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ABSTRACT 
 

Salmonellosis is a gastrointestinal disease caused by S. Typhimurium, which is 

transmitted by ingestion of contaminated food sources from animal origin. It is 

considered a major public health concern, and pork meat is one of the most 

important reservoirs of disease. Given that the pig is considered a good animal 

model for the study of human diseases, investigation of the molecular 

mechanisms involved in the response to infection in pigs is needed for human 

health. MicroRNAs (miRNAs) are a class of non-coding RNAs that interfere with 

mRNA stability and/or protein translation. miRNAs post-transcriptionally regulate 

biological processes such as those caused by bacteria. Although the porcine 

molecular response to S. Typhimurium infection has been studied, the role of 

miRNAs in gene regulation and protein expression during infection is still poorly 

known. The objective of this study was to identify miRNAs involved in gene and 

protein regulation during S. Typhimurium infection in porcine gastrointestinal 

tract and mesenteric lymph node, using next generation “omics”. 

Sixteen piglets were orally challenged with S. Typhimurium. Samples from 

jejunum, ileum and colon, collected 1, 2 and 6 days post infection (dpi) were 

hybridized to mRNA and miRNA expression microarrays and analyzed. Jejunum 

showed a reduced transcriptional response indicating mild inflammation only at 2 

dpi. In colon, genes involved in epithelial adherence, proliferation and cellular 

reorganization were down-regulated at 2 and 6 dpi. In ileum inflammatory genes 

were over expressed (e.g., IL-1B, IL-6, IL-8, IL1RAP, TNFα), indicating a strong 

immune response at all times of infection (particularly at 2 dpi) that tends to 

resolve at 6 dpi. Infection also down-regulated genes of the FXR pathway (e.g., 

NR1H4, FABP6, APOA1, SLC10A2), indicating disruption of the bile acid absorption 
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in ileum. This result was confirmed by decreased high-density lipoprotein 

cholesterol in serum of infected pigs. miRNA analysis of ileum at 2 dpi revealed 

62 miRNAs potentially regulating target genes involved in this inflammatory 

process, such as miR-374 and miR-451.  

To gain knowledge about the regulatory role of miRNAs during S. Typhimurium 

infection we used a small RNA sequencing strategy to investigate what happens 

in ileum and mesenteric lymph nodes at 2 dpi. We found 30 miRNAs differentially 

expressed in ileum. Target genes of these miRNAs were compared with those 

from the gene expression microarray, finding predictive target genes differential 

expressed in ileum. Target genes were validated using miRNA mimics (miR-223-

3p, miR-220a-3p y miR-194b-5p) in porcine intestinal epithelial cells IPEC-J2. We 

found that down regulation of miR-215, miR-194, miR-192, miR-200 family (miR-

200a/b/c, and miR-141) regulates expression of target genes involved in 

inflammatory response such as YWHAZ, P53, FZD4, FOXA1, IL-6, IL-8, IL-1A, IL-1β, 

and TLR4. Also, over expression of miR-146a/b and miR-223 regulates genes from 

the epithelial–mesenchymal transition (ZEB1/2, SNAIL1/2, CDH1/2, VIM, 

TGFBR1/2). 

In mesenteric lymph node at 2dpi we discovered 110 miRNAs differentially 

expressed using small RNA-seq. Target genes predicted from those differentially 

expressed miRNAs were integrated with proteomic data, predicting 46 miRNA-

protein interactions. We found that over expression of 13 miRNAs (miR-210-3p, 

miR-221-3p, miR-23a-3p, miR-23b-3p, miR-106a-5p, miR-20a-5p, miR-20b-5p, 

miR-378a-3p, miR-30b-5p, miR-181b-5p, miR-92b-3p, miR-363-3p and  miR-155-

5p) may be repressing 5 proteins (STMN1, LASP1, VIM, YWHAZ y ACTR3), and that 

down regulation of 18 miRNAs (miR-30d-5p, miR-182-5p, miR-204-5p, miR-128-

3p, miR-125a-5p, miR-125b-5p, miR-451a, miR-148a-3p, miR-29b-3p, miR-144-3p, 

miR-148b-5p, miR-1-3p, miR-143-3p, miR-217, miR-96-5p, miR-130a-3p and miR-
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122-5p) were likely up regulating 10 proteins (PPID, PSMB8, PDIA3, GRB2, HSPA8, 

SYNCRIP, HSP90B1, PCMT1, FKBP4 and ALDOA). This miRNA-protein interaction 

network suggested that deregulated miRNAs could be regulating the expression 

of proteins involved in the increase of inflammatory response, cytoskeletal 

reorganization, antigenic presentation MHC-I and MHC-II, apoptosis inhibition 

and necroptosis induction. 

In summary, findings of this work suggest that miRNAs play an important role in 

regulation of biological processes during porcine S. Typhimurium infection. These 

results have generated new knowledge about miRNA interactions with genes and 

proteins, subsequently altering biological pathways. This information will be used 

in future studies of miRNAs regulating the host response to pathogens such as S. 

Typhimurium. 
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RESUMEN 
 

La salmonelosis es una enfermedad gastrointestinal causada por S. Typhimurium, 

la cual es transmitida mediante ingesta de comida de origen animal contaminada. 

Se considera un problema grave de salud pública, y la carne de cerdo es uno de 

los reservorios más importantes de la enfermedad. Como el cerdo es considerado 

un buen modelo animal para estudiar enfermedades humanas, la investigación 

sobre mecanismos moleculares involucrados en la respuesta a la infección en 

cerdos es necesaria para la salud humana. Los microRNAs (miRNAs) son un tipo 

de RNA no codificante que interfiere con la estabilidad y traducción de la 

proteína. Los miRNAs regulan post-transcripcionalmente procesos biológicos 

como aquellos causados por bacterias. Aunque la respuesta porcina a la infección 

por S. Typhimurium ha sido estudiada previamente, se sabe poco del papel que 

juegan los miRNAs en la regulación génica y expresión de proteínas durante la 

infección. Por tanto, el objetivo de este estudio fue la identificación los miRNAs 

que regulan la respuesta a la infección por S. Typhimurium en el tracto 

gastrointestinal y nódulo linfático mesentérico porcino, usando herramientas 

“ómicas” de nueva generación. 

