. They are involved in maintenance of the
intestinal homeostasis and metabolism. Moreover, recently, mainly butyrate has
shown a Salmonella invasion-suppressive activity through the down regulation of
SPI1 genes. In addition, butyrate can affect Salmonella interaction with the intestinal
epithelium inducing expression of cathelicidins (Sun & O’Riordan et al., 2013).
Finally, the integrity of the epithelial barrier plays another important
protective role against the pathogen. The integrity is guaranteed by the interaction of
tight junctions (TJ) with components of cytoskeleton; however, S. Typhimurium can
alter this barrier interfering with tight junction proteins such as Rho-GTPase and
occludin. The resulting modifications contribute to increase the membrane
permeability, allowing Salmonella to cross the epithelial cell monolayer (Ashida et

al., 2012).

2.2 Immune response to Salmonella

Despite the protection provided by the barriers described above, Salmonella is
capable of penetrating the intestinal epithelium through M cells or enterocytes (Broz
et al., 2012). Here, the pathogen encounters the monocyte-derived phagocytic cells of
the gut-associated lymphoid tissue (GALT): macrophages and dendritic cells, which
act controlling Salmonella infection through phagocytosis-mediated killing and the
induction of inflammation (Broz et al., 2012).

The direct interaction between Salmonella and host cells includes the
recognition of components of the pathogen, called pathogen associated molecular
patterns (PAMPs), by pattern recognition receptors (PRRs) localized on epithelial
cells and inflammatory cells (Santos et al., 2009). Toll-like receptors (TLRs) and
NOD-like receptors (NLRs) are examples of PRRs and they can recognize a wide

range of PAMPs. TLR4 and TLRS are involved in S. Typhimurium infections; they

16



detect LPS and flagellin, respectively. The binding of ligands to their respective
TLRs or NODs triggers the activation of inflammatory response through the NF-xB
signaling pathway, leading to cytokines and chemokines production (Patel &
McCormick, 2014).

The secretion of IL18 and IL-23 by mononuclear cells (macrophages and
DC), promote a T cell-dependent amplification of inflammatory responses. These
cytokines amplify inflammation stimulating T cells to produce INF-y, IL-22 and
IL17 (Broz et al., 2012). In addition to T cells, also natural killer (NK) cells are
source of IL-22 in the intestine. Moreover, IL-6 and transforming growth factor
(TGF)-B, produced by macrophages, can initiate the differentiation of naive T cells
into Th17 cells (Santos et al., 2009). Macrophages can also produce IL1-f and IL-18
via NLRC4-Caspase-1 axis induced by the recognition flagellin-NLRC4 (Raupach et
al., 2006).

Finally, the release of antimicrobial products orchestrated through the IL-
23/IL-22 and the influx of neutrophils into the intestinal lumen mediated via the IL-
23/IL-17 axis contribute to diarrhea, which limits the presence of nutrients that
normally support commensal bacteria growth as well as that of Salmonella (Broz et

al., 2012).
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Fig. 2. Schematic representation showing the immune response to S.

Typhimurium. Upon the invasion, S. Typhimurium encounters the monocyte-
derived phagocytic cells of the gut-associated lymphoid tissue (GALT): macrophages
and dendritic cells, which act controlling Salmonella infection through phagocytosis-
mediated killing and the induction of inflammation. DC: dendritic cells; NK: Natural

Killer cells; AMPs: antimicrobial peptides; SCV: Salmonella containing vacuole.

2.3 Salmonella overcomes the intestinal barriers
In spite of several barriers of the mucosal surface and the notable
inflammatory response mounted by the host immune system, S. Typhimurium is able
to thrive in the intestinal lumen increasing its numbers (Santos et al., 2009). It has

evolved strategies to interfere with and to manipulate host defensive mechanisms in a
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highly sophisticated manner in order to survive and replicate in the inflamed gut
(Patel & McCormick, 2014).

Host immune response has a double role in S. Typhimurium infections
because it limits Salmonella colonization and dissemination but, at the same time,
Salmonella has adapted to take advantage of host immunity at the expense of
microbiota (Stecher et al., 2007; Lupp et al., 2007; Behnsen et al., 2015). For this
reason, it is not surprising that Salmonella actively induces inflammation for its own
purposes.

A further confirmation of these evidences came from a relatively recent study
conducted by Stecher et al. (2007); it has shown that an avirulent mutant of S.
Typhimurium, with a defective inflammatory capability, is unable to colonize the
murine healthy intestine and is outcompeted by the microbiota. However, in presence
of mixed infections with wild-type S. Typhimurium, which is able to induce
inflammation and therefore to alter microbiota, the defective colonization of the

avirulent mutant is reverted (Stecher et al., 2007).

2.4 S. Typhimurium exploits inflammation to compete with intestinal
microbiota
The aim of an inflammatory response is to reduce the colonization of
pathogens and eventually eliminate them through the release of antimicrobial
mediators. The inability of the innate immune response to completely discriminate
pathogens from commensal bacteria, implies that inflammation may damage both of
them (Stecher, 2015). However, Salmonella has developed many strategies to escape
host responses and to compete successfully with the microbiota.
Three different hypothesis have been proposed to explain how inflammation

could contribute to break colonization resistance (Stecher, 2015):
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. The “food hypothesis” suggests the induction of an altered nutrients availability or
adhesion receptor sites upon S. Typhimurium infection, that can be used by the
pathogen at the expense of commensals bacteria (Le Bouquénec & Schouler, 2011;
Fischbach et al., 2006; Stecher, 2015). For example, phosphatidylethanolamine is the
most abundant phospholipid in the cell membrane of enterocytes. It is metabolized to
ethanolamine, a non-fermentable compound which is not utilizable as carbon source
by the most of the microbiota that is based on a fermentative metabolism (Behnsen et
al., 2015). By contrast, S. Typhimurium is able to catabolize ethanolamine by using
tetrathionate. During inflammation, thiosulfate is oxidized in tetrathionate by the
reactive oxygen species (ROS) produced by the host, and tetrathionate can be used
by S. Typhimurium as a terminal electron acceptor that support anaerobic respiration
of ethanolamine. This ability to utilize inflammation-induced compounds confers a
growth advantage for S. Typhimurium over the competing microbiota (Thiennimitr et
al., 2011). Similarly, S. Typhimurium can use high-energy nutrients, such as mucins
and galactose-containing glyco-conjugates released as result of inflammation, to
outgrow the microbiota (Stecher et al., 2008).