Dieciséis cerdos fueron desafiados oralmente con S. Typhimurium. Muestras de 

yeyuno, íleon, y colon recogidos los días 1, 2 y 6 post infección (dpi) fueron 

hibridados en microarrays de expresión de mRNA y de miRNA y analizados. En 

yeyuno observamos una respuesta transcripcional reducida que indicaba 

inflamación leve a 2 dpi. En colon vimos represión a 2 y 6 dpi de genes 

involucrados en adherencia epitelial, proliferación y reorganización celular. En 

íleon se vio sobreexpresión de genes inflamatorios (ej. IL-1B, IL-6, IL-8, IL1RAP, 

TNFα), lo cual indica una fuerte respuesta inflamatoria en todos los puntos post 

infección estudiados (particularmente a 2 dpi) que tiende a resolverse a 6 dpi. La 
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infección provocó también una represión de genes de la ruta de FXR (ej. NR1H4, 

FABP6, APOA1, SLC10A2), indicando una interrupción de la absorción biliar en 

íleon. Este resultado se confirmó con los bajos niveles de colesterol HDL en suero 

de los animales infectados. El análisis de los miRNA en íleon a 2 dpi reveló 62 

miRNAs regulando potencialmente genes diana implicados en el proceso 

inflamatorio, como por ejemplo miR-374 and miR-451.  

Con intención de investigar más a fondo el papel regulatorio de los miRNAs en la 

infección, usamos una estrategia de secuenciación de nueva generación de 

pequeños RNA para investigar lo que ocurre en íleon y nódulo linfático 

mesentérico a 2 dpi. Se encontraron 30 miRNAs diferencialmente expresados en 

íleon, cuyos genes diana fueron enfrentados a los del microarray de expresión 

génica. De esta manera se identificaron genes diana diferencialmente expresados 

en íleon, que fueron validados usando mimics de miRNAs (miR-223-3p, miR-220a-

3p y miR-194b-5p) en células epiteliales intestinales porcinas IPEC-J2. Resultó que 

la represión de miR-215, miR-194, miR-192, familia de miR-200 (miR-200a/b/c, 

and miR-141) regula la expresión de genes implicados en respuesta inflamatoria, 

como son YWHAZ, P53, FZD4, FOXA1, IL-6, IL-8, IL-1A, IL-1β, and TLR4. Por otro 

lado, la sobreexpresión de miR-146a/b and miR-223 regula genes de la transición 

epitelial-mesenquimal (ZEB1/2, SNAIL1/2, CDH1/2, VIM, TGFBR1/2), que 

desempeñan un papel importante durante la infección por S. Typhimurium. 

En nódulo linfático mesentérico a 2 dpi descubrimos 110 miRNAs 

diferencialmente expresados usando RNA-seq de pequeños RNA. La predicción 

de sus genes diana se integraron con datos proteómicos, lo que llevó a identificar 

46 interacciones miRNA-proteína. La sobreexpresión de 13 miRNAs (miR-210-3p, 

miR-221-3p, miR-23a-3p, miR-23b-3p, miR-106a-5p, miR-20a-5p, miR-20b-5p, 

miR-378a-3p, miR-30b-5p, miR-181b-5p, miR-92b-3p, miR-363-3p and  miR-155-

5p) puede estar provocando la represión de 5 proteínas (STMN1, LASP1, VIM, 
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YWHAZ y ACTR3), y la represión de 18 miRNAs (miR-30d-5p, miR-182-5p, miR-

204-5p, miR-128-3p, miR-125a-5p, miR-125b-5p, miR-451a, miR-148a-3p, miR-

29b-3p, miR-144-3p, miR-148b-5p, miR-1-3p, miR-143-3p, miR-217, miR-96-5p, 

miR-130a-3p and miR-122-5p) está probablemente sobreexpresando 10 

proteínas (PPID, PSMB8, PDIA3, GRB2, HSPA8, SYNCRIP, HSP90B1, PCMT1, FKBP4 

and ALDOA). Este mecanismo de interacción miRNA-proteína sugiere que la 

alteración de miRNAs puede estar regulando la expresión de proteínas que 

incrementan la respuesta inflamatoria, reorganización del citoesqueleto, 

presentación antigénica MHC-I y MHC-II, inhibición de la apoptosis e inducción de 

necroptosis. 

En resumen, los hallazgos de este trabajo sugieren que los miRNAs juegan un 

papel importante en la regulación de procesos biológicos durante la infección de 

cerdos con S. Typhimurium. Estos resultados proporcionan nuevas bases para 

futuros estudios de la función de los microRNAs en la regulación post-

transcripcional de la respuesta del hospedador a bacterias patógenas como S. 

Typhimurium. 
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INTRODUCTION 
 

1. Host defense mechanisms against infection 

1.1. Innate immune system. 

The mechanism of innate immunity forms the first line of defense to infection. 

The physical, cellular and biochemical defenses of innate immunity are in place 

prior to infection and ready to response. One of the most remarkable adaptations 

of the immune system is its ability to recognize self. The mechanism of innate 

immunity only reacts to invading pathogens [1]. The primary elements of innate 

immunity are: physical and chemical barriers including epithelia and mucus at the 

epithelial surface; phagocytes, including macrophages, dendritic cells and 

neutrophils as well as natural killer cells; the complement system which consist of 

blood borne proteins that recognize infection, and respond by promoting 

microbe destruction and increasing inflammation; and cytokines that regulate 

and direct many of the innate immune cell responses to infection (Figure 1) [2]. 

The genuine first lines of defense against pathogens are the barriers provided by 

the skin and the epithelial surfaces, such as the respiratory or gastrointestinal 

epithelium. Due to these internal epithelia are more vulnerable than the rigid and 

keratinized skin, they constitute the primary sites of infection by microbial and 

viral pathogens. As a countermeasure, the surfaces of the gastrointestinal and 

respiratory tracts and genitourinary tracts are covered by mucus, a thick layer of 

fluid that is rich in glycoproteins and antimicrobial peptides. To increase its 

capacity of defense against pathogens, the surfaces of the mucosal membranes 

are rich in a diverse array of immune cells that cooperate in the rapid recognition 

and elimination of invading microbes through phagocytosis mediated killing and 

the induction of inflammation [3]. 
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Figure 1. Biological defense mechanisms that protect the body. The immune system is a 
functional system rather than an organ system involving hematopoietic, vasculature and 

lymphatic system. A) Innate defenses, b) Adaptive defenses [4]. 

 

Detection of invading microbes by innate immune cells is based on germline-

encoded pattern-recognition receptors (PRRs), which recognize conserved 

microbial molecules called pathogen associated molecular patterns (PAMPs). 

Several families of pattern-recognition receptors have been discovered thus far 

and are known to engage in the surveillance of both the extracellular and 

intracellular space. These families include the membrane bound Toll-like 

receptors (TLRs) that recognize PAMPs in the extracellular compartment and in 

endosomes, and recognize the cytosolic NOD-like receptors (NLRs) that monitor 

the intracellular space. These receptors allow the discrimination of various types 

of tissue insults and launch appropriate inflammatory responses. Acute 

inflammation is characterized by an increase blood flow, rapid influx and 

activation of immune cells, and the release of pro-inflammatory cytokines. This 

results in heat, swelling and redness of the affected area and serves to prevent 

the spread of the infection and to promote pathogen clearance and tissue repair. 
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The inflammatory response needs to be tightly regulated and quickly terminated 

to prevent unnecessary damage to tissues and to the organism [1]. 

 

1.2. Adaptive immune system. 

Adaptive immunity is so called because, the mechanisms that respond to 

infection increase in magnitude with successive exposures to a particular 

pathogen or infectious agent. Lymphocytes are the predominant cell type 

responsible for the mechanisms of adaptive immunity. Lymphocyte display 

antigen receptors on their cell surface. There are two kinds of lymphocytes, T and 

B. These cells are able to provide the antigenic specificity and memory that 

defines adaptive immunity [5]. The type of effector T-cell reaction is determined 

by a complex interaction of antigen-presenting cells (APC) with naive T cells and 

involves genetic and environmental factors, including the type of antigen, 

cytokines, chemokines, co-stimulatory molecules, and signalling cascades. T cells 

are characterized by the presence of T cell receptors (TCRs) and can be 

categorized in two main subsets by the cell surface expression of their CD4 or 

CD8. CD4+ cells, which recognize antigens in the context of Class II major 

histocompatibility complex (MHC), are mainly regulatory cells, whereas CD8+ 

cells are mainly cytotoxic cells that recognize antigen presented within Class I 

MHC molecules. Both functions are of vital importance in the adaptive and innate 

immune responses [6]. Viruses growing within infected cells as well as 

intracellular bacteria are facing the killing of their host cells by CD8+ cytotoxic T 

cells. Most microbial components are endocytosed by APC, processed and 

presented preferentially to CD4+ T helper (Th) cells. Th cells help B cells to 

produce antibody and to undergo class switching and affinity maturation; they 

recruit and activate CD8 T cells, macrophages, neutrophils, eosinophils, basophils 

and other effector cells. They also directly act on many tissue cells, including 
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epithelial cells and mucosal cells, during the process of pathogen clearance. 

Based on their functions, their pattern of cytokine secretion and their expression 

of specific transcription factors, Th cells, differentiated from naïve CD4+ T cells, 

are classified into four major lineages, Th1, Th2, Th17 and T regulatory (Treg) 

cells, although other Th lineages may exist [7]. Th1 cells mainly produce IFNγ, 

which is important for macrophage activation and clearance of intracellular 

pathogens, whereas Th2 cells produce IL-4, IL-5, IL-10 and IL-13, later shown to 

be critical for IgE production, eosinophil recruitment and clearance of 

extracellular parasites. Th17 cells, which produce many cytokines including IL-

17a, IL-17f, IL-22 and IL-21 are involved in autoimmune diseases and also play 

critical roles during immune responses against extracellular bacteria and fungi [8, 

9]. Finally, Treg cells produce TGFβ and IL-2 and are involved in self-tolerance, 

immune modulation and promoting immune responses under certain 

circumstances [10]. 

 

1.3 The gastrointestinal immune system. 

In the gut, the epithelial barrier that separates the luminal content from the 

underlying internal environment and the gut associated lymphoid tissue (GALT) is 

permeable and allows the absorption of molecules of different size by using 

various active and passive mechanisms. The epithelium of the small intestine has 

many important functions among which the digestion, absorption and transport 

of nutrients, water and electrolytes, as well as inflammatory and immunological 

defense against external aggression. In this latter case, the role of the underlying 

GALT is crucial in protecting the mucosa [11]. Each epithelial cell maintains 

intimate association with their neighbors and seals surf gut tight junctions. Non 

hematopoietic cells in the epithelial layer help maintain this barrier by secreting 

mucus (Goblet cells) or antimicrobial peptides (Paneth cells) [1]. In summary, 



14 
 

intestinal epithelial monolayer provides both intrinsic and extrinsic barriers to 

potentially harm-full pathogens and antigens. However, pathogenic 

microorganisms routinely circumvent this physical barrier. For example, antigen 

may be taken up by microfold (M) cells found within the follicle-associated 

epithelium of Peyer’s patches (PPs) [12]. In addition, antigen may be sampled 

directly by dendritic cells, which open tight junctions between epithelial cells to 

extend dendrites into the intestinal lumen [13], and certain species of bacteria 

(i.e. Salmonella) overcome the epithelial barrier by using specialized invasion 

strategies such as the Type III secretion system [14]. Pathogens and other 

antigens within the gut lumen that traverse the epithelial barrier eventually 

interact with phagocytic cells (e.g., macrophages and dendritic cells) as well as B 

and T lymphocytes within the GALT. These interactions provide the necessary 

signals for the initiation of an adaptive immune response and the generation of 

effector mechanisms [15]. GALT is considered a component of the mucosal 

immune system and is composed of aggregated tissue including Peyer’s patches 

and solitary lymphoid follicles, and non-aggregated cells in the lamina propria, 

intestinal epithelial cells, intraepithelial lymphocytes, as well as mesenteric lymph 

nodes (Figure 2) [15]. 
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Figure 2. Diagram of the Gut-Associated Lymphoid Tissue [15]



16 
 

In addition to the physical barrier that intestinal epithelial cells provide, they are 

considered as part of the innate immune system. Thus, intestinal epithelium has 

evolved receptors, such as the extracellular TLR and the intracellular NLR, to 

identify pathogens that have breached the epithelial barrier. This will to elicit the 

activation of signaling cascades that regulate the expression of pro-inflammatory 

cytokines and chemokines leading to the recruitment of macrophages, 

lymphocytes and polymorphonuclear leukocytes [16]. 