. The “differential killing hypothesis’: the release of antibacterial factors induced by
Salmonella infection may selectively inhibit growth of members of the microbiota,
while enteric pathogens would remain unaffected (Stecher et al., 2015). For example,
an efficient mechanism of the host immune response is to limiting the access for
Salmonella to metal ions by releasing the metal-chelating proteins lipocalin-2 and
calprotectin. Lipocalin-2, secreted by epithelial cells and neutrophils, blocks bacterial
iron acquisition by specifically binding to iron-scavenging siderophore called
enterobactin, showing a bacteriostatic effect on those microbes that depend only on
enterobactin to acquire iron (Flo et al., 2004). However, S. Typhimurium expresses a

glycosylated derivative of enterobactin, known as salmochelin, which is not bound

20



by lipocalin-2 and its production allows to the pathogen to overcome iron starvation
(Fischbach et al., 2006). Similarly, calprotectin sequesters zinc in the intestine
limiting its availability to microbes. S. Typhimurium uses a high-affinity zinc
transporter (znuABC) to resist to calprotectin and to acquire zinc overcoming
calprotectin-mediated zinc chelation (Liu et al., 2012).

. The “oxygen hypothesis’: the reactive oxygen species (ROS) and reactive nitrogen
species (RNS) produced by neutrophils in response to S. Typhimurium infection,
create a highly oxidative environment which is inhospitable for many members of
microbiota, but not for Salmonella. (Winter et al., 2010; Stecher, 2015). In fact,
while in the microbial community, the number of obligate decreases in favor of the
facultative anaerobes, S. Typhimurium is able to resist to ROS and RNS in different
ways. For example, recently, it is demonstrated that Salmonella has an efflux pump
that is involved in the detoxification of ROS, contributing to the survival and
replication of the pathogen (Bogomolnaya et al., 2013). Similarly, Salmonella has
developed strategies of resistance to nitrosative stress including the protective role of
Cu,Zn-superoxide dismutase (SOD) in reducing periplasmic formation of

peroxynitrite (De Groote et al., 1997).
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Chapter 3

MICROBIOTA

3.1 The mammalian gastrointestinal microbiota

The mammalian gastrointestinal tract is colonized by approximately 10"
bacteria forming a complex and dynamic microbial community called microbiota
(Isaacson & Kim, 2012). It is mainly populated by anaerobic bacteria, while aerobic
and facultative species are present in lower numbers; Firmicutes, Bacteroidetes, and
Proteobacteria represent the major phyla among intestinal eubacteria (Sommer &
Bicked, 2013). In contrast to pathogens, commensal bacteria have made the host
their one-and only home creating an extraordinary example of symbiotic mutualism
in which both, commensals and host, benefit each other (Ahmer & Gunn, 2011;
Ivanov & Honda, 2012). Host immune system is likely to distinguish between
commensal and pathogenic bacteria, inducing tolerance to microbial epitopes
(Srikanth & McCormick, 2008).

Mammals are born sterile. Colonization by microbiota begins immediately
after the birth and continues to develop and change during the entire life. Initially,
the gastrointestinal tract is populated by bacteria with high multiplication rates; later,
microbiota becomes more complex and dominated by specialized species (Falk et al.,
1998). Microbiota structure and composition are not constant but differ among and
within individuals in relation to internal and environmental factors such as genetic
factors, age, diet and exposure to microbes (Ivanov & Honda, 2012).

In recent years, microbiota has begun to receive growing attention since its

remarkable role in the health and well-being of humans and animals.
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3.2 Role of the intestinal microbiota

The intestinal microbiota affects several aspects of host physiology being
involved in protective, biochemical, metabolic, trophic and immunological functions
(Littman & Pamer, 2011). Resident bacteria provide an efficient barrier against the
invading pathogens; this ability, also known as “colonization resistance”, is the result
of the direct microbe-microbe interactions such as competition for nutrient
availability and for attachment sites. Specific members of microbiota can also
stimulate the mucosal immune system and the release of antibacterial peptides
(Barman et al., 2008).

The absence or the alteration of microbiota can affect the intestinal
environment, also causing modifications of digestive enzyme activity and baseline
cytokines production (Srikanth & McCormick, 2008). Moreover, germfree mice
show a rudimentary intestinal immune system and are highly susceptible to enteric
pathogens (Ahmer & Gunn 2011). All these evidences demonstrate the important
role of microbiota in influencing the maturation of the mucosa-associated lymphoid
tissue as well as in preventing pathogens invasion (Srikanth & McCormick, 2008).

In addition to the protective and immunological functions, microbiota offers
essential metabolic contributions by the production of key vitamins (i.e. vitamin K,
biotin and folate) and SCFAs, which have trophic effects on the intestinal epithelium.
It is also involved in the fermentation of unused energy substrates (i.e. pectins,
cellulose), and in the xenobiotics and bile acids metabolism (Srikanth & McCormick,
2008).

These observations have increased interest in the study of the effects of
enteric pathogens on the intestinal flora, and the possible implications in the
development of strategies reducing colonization and/or the frequency of infectious

disease.



3.3 Animal models for studying Salmonella infections and interactions
with the microbiota

The use of animal models to study the interaction between host—pathogen has
revealed significant insight into the role played by commensals towards mediating
resistance against disease.

Mice are the animal model most commonly used by researchers, for reasons
of convenience and cost. Conventional mice are not appropriate as model for
Salmonella gastroenteritis because they do not get diarrhea upon infection, rather a
systemic form that is actually closer to human typhoid fever. To resemble human
disease, mice can be treated with antibiotics, most commonly streptomycin
(streptomycin-treated mice), in order to eliminate microbiota prior to infection with
Salmonella (Ahmer & Gunn, 2011).

Gnotobiotic mice have a conditioned microbiota composition. Of those,
germ-free mice are completely lacking of microbiota, mono-associated mice are
characterized by a single known bacterial species, and poly-associated mice are
colonized with several known microbial communities (Falk et al., 1998). However,
also these models are not completely suitable for the evaluation of the strategies used
by S. Typhimurium to survive in the inflamed gastrointestinal environment, because
of the lack of an intact microbiota (Elfenbein et al., 2013).

For all these reasons, the use of an animal which is a natural host of S.
Typhimurium and has an intact microbiota, is optimal to study the interactions
among Salmonella, microbiota and the vertebrate host during infection. The great
similarity between humans and pigs in the gastrointestinal tract and in the disease
caused by S. Typhimurium, make pig an ideal model for salmonellosis and

gastrointestinal research (Zhang et al., 2013).

24



3.4 Intestinal microbiota in pigs

The microbial community of the porcine gastrointestinal tract has
traditionally been studied by culture-dependent microbiological methods; however,
in recent years, the advent of molecular techniques has allowed a better
characterization of swine microbiota composition (Isaacson & Kim, 2012).

The piglet gastrointestinal tract is without microorganisms at birth. The
contact with the skin of the mother as well as with the environment, starts the
intestinal bacterial colonization and in a short time, aerobes and facultative anaerobes
become the predominant species of the flora (Conway, 1997). However, within 48 h
after birth, these bacteria are gradually substituted by obligate anaerobes. At this
time and for the whole suckling period, microbiota is dominated by Lactobacilli
and Streptococci, which are able to use lactose as substrate (Swords et al., 1993).

A critical stage in the life cycle of pig is the weaning period. In fact,
stressing factors, such as the separation from its mother and the introduction of a
solid food, can contribute to alter the microbiota composition as well as the
intestinal functionality (Roca et al., 2014). As consequence, immediately after
weaning, it is possible to observe a decrease of Lactobacillus and an increase of
coliforms bacteria. At this moment, pig becomes highly susceptible to
overgrowth of pathogens. However, after this intense period of perturbation,
microbiota re-stabilizes and develops in the normal adult flora (Hopwood &
Hampson, 2003).

In 2011, Kim et al. published a longitudinal study on swine microbiota
composition. They showed that two phyla, Firmicutes and Bacteroidetes, accounted
for approximately 90% of all bacteria present in the porcine gastrointestinal tract.
Later on, the abundance of Firmicutes and bacteria belonging to non-classified group

increased, while decreased that of Bacteroidetes. The most abundant genus was
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Prevotella, a member of Bacteroidetes, constituting up 30% of all bacteria present in
pigs of 10 weeks of age. However, in pigs of 22 weeks of age, Prevotella decreased
to 3,5-4% of the bacteria, while Anaerobacter (Firmicutes) increases. Finally, over
time, other abundant species included Streptococcus, Lactobacillus, Megasphaera,
Blautia, Oscillibacter, Faecalibacterium, Pseudobutyrivibrio, Roseburia and
Butyricoccus (Kim et al., 2011).

All these data have contributed to demonstrate that microbiota composition
varies over time. It is a dynamic process in which different microbial populations
succeed each other until reaching a climax community where bacteria are in stable

association with the host (Isaacson & Kim, 2012).

3.5 Salmonella-porcine microbiota interactions

It has been known, from studies conducted in mice, that S. Typhimurium
alters intestinal microbiota (Stecher et al., 2007; Barman et al., 2008). However,
there is paucity of information on the effects of Salmonella infection on the swine
microbiota, because of the majority of investigations have been addressed to
characterize the effects of nutritional and dietary additives, antibiotics and production
practices on the porcine intestinal microbiota (Isaacson & Kim, 2012).

A recent study has demonstrated that S. Typhimurium is able to disrupt the
intestinal microbiota of pigs both experimentally and naturally-infected. There was a
correlation, as regards the changes in microbiota composition, between the two types
of pigs, and the major modifications have been observed in the cecum, colon and
feces (Borewicz et al., 2015).

Bearson et al. (2013) have compared the porcine microbiota composition to
the Salmonella-shedding status of pigs. Profiling microbiota before and after S.

Typhimurium, the authors have observed the presence of a higher proportion of
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Ruminococcaceae family in the “will be” low shedders pigs before infection,
suggesting that Ruminococcaceae could influence Salmonella colonization through
the production of SCFA, whose anti-inflammatory properties and the action of
inhibition of the pathogens are well known (Tedelind et al., 2007; Bearson et al.,
2013). On the contrary, “will be” high shedders pigs have shown an increase of
Phascolarcobacterium and Coprobacillus. After Salmonella infection, high-shedders
pig showed a decrease in Prevotella and a significant increase of Coriobacteriaceae
family, with the latter that it is known to be involved in inflammatory diseases in

mice and humans (Clavel et al., 2010).
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Chapter 4

PROTEOMIC STUDY

4.1 Introduction of systems-level analysis to study the host-pathogen
interplay

Advances in understanding the molecular mechanisms underlying host-
pathogen interactions are important for the development of new diagnostic and
therapeutic strategies. The functional interface between pathogenic microbes and
their host involves thousands of proteins belonging to both of them (Zhang et al.,
2005).