The Peyer´s patches (PP) are macroscopic lymphoid aggregates that are found in 

the submucosa along the small intestine, predominantly in the ileum. Mature 

Peyers´s patches consist of a collection of large B cells follicles and intervening T 

cell areas. B naïve cells from the germinal centre of the follicle are supported or 

connected by follicular dendritic cells. These follicular dendritic cells present 

antigens to the naïve T cells [17]. Peyer´s patches differ from lymph nodes 

elsewhere in the body because they lack afferent lymphatic vessels. This 

characteristic is in keeping with the notion that antigen is sampled from the 

lumen via the overlying epithelium [18]. 

The lymphoid areas are separated from the intestinal lumen by a single layer of 

columnar epithelial cells, known as the follicle associated epithelium (FAE), and a 

more diffuse are immediately below the epithelium, known as the sub epithelial 

dome (SED). The FAE differs from the epithelium that cover the mucosa as it has 

lower levels of digestive enzymes and a less pronounced brush border. It is 

infiltrated by large numbers of B cells, T cells, macrophages and dendritic cells. 

The most notable feature of the FAE is the presence of M (microfold) cells. M 

cells are specialized enterocytes with poorly developed brush borders and a thin 

overlying glycocalix, and thus are adapted to antigen uptake function [19]. 

Subsequently, antigens encounter numerous professional APC in the SED that 

prime naïve T and B cells. These lymphocytes become memory or effector cells 
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and migrate from PP to the mesenteric lymph nodes and then via the thoracic 

duct to peripheral blood for subsequent extravasation at mucosal effector sites 

[20]. 

Mesenteric lymph nodes (MLN) are the largest lymph nodes in humans and other 

animals and play an important role in immune defense against bacterial 

pathogens [21]. The structure of MLN is similar to that the peripheral lymph 

nodes and consist in a outer cortex containing a paracortex that surrounds a large 

medulla. The cortex is mainly composed of T-cell areas and B-cell follicles. It is 

within T-cell area where circulating lymphocytes enter the lymph nodes and 

dendritic cells present antigens to T-cells. Lymph is collected from intestinal 

mucosa and reaches MLN via the afferent lymphatics. In the majority of 

mammalian lympn nodes, lymph fluid leaves MLN through efferent lymphatics to 

reach the thoracic duct that drain to the blood. The pig lymph nodes – both 

peripheral and mucosa-associated – have a specific structure that is called 

inverted. The tissue lacks a larger medullary area and is preferentially composed 

of cortical areas and paracortex [19]. The pig shares this inverted lymph node 

structure with the rhinoceros, the dolphin and the elephant [19]. Lymphocyte 

trafficking in pig also differs from that in other animals. Whereas most lymph 

node structures allow lymphocytes to exit via the efferent ducts into the thoraci 

duct, the density of the outer medulla in the inverted structure inhibits 

lymphocytes exiting in the lymph. Instead, they leave the lymph node via the high 

endothelial venules (HEV), resulting in largely acellular lymph emptying into the 

thoracic duct of pigs [22]. 
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2. Salmonella and salmonellosis 

2.1 Salmonella. 

Salmonella are Gram negative bacteria consisting of non-spore forming bacilli 

and are a member of the family Enterobacteriaceae, considered a major cause of 

disease in cold- blooded and warm-blooded animals [23, 24]. Salmonella spp are 

non-fastidious as they can multiply under various environmental conditions 

outside the living host. Most Salmonella serotypes grow at temperature range of 

5 to 47º C with optimum temperature of 35 to 37ºC but some can grow at 

temperature as low as 2 to 4ºC or as high as 54ºC [25].  

The genus Salmonella comprises three species, Salmonella enterica, Salmonella 

bongori, and Salmonella subterranean. S. enterica subdivides into the subspecies 

enterica (subsp. I), arizonae (subsp. IIIa), diarizonae (subsp. IIIb), houtenae 

(subsp. IV), indica (subsp. VI), and salamae (subsp. II). Salmonella strains belong 

to over 50 serogroups based on the O antigen, and to over 2500 serotypes (each 

having a unique combination of somatic O, and flagelar H1 and H2 antigens). 

Most of these serotypes belong to one single Salmonella subspecies, enterica, 

and are associated with >99% of Salmonella caused diseases in human, including 

gastroenteritis and enteric fever [26]. In the European Union (EU), over 100.000 

human cases of salmonellosis are reported each year. The European Food Safety 

Authority (EFSA) has estimated that the overall economic burden of human 

salmonellosis could be as high as EUR 8 billion a year [27]. 

 

2.2. Pathogenesis of Salmonella. 

The most common mode of Salmonella infection is acute gastroenteritis. The 

incubation period may vary from 4 hours to 72 hours after ingestion of 

contaminated food or water. Symptoms are acute onset of fever and chills, 
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nausea and vomiting, abdominal cramping, and diarrhea. If a fever is present, it 

generally subsides in 72 hours. Diarrhea is usually self-limiting, lasting 3-7 days, 

and may be grossly bloody. Salmonella is excreted in feces after infection, a 

process that may last for a median of 5 weeks [26]. 

Salmonella ingestion occur by oral route, although it was found that airborne 

Salmonella transmission over short distances is possible, but may be serotype 

dependent [28]. During ingestion, Salmonella enters the tonsils in the soft palate 

and persists in the tonsillar crypts. Following ingestion, Salmonella must survive 

the low pH (5-7) of the stomach by transcription of genes that encode acid shock 

proteins [23]. 

Bacteria that survive passage through the stomach, travel to the small intestine 

where they encounter other antibacterial factors including bile salts, lysozyme 

and defensins. In the distal parts of the intestine, adherence to the intestinal 

mucosa is generally accepted as the first step in the pathogenesis of Salmonella 

infections. Several adhesins and fimbriae are necessary to mediate adherence 

and, following adhesion Salmonella cross the intestinal epithelium using various 

mechanisms, including the invasion of adsorptive enterocytes, M cells and even 

globet cells. Fimbriae attachment triggers transcription of the Salmonella 

pathogenicity island 1 (SPI-1) that encodes the Type III secretion system 1 (T3SS-

1) required for invasion into the host cell. T3SS-1 functions like a molecular 

syringe, injecting effector proteins into the host cell cytoplasm allowing 

manipulation of the host-cell signalling cascades and facilitating Salmonella 

engulfment and transport through the intestinal epithelial barrier [29]. Effector 

proteins are also encoded by genes within SPI-1 and serve to promote bacterium 

uptake by the host cell. Among them, SopB and SopE2 are involved in the 

rearrangement of the cytoskeleton through the activation of the host Rho 

GTPases and the consequent stimulation of signal transduction pathways that 
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result in the recruitment of actin reorganization complexes. Others such as SipA 

acts to increase the stability of actin filaments, while SipC bundles actin. 

Together, these actions result in membrane ruffling of the host cell, and 

Salmonella uptake [30, 31]. Of the 23 SPIs known to date, SPI-1 and SPI-2 are the 

most studied. SPI-2 contains the genes for TSS2 that is required for intracellular 

survival, transferring effector proteins from Salmonella across the Salmonella 

containing vacuole (SCV) membrane to interact with targets in the host cells, 

leading to systemic spread. The role of genes from others SPIs remains unclear 

[31, 32]. After crossing the intestinal barrier, bacteria are taken up by phagocytic 

immune cells such as macrophages, neutrophils or dendritic cells. Once 

phagocytosed, Salmonella replicates within a vacuolar compartment in the 

cytoplasm, spreading to enterocytes and mesenteric lymph node, and increasing 

the loss of epithelial cells and the inflammatory response observed during 

infection [1, 33-35]. 

 

2.3 Salmonellosis 

Salmonellosis is an important zoonotic disease of world-wide significance. In 

particular, food animals with subclinical infection constitute a vast reservoir for 

disease in human [36]. Disease is caused by various Salmonella serovars and it 

occurs in a wide variety of forms presenting a broad clinical spectrum (from 

gastroenteritis to systemic infections) [37]. Depending on the clinical syndromes 

caused in this host, strains can be classified into two groups: typhoid Salmonella 

and non-typhoid Salmonella. Human infections are commonly caused by non-

typhoidal Salmonella spp. Serotypes (predominantly Salmonella enterica serovar 

Typhimurium) and rarely by typhoidal S. enterica serotype Typhi [38, 39]. 

Gastroenteritis by Salmonella is one of the major concern in developed and 

developing countries [40]. The last report of the EFSA and the European Centre 
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for Disease Prevention and Control (ECDC) in 2014 showed that, a total of 88,715 

confirmed salmonellosis cases were reported by European countries (Figure 3), 

resulting in a EU notification rate of 23.4 cases per 100,000 population, which has 

impacted in 9,830 hospitalised cases and 65 reported deaths [27]. EFSA has 

estimated that the overall economic burden of human salmonellosis could be as 

high as EUR 3 billion a year.  

 

 

 

Figure 3. Total number and notification rates of confirmed human zoonoses cases in the 
2014 [27]. 
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Salmonellosis is easily spread, and consequently, it is a worldwide public health 

problem. It is among the most commonly isolated food borne pathogens 

associated with pig and meat pig [41]. The control of Salmonella enterica in pig 

production is necessary for both public and animal health. The persistent and 

frequently asymptomatic nature of porcine Salmonella infection and the 

organism´s abilities to colonize other animal species and to survive in the 

environment mean that effective control generally requires multiple measures, 

increasing the difficulty detection and control [42].  

Almost half (48.9%) of the meat consumed in the EU is of pig meat [27]. Thus, pig 

meat plays an essential role as reservoir of Salmonella. The pig and pig meat are 

considered the second most important source of human salmonellosis in Europe. 

Source attribution studies for the European Union implicate poultry and pig meat 

as the commonest sources, after eggs, for human salmonellosis [43]. However, if 

only considered the south Europe countries, the pig could be considered as first 

infection source. The pig meat would responsible of the 43,6% of the outbreaks 

of Salmonella in these countries and the 31,8% in Spain. In the whole European 

Union, the pig meat and their products are involved in the 48,1% of the 

outbreaks caused by S. Typhimurium (Figure 4). For all that, salmonellosis is 

covered as an infection under surveillance and control to avoid economic losses 

[27, 44]. 

 

2.4 Host response to Salmonella 

2.4.1 Innate immune response to Salmonella 

One of the first obstacles faced by Salmonella is a thick layer of mucous that 

covers the surface of the gut epithelium and provides an initial barrier, which 

must be penetrated in order to gain direct contact with the epithelium. This 

mucus layer is formed by mucins, a family of glycoproteins secreted by 
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specialized types of epithelial cells, called Goblet cells. In addition to the mucins, 

cells in the gastrointestinal tract secrete several types of antimicrobial peptides, 

which are small amphipathic proteins that function like peptide antibiotics by 

disrupting the integrity of the bacterial cell membrane. The production and 

release of antimicrobial peptides and mucins by the epithelial cells of the gut 

represents a major barrier against microbial invasion and an important part of 

the innate immune response. While some antimicrobial peptides are expressed 

constitutively, many are induced as part of the inflammatory response to 

invading pathogens. Paneth cells of the intestinal crypts are the most abundant 

producers of constitutively expressed antimicrobial peptides in mammals, such as 

α and β-defensins, CRS peptides, calprotectin lysozyme and phospholipase A2 

(sPLA2) in response to microbial PAMPs [45]. 
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Figure 4. Sankey diagram of reported Salmonella serovar isolates, in animal species, food 
animal origin and animal feedingstuff, by matrix [27]. 
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Crossing the epithelial barrier allows Salmonella to escape the inhospitable 

environment at the surface of the intestinal mucosa and to evade many 

antimicrobial defenses. However, once Salmonella has passed through M cells or 

enterocytes, it encounters the next layer of innate immune defenses, the 

monocyte-derived phagocytic cells of the GALT: macrophages and dendritic cells. 

The main function of these cells is to remove invading microbes by phagocytosis 

and to alert other immune cells of the infection, either directly or by secreting 

pro-inflammatory cytokines. Following phagocytosis, Salmonella express their 

virulence-associated SPI-2 T3SS to establish themselves in SCV. Within this 

intracellular compartment, Salmonella can replicate to high numbers before 

exiting the cell and infecting new host cells. Although Salmonella remains 

partially hidden within its intracellular niche, it cannot completely escape host 

cell sensing [46]. 