Over the years, the utilization of classical methods (genetic and biochemical)
contributed to identify bacterial virulence factors and their host targets, elucidating
many aspects of infection biology. However, these approaches alone are not able to
completely explain the complexity of host-pathogen interactions; for this reason, it
has become important the introduction of systems-level analysis providing an
overview of the dynamic host-pathogen interplay (Yang et al., 2015).

Within the last decade, proteomic technologies have provided a useful tool
for this purpose, allowing the understanding of both, the S. Typhimurium physiology
and the host pathophysiological changes, that occur during infections (Arce et al.,

2014).

4.2 Protein identification by proteomic analysis.
Proteomes were traditionally investigated using protein microarrays and
protein staining with two-dimensional gel electrophoresis (2DE); the latter technique

resolves protein mixture into individual protein spots through the coupling of two



perpendicular separation techniques: isoelectric focusing and protein’s molecular
mass. However, these approaches, in particular 2DE, were limited in sensitivity to
characterizing the complex biological samples (Yang et al., 2015).

Over the years, advances in adapting mass spectrometry (MS) to
biomolecules have allowed to overcame the intrinsic limitations of these techniques
supporting their weaknesses; the utilization of 2DE gel electrophoresis associated
with MS characterization of individual protein spots has functioned as pioneer for
proteomic studies (Yang et al., 2015).

In the last decade, further progresses have been made in the proteomic field
through the development of a MS-based high-sensitivity high-throughput approach.
This technology is based on liquid chromatography coupled with tandem mass
spectrometry (LC-MS/MS) and provides an enzymatic digestion of protein mixture
prior to liquid chromatography (Cravatt et al., 2007).

The current proteomic technologies are capable of measuring many samples
in a short time allowing us to increase insights on host-pathogen interactions. In fact,
today, a large number of studies uses this technique to evaluate the proteome of both

pathogen and host (Rodland et al., 2008).

4.3 Analysis of Salmonella-host interaction through proteomics

During infections, bacterial pathogens have to modify their own proteome to
survive in the altered host environment. On the other hand, host will modulate its
gene and protein expression aiming to oppose to the bacterial infection (Jenner and
Young, 2005). For this reason, it is very important to investigate the modifications of
host cellular processes that occur in response to infection.

Most of the previous proteomic studies of Salmonella have focused on the

characterization of virulence factors (Shi et al., 2006; Shi et al., 2009) and on the
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detection of changes occurring in Salmonella under in vivo mimicking conditions or
in the response to growth in presence or absence of oxygen (Sonck et al., 2009;
Encheva et al., 2009). On the contrary, little information is available on the host
proteome upon bacterial infection, probably because host cells and tissues are much
more complex than the bacterial ones, and the few reported studies regarding
infections in vitro of isolated cell lines (Yang et al., 2015).

However, recently, several authors have carried out proteomic studies aiming
to evaluate the response of different intestinal sections (ileum, colon, lymph nodes)
to Salmonella using an in vivo porcine model. The results suggested a perturbation of
normal host functions after S. Typhimurium infection involving pathways related to
rearrangements of cytoskeleton, metabolism and inflammation (Collado-Romero et
al., 2012; Martins et al., 2012; Arce et al., 2014; Collado-Romero et al., 2015).

In none of these studies it was possible to correlate host proteome
modifications directly to Salmonella virulence factors; however, it can be inferred
that these changes might be caused by the pathogen itself. In fact, the significant
alteration of the metabolism of carbohydrates, lipids and vitamins observed after
infection, might be explained with the ability of S. Typhimurium to utilize nutrients

present in the intestinal mucosa for its own growth (Arce et al., 2014).
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Chapter 5

Aim of the thesis

S. Typhimurium is a Gram-negative bacteria able to infect a broad range of
hosts causing both acute and chronic diseases. It is considered a successful pathogen
having acquired evolutionary strategies to cope with most of the host immune
defenses and, more importantly, to use the inflammatory response aiming to
overcoming intestinal microbiota. Therefore, characterizing the S. Typhimurium-
host-microbiota interaction is critical to deepen the knowledge about the mechanisms
involved in the pathogenicity of this bacteria.

In this work, we used pig as ideal model for salmonellosis. Besides to be a
natural host of S. Typhimurium, pig is free from the intrinsic limitations of the
streptomycin-treated mouse colitis model, namely do not produce naturally
gastroenteritis and the lack of an intact microbiota.

Aims of this thesis were to:

Objective 1. evaluate the ability of S. Typhimurium to exploit inflammation to favor
an active infection in pig;

Objective 2. investigate how S. Typhimurium virulence affects porcine intestinal
microbiota composition, comparing the effects induced by two different Salmonella

strains, a wild type and an attenuated strain.