All monocytic cells express an array of germline-encoded pattern recognition 

receptors (PRR), which enable them to detect PAMPs. TLRs, which are located on 

the outer membrane of the cell (TLR1, 2, 4, 5, 6, 10) or in intracellular vesicles 

(TLR-3, 7, 8, 9, 11, 13 early and late endosome, lysosomes), are the first PRRs to 

detect the presence of Salmonella. TLRs can detect a variety of extracellular and 

endosomal PAMPs such as LPS, bacterial lipoproteins, peptidoglycan, flagellin 

DNA, RNA and others. Upon ligand binding, TLRs engage the signaling adaptors 

MyD88 and TRIF, which initiate signaling cascades leading to the activation of the 

transcriptional factors NFκβ and IRF3 that induce the production of inflammatory 

cytokines (IL-8, IL-10, pro-IL-1β, pro-IL18 and others) as well as a type I IFN 

response, respectively [47]. 

Once Salmonella has established itself within the SCV, it is hidden from many 

extracellular detection mechanisms. Nevertheless, macrophages and other 

leukocytes have evolved mechanisms to recognize the presence of PAMPs in the 
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cytosol. The NOD-like receptor (NLR) family of PRR is a surveillance system that 

can detect the presence of PAMPs in the cytosol. NLRs contain an N-terminal 

protein-protein interaction domain [either a Caspase Recruitment Domain 

(CARD) or a Pyrin-like domain (PYD)], a central nucleotide oligomerization domain 

(NOD), and a C-terminal Leucine-rich repeat domain (LRR). Upon ligand binding, 

NLRs multimerize and initiate different signaling cascades. For example, NOD1 

and NOD2 interact with RIP2 kinase, which is a potent activator of NFkB [48]. 

In addition to NODs, there is a family of NLRs that do not initiate a transcriptional 

program, but induce the assembly of a large multiprotein signaling complex, 

called the inflammasome. Assembly of the complex usually also requires an 

adaptor protein called ASC (apoptosis-associated speck-like protein with a CARD), 

which recruits the cysteine protease pro-Caspase-1 to the inflammasome. Within 

this complex pro-Caspase-1 is activated by dimerization and autoproteolytic 

cleavage [49]. Activated Caspase-1 cleaves the pro-forms of interleukin (IL)-1β 

and IL-18, leading to production and secretion of the mature cytokines. Caspase-

1 activation also initiates a pro-inflammatory cell-death program called 

pyroptosis. Pyroptosis is similar to apoptosis in that it is a programmed form of 

cell death controlled by caspases. Nevertheless, pyroptosis is solely dependent on 

Caspase- 1 and, in contrast to apoptosis, pyroptosis is not a silent form of cell 

death. During pyroptosis, there is formation of pores in the cell membrane and 

subsequent release of cellular contents and proinflammatory cytokines, which 

serve to amplify the inflammatory response by signaling the recruitment of other 

mediators of inflammation. Inflammasome induced pyroptosis likely benefits the 

host during microbial infections by eliminating the intracellular niche of the 

pathogen and re-exposing it to extracellular immune defenses (Figure 5) [50, 51].  
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Figure 5. The gastric innate immune response to Salmonella. A) Recognition of Salmonella by TLRs and NLRs induce expression of 
proinflammatory cytokines such us IL-23, IL-1β and IL-18 through inflammasome activation and Caspase 1. B) Inflammatory response by 
paracrine signaling is induce by IL-18 and IL-23, increasing production of mucins, antimicrobial peptides and CXC chemokines, leading to 
an influx of neutrophils into the mucosa. C) Infiltrating neutrophils is necessary for killing of extracellular Salmonella, but can also lead to 

loss epithelial cell and promoting diarrhea [1]. 
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Mice lacking Caspase-1 are much more sensitive to Salmonella infection and have 

higher bacterial burdens in systemic organs compared with wild-type mice. This is 

due at least in part to the production of IL-1β and IL-18, since mice lacking either 

cytokine are also more susceptible to Salmonella infection than wild-type mice 

[52]. In pigs, whose immunophysiology is closer to humans than mice, S. 

Typhimurium infections rapidly activates NLRC4, a cytoplasmic flagellin sensor, 

which initiates inflammasome assembly and Caspase-1 activation [53]. In 

addition, activated Caspase-1 has been revealed as a very important mediator of 

the porcine response to Salmonella [54]. 

The activation of innate immune responses in the mucosa results in the induction 

of an inflammatory response, leading to MAPK-signaling and nuclear 

translocation of transcription factors, such as NF-κB and activator protein-1 (AP-

1), resulting in production of proinflammatory mediators. Thus, Salmonella 

activation of PRRs leads to the expression and secretion of key cytokines such as 

IL-18 and IL-23, which amplify the inflammatory response by paracrine signaling 

mechanisms, inducing the massive secretion of IFNγ, IL-22 and IL-17 by mucosa-

resident T cells. In particular, IL-18, which is released in an inflammasome 

dependent manner, is critical to induce T cells to secreted IFNγ  release in vivo 

[55]. Consistently, Caspase-1-deficient mice are deficient for gamma interferon 

expression in the murine cecum early (12 h) after S. Typhimurium infection [56]. 

Another major inflammatory pathway in the mucosa is controlled by the release 

of IL-23. Such an early amplification of host inflammatory responses could involve 

the stimulation of antigen-experienced T cells by IL-23, inducing the release of IL-

17 and IL-22. In addition to T cells, Innate Lymphoid Cells (ILCs), which include 

natural killer cells (NK cells) and lymphoid tissue-inducer cells (LTi cells), could be 

potential sources of IL-22 [57, 58]. In particular CD4+ LTi cells play a critical role in 

the development of lymphoid tissues and in inflammatory responses. This 
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response was dependent on IL-23 and was induced in response to Lymphoid toxin 

(LT), a member of the Tumor Necrosis factor (TNF) core family that is expressed 

mainly by lymphocytes, including T, B, NK and LTi cells [59] However, a role of LTi 

cells in S. Typhimurium infections remains to be demonstrated. Distinct T cell 

populations express the IL-23 receptor on their surface, including Th17 cells, γδT 

cells and NK T cells. The combination of these cytokines induces a strong 

inflammatory environment in the intestine, which is characterized by an 

increased production of anti-microbial peptides (IL-22/23 axis) and a recruitment 

of neutrophils by the IL-17/23 axis, leading to diarrhea and the deprivation of 

nutrients, which affects commensals as well as the pathogen [60-62]. 

The activation of innate immune responses in the mucosa and the resulting 

inflammation serves as an activator of further innate immune responses. One of 

these is the recruitment of neutrophils to the mucosa, which is mostly mediated 

via the IL-23/ IL-17 axis. The production of IL-17 stimulates the secretion of CXC 

chemokines by intestinal epithelial cells and granulopoiesis in the bone marrow 

by inducing the production of G-CSF (granulocyte colony-stimulating factor) [63]. 