Furthermore, as the amount of knowledge concerning the host physiological
changes that occur during S. Typhimurium infection is scarce, additional aim of this

thesis was to:
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Objective 3. describe the pathophysiological alterations observed at intestinal mucosa

level upon infection with wild type and attenuated Salmonella strains.
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Chapter 6

Salmonella Typhimurium exploits inflammation to its own advantage

in piglets

Adapted from originally published article:

Chirullo B, Pesciaroli M, Drumo R, Ruggeri J, Razzuoli E, Pistoia C, Petrucci P,
Martinelli N, Cucco L, Moscati L, Amadori M, Magistrali CF, Alborali GL and
Pasquali P (2015) Salmonella Typhimurium exploits inflammation to its own

advantage in piglets. Front. Microbiol. 6:985.

http://dx.doi.org/10.3389/fmicb.2015.00985  The article is protected by copyright
and is an open-access article distributed under the terms of the Creative Commons

Attribution License (CC BY).
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Abstract

Salmonella Typhimurium (S. Typhimurium) is responsible for foodborne zoonotic
infections that, in humans, induce self-limiting gastroenteritis. The aim of this study
was to evaluate whether the wild-type strain S. Typhimurium (STM14028) is able to
exploit inflammation fostering an active infection. Due to the similarity between
human and porcine diseases induced by S. Typhimurium, we used piglets as a model
for salmonellosis and gastrointestinal research. This study showed that STM 14028 is
able to efficiently colonize in vitro porcine mono-macrophages and intestinal
columnar epithelial (IPEC-J2) cells, and that the colonization significantly increases
with LPS pre-treatment. This increase was then reversed by inhibiting the LPS
stimulation through LPS antagonist, confirming an active role of LPS stimulation in
STM14028-intracellular colonization. Moreover, LPS in vivo treatment increased
cytokines blood level and body temperature at 4h post infection, which is consistent
with an acute inflammatory stimulus, capable to influence the colonization of
STM 14028 in different organs and tissues. The present study proves for the first time
that in acute enteric salmonellosis, S. Typhimurium exploits inflammation for its

benefit in piglets.

Introduction

Salmonella enterica serovar Typhimurium (S. Typhimurium) is a pathogenic
Gram-negative bacterium of great clinical significance, responsible for foodborne
zoonotic infections. The human disease is characterized by self-limiting
gastroenteritis that occasionally can cause fever, systemic infection, and severe
inflammation of the intestinal mucosal epithelium (Haagsma et al., 2008; Pires et al.,

2011).
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The architecture of the mucosal epithelium contains several barriers that
prevent or block infection by pathogenic bacteria. Mechanisms of protection are
exerted by all of these barriers in order to maintain the integrity of the epithelial cell
monolayer and limit inflammation-associated damage (Patel and McCormick, 2014).
S. Typhimurium, however, is able to overcome these barriers and therefore to
colonize the intestinal epithelium inducing inflammation and a marked host immune
response. The inflammatory response in the gut is induced by the interaction of S.
Typhimurium with host cells including epithelial cells and antigen-presenting cells
(APCs), like macrophages and dendritic cells. The inflammation is characterized by
the secretion of several cytokines, including interleukin (IL)-23 and IL-18, which in
turn stimulates T cells to produce IL-17, and IL-22 in the gut mucosa (Srinivasan et
al., 2007; Godinez et al., 2008, 2009; Raffatellu et al., 2008).

S.  Typhimurium acquired an evolutionary adaptation to overcome
antimicrobial defenses in the lumen of the inflamed intestine and, more importantly,
to exploit inflammation in order to outcompete the intestinal microbiota (Lupp et al.,
2007; Stecher et al., 2007; Barman et al., 2008; Lawley et al., 2008; Sassone-Corsi
and Rallatellu, 2015). The capability of S. Typhimurium to grow in the inflamed
mucosal environment relies upon the acquisition of essential nutrients and
anaerobically respired tetrathionate to successfully outgrow the resident microbiota
(RaOatellu et al., 2009; Winter et al., 2010; Liu et al., 2012; Behnsen et al., 2015).

Most of the current studies about S. Typhimurium infection have been
conducted in mice, which naturally do not develop gastroenteritis, but rather a
systemic infection. An experimental mouse model using antibiotic treatment in order
to eliminate microflora and to induce colitis, has been recently established (Ahmer
and Gunn, 2011). However, this model is based on the lack of an intact microbiota,

which limits a comprehensive evaluation of the complex interactions of S.
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Typhimurium within the gastrointestinal environment (Elfenbein et al., 2013). Here,
we utilized pigs as model for gastrointestinal research with the aim of evaluating
whether S. Typhimurium is able to exploit inflammation favoring an active infection.
Our findings provide evidence that the LPS administration induces inflammation that
favors a significant increase in colonization of tonsils, cecum, and spleen by S.

Typhimurium.

Materials and Methods

Salmonella spp. Cultures

A wild-type strain of Salmonella Typhimurium ATCC 14028 (STM14028) was used
throughout the study. The strain was grown overnight at 37°C in Brain Heart
Infusion broth (Oxoid Ltd, UK), harvested by centrifugation at 1500 x g for 10 min
and then washed twice in ice-cold (+4°C) phosphate buffer solution (PBS) (Sigma-

Aldrich, Ttaly).

In vitro STM14028 Colonization

Porcine peripheral blood mononuclear cells (PBMCs) were isolated from whole
blood by Ficoll centrifugation and resuspended in complete RPMI-1640 medium
(Sigma-Aldrich, St. Louis, MO) supplemented with 10% fetal bovine serum (FBS,
Gibco-BRL, USA), 2mM L-glutamine, Gentamicin (100ug/ml). Mono-macrophage
cells were isolated from porcine PBMCs, by a 4h plastic adherence procedure at
37°C in 5% CO2 atmosphere, followed by extensive washing with PBS (2 times per
day for the first 5 days) to eliminate the lymphocyte contamination. After 7-10 days
mono-macrophage cells were obtained, the purity of which was >90% as determined
by FACS (anti-CD14 Mil-2mAb AbCAM cat. 23919-1, and anti-pig macrophages

mAb, AbD Serotec, cat MCA2317F). Cells were then collected, resuspended in
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complete medium, and transferred into 200uL per wells of 96-well round-bottom
microtiter plates. The IPEC-J2 cell line, porcine intestinal columnar epithelial cells
established from normal jejunum of a neonatal unsuckled pig (ACC 701), were
grown in Minimum Essential Medium (MEM) (Sigma-Aldrich, St. Louis, MO)
enriched with Fetal Calf Serum (FCS, Gibco-BRL, USA) (10% v/v), 2mM
glutamine, and antibiotics (50ug/mL penicillin, 50ug/mL streptomycin, and
10pg/mL neomycin), at 37°C in 5% CO2 atmosphere. Mono-macrophages and
IPECJ2 cell line were employed for in vitro studies. Both types of cells were seeded
in 96-well plates at a density of 1 x 10° cells per well and treated overnight with
purified lipopolysaccharides (LPS) (IuM/mL; from Escherichia coli 0111:B4,
L4391; Sigma-Aldrich) alone or in combination with a natural antagonist of LPS, the
RS-LPS (100uM/mL; tlrl-prslps, Invivogen, San Diego, USA).The following day,
cell cultures were rinsed and STM 14028 was diluted in RPMI-10% FBS, added to
the cells at a multiplicity of infection (MOI) of 100:1 and incubated for 1h at 37°C in
5% CO2. After 1h, the cell cultures were rinsed and incubated in a culture medium
containing gentamicin sulfate(100pug/ml) to kill extracellular bacteria but not the
internal ones, and subsequently incubated for 3 and 24h. Viable intracellular bacteria
were recovered by lysing the cells, at both 3 and 24h post treatment time point, in
distilled water with 0.1% of Triton X-100 for 10min. The quantification of bacteria

was performed by plating serial dilutions on agar triptose plates.

In vivo Studies

Animals

Fourteen commercial hybrid pigs aged ~30 days were utilized in the experiment. All
the pigs used throughout the study were the offspring of Salmonella-free sows

(negative for Salmonella by both serological and bacteriological tests). Before the



onset of the experiment, the piglets were proved to be Salmonella free by culture of
feces of each animal. Animals were weighed and randomly allocated to two groups
of 6 (A and B) and one group (C) of two pigs. Each group was maintained in
separate isolation units under natural day—night rhythm with access to feed and water
ad libitum. Groups A and B were intragastrically administered with 20 ml of sodium
bicarbonate buller containing 10° CFU of S. Typhimurium ATCC 14028. At the
same time, Group A was intraperitoneally challenged with 12.5ug/kg BW of
lipopolysaccharides from S. enterica serovar Typhimurium (L2262, Sigma Aldrich
SRL, Milan, Italy). Group C received only sterile sodium bicarbonate buffer and
served as naive control group. Collection of individual fecal samples (0, 1 day after
challenge), blood sampling and registration of rectal temperature (0, 4h, 1 and 2 days
after challenge) were performed as well. Pigs were visually monitored by an
independent veterinary officer in charge of the study for 6h after the inoculum and
then twice a day. Two days after the challenge, pigs were weighed again, and then
euthanized using a captive bolt pistol and exsanguination. Samples of tonsils, liver,
spleen, mesenteric lymph nodes, ileum, cecum, and colon were collected from each
pig for the evaluation of bacterial burden. All the experiments were authorized by
national authority and were conducted according to the Italian national regulations

enforced at the time of this study (Italian legislative Decree 116/92).

Microbiology

The microbiological analysis of fecal and organ samples were conducted according
to the ISO 6579:2002/Amendment 1:2007 protocol. Briefly, samples were weighed
and homogenized as 10% suspension in Buffered Peptone Water (BPW) (Oxoid Ltd.,
UK). This initial solution was then used to perform a decimal dilution series carried

out by systematically transferring an aliquot of 1 ml of each successive dilution in 9
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ml of BPW. All BPW-diluted samples were incubated at 37°C for 18 + 3h. Cultures
(0.1 ml) were subsequently seeded on Modified Semisolid Rappaport-Vassiliadis
(MSRYV) agar plates (Oxoid Ltd., UK) and incubated at 41.5°C for 24h for the
selective enrichment of Salmonella. A loopful of growth from each MSRYV plate was
streaked onto Xylose-Lysine-Desoxycholate Agar (Oxoid Ltd., UK) and Brilliant
Green Agar (Oxoid Ltd., UK) plates and hence incubated at 37°C overnight. Typical
colonies were confirmed serologically as Salmonella by polyvalent antiserum
(Salmonella Test Serum; Siemens Healthcare Diagnostics, Italy) and API rapid 20 E
(Api Rapid 20E; Biomerieux, Italy). This is a semi-quantitative approach that allow
the determination of the concentration of Salmonella in a sample within a tenfold

band.

Flow Cytometry of Lymph Nodes Cells

Cell treatment was performed according to an established procedure (Razzuoli et al.,
2012), with minor modifications. Briefly, frozen lymph nodes cells were thawed at
38°C and washed with FACS-Buffer (0.1% sodium azide + 2% fetal calf serum in
PBS). Then, they were divided into aliquots (106 cells each) and reacted with
monoclonal antibody (mAb) CD21 (Southern Biotech, cat. 4530-02), Mil-2
(AbCAM, cat. 239191), PMN (AbD Serotec, cat. MCA2599F), or FACS buffer only
(control) for 30min at 4°C, respectively. Cells were washed, and again incubated for
30min at 4°C in FACS buffer containing goat anti-mouse IgG-FITC (Invitrogen,
Molecular Probes®, cat: A10683). After washing in FACS buffer, cells were
resuspended in 100uL of the same buffer and 1:4 diluted. Samples were analyzed in
a GUAVA MILLIPORE flow cytometer (Millipore Software). The typical forward
and side scatter gate was set to exclude dead cells from the analysis. The percentage

of positive cells beyond the threshold fluorescence channel was assessed in each
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sample on 10,000 events and compared between mAb-treated and control cells. For

each antibody, results were expressed in terms of net percentage of positive cells.