IL-1β production could also contribute to neutrophil recruitment, since Caspase-

1- deficient mice exhibit reduced levels of CXC chemokines in the cecal mucosa 

early after S. Typhimurium infection [56].The recruitment of neutrophils is crucial 

to prevent the dissemination of Salmonella from the gut, since neutropenia 

increases the risk of systemic infections [64]. Although S. Typhimurium is mainly 

considered an intracellular pathogen, the role of neutrophils in containing the 

infection is likely to involve ingestion and killing of extracellular bacteria. 

Salmonella is susceptible to neutrophil mediated killing when it exits epithelial 

cells and transits to phagocytes or when it spreads to new host cells [65]. 

Consistent with this idea, it has been shown recently that Salmonellae 

constitutively expressing flagellin are released from host cells via NLRC4/Caspase-
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1-induced pyroptosis and are subsequently removed by neutrophils [51]. In 

addition, Salmonella replicate extracellularly after depletion of neutrophils. 

Although neutrophils are important for host defense against Salmonella, 

infiltrating neutrophils are also a major cause of tissue damage in the mucosa, 

which is sometimes associated with necrosis in large areas of the terminal ileum 

and colon [66, 67]. This tissue damage leads to a loss of epithelial barrier 

function, resulting in an increase in inflammation and contributing to diarrhea. In 

addition, neutrophils might contribute to diarrhea by stimulating chloride 

secretion from epithelial cells. Thus, although neutrophil recruitment prevents 

the systemic spread of the infection, it might nevertheless be a key determinant 

for the development of gastroenteritis. Although S. Typhimurium cannot resist 

the onslaught of neutrophils in intestinal tissue, the pathogen appears to be 

custom-built to bloom in the lumen of the inflamed intestine, because its 

numbers in this niche increase dramatically during inflammation. Considering the 

significant growth advantage that Salmonella gains from intestinal inflammation, 

it would not be surprising if Salmonella would actively induce host innate 

immune pathways to cause inflammation [68]. 

 

2.4.2 Salmonella infection in mesenteric lymph nodes. 

Mesenteric lymph nodes (MLN) are the largest lymph nodes in humans and other 

animals and play an important role in immune defense against bacterial 

pathogens as one of the main components of GALT [21]. After Salmonella have 

gained entry into intestinal lymphoid tissues, it is believed that they travel 

through afferent lymphatics to the draining MLNs, and subsequently disseminate 

through efferent lymphatics to the blood and systemic tissues. The evidence for 

this step-wise migration is largely based on the understanding of the flow of 

lymph and the circumstantial finding that bacteria are initially detected in PPs, 
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followed by the MLN [69]. The trafficking of Salmonella from PPs to MLNs is most 

likely accomplished by migration of infected DCs, macrophages and neutrophils. 

To prevent systemic infection, MLN form a life-saving firewall that protects the 

host from rapid pathogen dissemination beyond the intestine. By contrast, S. 

Typhimurium can persist for a long time in the MNL and is capable of establishing 

a persistent infection in the host [70]. Persistently infected carriers serve as the 

reservoir for the pathogen, excrete large numbers of the bacteria in their feces 

and transmit the pathogen by contaminating water or food sources. The carrier 

state has also been described in livestock animals and is responsible for food-

borne epidemics. In pigs, Salmonella Typhimurium is able to express some of its 

major virulence effectors in MLN. In spite of that, a combination of early innate 

and adaptive immunity mechanisms overcome virulence strategies employed by 

the pathogen, enabling the host to protect itself against bacterial spread beyond 

gut-associated lymph-nodes [54, 71]. Persistence of Salmonella Typhimuriun in 

the porcine MLN from 2 h [34] up to 6 weeks after oral inoculation [72] has been 

reported and sustain this organ as immune inductive site during pig 

salmonellosis. 

 

2.4.3 Adaptive immune response to Salmonella infection. 

As a facultative intracellular pathogen, adaptive immunity to Salmonella requires 

both T-cells and B cells responses. Some studios have shown that early 

Salmonella specific CD4 T cell activation occurs in PP and it is started around 3 to 

6 h of infection. Salmonella specific T cells appear also activated in the MLN, but 

this response usually occurs after that in PP. Interestingly, Salmonella specific T 

cell are not found on any other secondary lymphoid tissue suggesting that, at 

early time, the adaptive immune response to Salmonella takes place exclusively 

within the gut-associate lymphoid tissues [73]. The cells of the innate immune 



32 
 

system, however, play a crucial part in the initiation of the adaptive immune 

response. Bacteria encounter phagocytes during penetration of the mucosal 

epithelium [1]. Salmonella specific Ig produced by B cells can opsonize 

extracellular bacteria for phagocytic uptake. Salmonella then spread systemically 

within phagocytes to colonize target organs [52]. Inside these professional 

antigen presenting cells (APCs), major histocompatibility complexes (MHCs) serve 

as receptors surveying the host cellular cytosol and vacuolar compartments for 

the presence of foreign peptides. When bound by MHC, these peptides are 

presented on the APC surface for recognition by T-cell antigen receptors (TCRs). 

The development of Salmonella-specific CD4 effector responses has been mainly 

examined in the mouse model (Mittrucker et al 2002). These studies suggest a 

massive expansion of specific CD4 T cells and a rapid acquisition of the Th1 

effector function by secretion of interferon-γ, IL-2 and TNF-α. In addition, recent 

data have shown that cytokines associated with Th17 cells, IL-17 and IL-22, are 

secreted in the intestinal mucosa after Salmonella infection [74] suggesting an 

important additional contribution of the Th17 response to protection against 

Salmonella. A Th17 response might be protective by initiating or enhancing 

neutrophil infiltration to intestinal tissues. Also, Th17 cytokines induce 

production of antimicrobial peptides by epithelial cells that are effective against 

bacteria within the lumen [69]. In addition to T CD4 response, Salmonella 

infection also induces antigen-specific CD8 T-cell, and B-cell responses, all of 

which can contribute to protective immunity [75]. B cells express cytokines that 

appear to participate in the differentiation and function of effector CD4+ T cells 

[76]. Activated CD4+ T cells in turn provide critical stimulation for B cells to 

undergo expansion and Ig class switching, as well as for activation and growth of 

cytotoxic CD8+ T cells and phagocytic cells such as macrophages.  