Analysis of Cytokines

In order to evaluate the serum concentration of IL-1 beta and TNF-alpha ELISA kits
were used (cat. N. PLBOOB and PTAOO respectively, R&D Systems, Inc.
Minneapolis, MN 55413, USA,). These assays employ the quantitative sandwich
enzyme immunoassay technique using monoclonal antibodies, specific for porcine
IL-1 beta or porcine TNF- alpha, pre-coated onto a microplate. The intensity of the

color measured is at 450nm.

Statistical Analysis

For the in vitro and in vivo assays, the statistical significance of differences between
study groups was analyzed using ANOVA and Student’s t-test; p < 0.05 was chosen
as threshold for significance. These symbols were used to indicate the statistical

significance: *P < 0.1; **P < 0.01; ***P < 0.001; **x*P < (0.0001.

Results

Salmonella Infection Induces an Innate Immune Response

In order to verify the involvement of the innate immune response during Salmonella
infection in piglets, phenotypic analysis in ileo-cecal lymph nodes was performed in
piglets orally infected with STM14028 and euthanized 48h later. As depicted in
Figure 1A, it was possible to observe a higher increase in the percentage of CD14"
(mainly monocytes) and polymorphonuclear cells with a minor involvement of
CD21" B cells. Moreover, the STM14028-infection was confirmed by the bacterial

count in dil lerent organs (Figure 1B). These findings are consistent with a rapid
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recruitment of neutrophils and monocytes/macrophages toward lymph nodes, crucial
for the effective response to lipopolysaccharides stimulus or concomitant bacterial
infection. These data suggest a prompt involvement of the innate immune response in

the regional lymph nodes draining the gut, after an oral infection with STM14028.

LPS Treatment Increases STM14028 Colonization in Isolated Mono-macrophages
and IPEC-J2 Cells

In order to assess if STM14028 exploits inflammation in vitro, we used LPS, which
is known to stimulate the production of inflammatory molecules either in
monocytes/macrophages (Fang et al., 2004) or in IPEC-J2 cells (Razzuoli et al.,
2013). Monocytes/macrophages and IPEC-J2 cells were thus primed overnight with
purified LPS alone and/or in combination with a natural antagonist of LPS (RS-LPS)
capable to inhibit the LPS-stimulation interacting with the TLR-4/MD-2 complex
recognized by LPS. Afterwards, the cells were infected with STM14028.

We observed that STM14028 was able to efficiently colonize
monocytes/macrophages and IPEC-J2 cells at both 3 and 24h post STM14028-
infection (Figures 2A-D). A previous treatment with purified LPS significantly
increased STM 14028 colonization in both cell types at 3 and 24h after infection.
When RS-LPS antagonist was used, this markedly inhibited LPS stimulation causing
a colonization level similar to the one obtained by STM14028 infection alone
(Figures 2A-D). Overall, these results suggest that LPS stimulation can create
conditions in which STM 14028 is more efficiently phagocytized by cultivated cells,

within it can find suitable conditions to multiply.
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LPS Induces Inflammation in Piglets, Which in Turn Favors STM14028
Colonization

To evaluate the influence of inflammation during Salmonella infection in vivo, we
established a protocol of inflammation, injecting parenterally LPS in group A and
STM 14028 by oral route in groups A and B. Piglets in group C were kept untreated
and served as control animals. Then, an assessment was made of whether
inflammation induced by LPS had favored the progression of Salmonella infection.

LPS was able to induce a rise in body temperature in piglets of group A
already at 4h post STM14028-infection (Figure 3) compared to the control (C) and
the STM14028-infected group (B), reaching body temperature similar to those of
group A only at 24 and 48h post infection. No significant differences in body weight
were measured among the three groups throughout the 48h of analysis (data not
shown).

Moreover, a remarkable increase of circulating pro-inflammatory cytokines
has been found (Figure 4). TNF-alpha was in fact detected in the blood of all
animals but it was produced in a higher amount in group A compared to the groups B
and C, at 4h post STM14028-infection, without significant differences within groups
at 24 and 48h post infection. IL-1 beta blood level was higher in group A than in
groups B and C at 4h post STM14028-infection. At 24h post infection we detected a
reduction of the IL-1 beta blood concentration in group A with a concomitant slightly
increased level in group B. Finally, the IL-1 beta level completely reversed its trend
in groups A and B at 48h post infection, with higher concentration of IL1-b in group
B compared to group A (Figure 4).

These results confirm the induction of a pro-inflammatory status mediated by

LPS immediately after its administration. Noteworthy, in group B the level of pro-
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inflammatory cytokines required 48h after infection to reach a concentration similar
to that measured in group A.

Piglets of the three groups were euthanized 48h after the treatments, and
STM 14028 infection was assessed in different organs and tissues in order to evaluate
the capability of colonizing either locally in the gut milieu, or systemically. As
depicted in Figure 5, piglets treated with LPS and infected with STM 14028 showed
a significant increase in colonization of tonsils, cecum, and spleen, whereas in
mesenteric lymph nodes, colon, ileum and liver no significant difference in
STM 14028 colonization was observed (Figure 5).

On the whole, these findings provide substantial evidence that LPS is able to
induce an inflammatory response, which favors STM 14028 survival and colonization

in the intestinal and systemic compartments.

Discussion

Intestinal inflammation, induced by both chemical treatments and infectious
agents, is known to be associated with a profound dysbiosis of the colonic microbial
community structure (Lupp et al., 2007). Many pathogens use inflammation and the
accompanying dysbiosis for their advantage in order to overcome colonization
resistance (Stecher et al., 2007). In this context, several studies based on the use of
the streptomycin treated mouse colitis model, which is characterized by absence of
resident microbiota (Ahmer and Gunn, 2011), highlighted the emerging concept that
inflammation of the mucosal epithelium plays a role in environmental fitness of S.
Typhimurium. It has been shown, indeed, that unlike avirulent strains, wildtype S.
Typhimurium is capable of out-competing commensal microbiota in re-colonization
experiments after treatment with antibiotics. Furthermore, S. Typhimurium exploits

inflammation to promote its own colonization, out-competing the resident microbiota
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(Stecher et al., 2007). This model however, despite the important contribution to the
study of the pathogens microbiota interaction in an inflammatory environment,
presents several limitations. In particular, the inability of the Salmonella mouse
model to reproduce gastroenteritis and, even more importantly, the elimination of the
competing flora represent crucial differences with respect to natural Salmonella
infection in humans. In this work, an experimental model was used based on piglets
infected with a wild type strain of S. Typhimurium, STM14028, representing an ideal
animal model potentially capable to overcome the intrinsic limitations of the current
streptomycin-treated mouse colitis model.

It was initially observed that, after oral infection with STM14028, the
immune response is rapidly activated, involving the innate compartment with a
marked increase of polymorphonuclear and mono-macrophage populations in ileo-
cecal lymph nodes (Figure 1). This confirms the involvement of the principal
populations engaged in the response to Salmonella infection, already known to be
relevant for the response to the LPS stimulation. Moreover, these results extend those
of recent studies about the increased expression of pro-inflammatory cytokines
(Knetter et al., 2015) and raised lymphocytic infiltration of the gut mucosa after S.
Typhimurium oral infection of piglets (Gradassi et al., 2013).

It was investigated whether the induction of inflammation by LPS pre-
treatment of mono-macrophages and porcine intestinal epithelial IPEC-J2 cells
makes these cells more susceptible to STM 14028 infection. The results indicate that
these cells, primed with LPS, were more prone to the colonization by STM14028
when compared to the LPS untreated control cells. Otherwise, the use of the RS-LPS
antagonist, binding the TLR-4/MD-2 complex, inhibits the LPS stimulation. This
significantly reduced the STM 14028 intracellular colonization down to the values of

LPS-untreated cells (Figure 2).
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The higher colonization of STM14028 in LPS-treated cells could be
considered unexpected due to the effect of LPS stimulus. It can however be
hypothesized that our results are the consequence of high capability of bacterial up-
take. It has been well-established, in fact, that for many facultative intracellular
pathogens, as well for Salmonella, the key to successful infection lies in the
interaction between bacteria and host macrophages. Salmonella is able to mount
specific strategies to escape killing and survive within phagocytes (Fields et al.,
1986; Groisman and Saier, 1990; Gulig et al., 1998; Ruby et al., 2012). Moreover,
recent reports have revealed fascinating insights to explain how Salmonella exploits
host response. In particular, the internalization of Salmonella in macrophages via
TLR, able to bind Salmonella LPS, is a crucial factor to favor Salmonella virulence
in that it facilitates the acidification of the phagosome, which in turn provides a
protective niche for Salmonella (Arpaia et al., 2011). In addition, in mouse models, it
has been observed that LPS present on live Salmonella provides an essential signal,
via functional TLR-4, for macrophages to produce NO and TNFa (Royle et al.,
2003). This may be exploited by Salmonella to modify macrophage functions and
promote growth and/or dissemination throughout the host.

Finally, the main effort was to assess whether the inflammation induced LPS-
treated piglets was able to influence the colonization of STM14028. Piglets treated
with LPS and infected with STM14028 showed a significant increase in body
temperature (Figure 3) and the production of IL-1beta and TNF-alpha in the blood
(Figure 4) at 4h post infection. These results indicate that the onset of the LPS-
mediated acute inflammation leads to cytokines production and body temperature
rise, already at 4h post infection, promoting significant increase of tonsils, cecum,

and spleen STM14028-colonization, compared to the control group (Figure 5).
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These results are in line with studies showing that the parenteral
administration of dead Gram-negative bacteria or lipopolysaccharide exacerbated the
growth of virulent S. enterica in mice (Hormaeche, 1990). It is also possible to
envisage that the increased advantage of Salmonella in inflamed systemic
environment can also be justified by mechanisms other than a compromised barrier
integrity or dysbiosis. Moreover, Foster et al. demonstrated that the intravenous
administration of an attenuated Salmonella strain can exacerbate the growth of
virulent strains, which involves IL-10 production and requires TLR-4, and its
signaling pathways involving the adaptor molecules, the TIR-domain containing
adapter-inducing interferon- (TRIF), and the Myeloid differentiation primary
response gene 88 (MyD88) (Foster et al., 2008). A dysregulated type I IFN response
in tissues can affect fundamental regulatory circuits of innate immunity in
macrophages, which turns IL-10 into a potent pro-inflammatory cytokine (Sharif et
al., 2004). In addition, IL-10 and IFN-y associated responses may cause a gain of
pro-inflammatory activity, as shown in human models of endotoxemia (Lauw et al.,
2000).

On the whole, these results, using piglets as model, demonstrate for the first
time that in acute enteric salmonellosis, S. Typhimurium exploits the inflamed milieu

to its own advantage.
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