33 
 

Although CD4+ T cells are known for their critical function during the infection 

with Salmonella, the role of CD8+ T cell responses have been controversial. 

Nevertheless, the involvement of non-polymorphic MHC-I during the response 

against Salmonella has recently gained attention due to their role as presentation 

molecules for Salmonella antigens [77]. It is generally accepted that peptides 

present in cytoplasmic compartments are presented on MHC class II molecules. 

However, antigens from intracellular pathogens including Escherichia coli, 

Salmonella Typhimurium, Brucella abortus and Leishmania localized in 

endophagocytic compartments of APCs can be efficiently presented by MHC-I 

molecules [78] to elicit an MHC class-I-dependent CD8+ T-cell response. This 

process is known as cross-presentation or cross-priming and requires peptide 

translocation from the phagosomes to the cytosol for their proteosomal 

processing and subsequent ER translocation [79]. 

In pigs, it has been observed [80, 81] that Salmonella Typhimurium infection do 

not produce an up-regulation of cytokines involved in T helper 1 (Th1) response, 

on the contrary to previous reports in mice. These findings could be related to 

the ability of pathogens to limit antigen presentation to CD4 restricted T cells by 

reducing MHC-II levels in infected cells. Additionally, Salmonella Typhimurium 

antigens appears to be cross-presented via MHC-I in a proteasome-dependent 

manner and this mechanism probably triggers an early cytotoxic response against 

bacteria [71]. 

Despite innate and adaptive immunity are rapidly initiated after Salmonella 

infection, these effector responses can be hindered by bacterial evasion 

strategies. Thus, Salmonella are capable of destroying both macrophages and DCs 

by pyroptosis [82-84], which abrogates their important APC function and thereby 

antagonizes initiation of the adaptive immune response. In addition, Salmonella 

can impair antigen processing and presentation steps at multiple levels to 
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prevent activation of T cell responses. Nevertheless, the mechanisms by which 

Salmonella evades primary immune responses to generate lethal infections in 

some animal host, including human remain are still poorly understood [85]. 

 

2. MicroRNAs. 

2.1. History of miRNAs. 

In 1993 Lee et al. [86] discovered that the gene lin-4 is transcribed into a 22 nt 

long RNA that inhibits lin-14 by RNA interference in the nematode Caenorhabditis 

elegans. The author concluded that lin-4 may belong to a class of small, 

regulatory non-translate RNA, albeit for years there was no evidence for the lin-4 

line RNAs in C. elegans, or other organisms. The identification of a second miRNA, 

let-7 in C. elegans, Drosophila and humans was identified in 2000 [87], along with 

the discovery of additional 22 nt RNAs in 2001 [88-90], prompted their 

characterization as microRNA. In 2006, miRBase was established to provide a 

database of miRNA sequences and organize nomenclature [91]. Computational 

approaches predicted the existence of approximately 1000 miRNAs in the human 

genome in 2007 [92]. To date 1881 human miRNA sequences have been 

registered on mirBase release 21 [93], these follow nomenclature rules outlined 

in Table 1.  
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Table 1. Mature miRNA terminology, used by miRBase. There are 5 sections to the 
nomenclature [89]. 

 

 

2.2. MiRNA Biogenesis. 

MiRNA biogenesis begins with the transcription of primary miRNA transcripts, 

which are encode either by miRNA genes or in the introns of mRNA genes. Figure 

6 illustrates the canonical biogenesis and processing pathway. It represents the 

standard maturation pathway for most miRNAs, although literature reports 

numerous exceptions along that way. For example, miRNA editing, differential 

trimming (isomer generation) or an alternative branch that escapes Dicer 

processing in the cytoplasm can take place for certain miRNA [94, 95].  

Transcription of pri-miRNAs results in single or, in the case of miRNA clusters, 

polycistronic miRNA [95]. Following transcription, the so-called microprocessor 

complex, consisting of endonuclease Drosha and RNA binding protein Phasa 

(DGCR8 or partner of Drosha), cleaves the pri-miRNA into an approximately 60 nt 

long stem loop structure temed pre-miRNA. After its export into the cytoplasm by 

the Exportin 5 Ran GTP complex, further cleavage through interaction with 

endonuclease Dicer together with double stranded RNA binding protein TRBP 

finally results in an approximately 22 nt short, double stranded RNA made up of 

two mature miRNAs. The generated duplex is then loaded onto an Argonaute 
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(AGO) protein, where on mature miRNA strand is selected to act as the guide 

strand. This strand subsequently directs AGO as the center of the miRISC 

(microRNA induced silencing complex) to its complementary mRNA target site, 

teaming up to exert target regulation. The second miRNA, also termed passenger 

strand, is released and degraded [94]. 

Ultimately, miRNA binding results in changing the expression of the target, 

mediated by the interaction of AGO with various other proteins such as GW182 

during translation [96]. Down regulation of gene expression seems to be the 

predominant case, although reports do exist about stimulation of gene 

expression induced by miRNAs [97-99]. There is still an ongoing discussion about 

how down regulation of expression is actually achieved, i.e. if translational 

repression precedes mRNA degradation or not [100]. Several recent publications, 

however, support the notion that translational repression is the initial event, 

followed by mRNA degradation [101-103]. 
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Figure 6. Canonical view on animal miRNA biogenesis and processing [94]. 

 

2.3. Gene regulation by miRNAs. 

In order to exert their regulatory role, miRNA need to be bound by AGO proteins 

[96]. There are four distinct AGO proteins in human that participate in miRNA 

mediated regulation of gene expression, with AGO2 being the most abundant 

one [104]. In addition, AGO2 is unique among the others for this slicing activity, 

enabling cleavage of highly complementary miRNA targets site. The extent of 

cleavage in animals in unknown but expected to be rather uncommon, since 
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there usually is only limited miRNA target complementary [95, 105]. Other than 

this difference, all four AGO proteins are reported to bind highly similar sets of 

transcripts, indicating substantial functional redundancy [106, 107]. Moreover, 

miRNA sorting to individual Argonautes seems to be mostly random, although 

there might be sorting mechanism for at least some miRNAs [104, 108, 109]. 

After joining forces, miRNA guide their associated Ago proteins to 

complementary mRNA target sites. One particularly important factor that 

stabilizes miRNA target interactions involves strong base pairing between the 

target and the 5´ end (position 2 to 7) of the miRNA, generally referred to as the 

seed region of the miRNA. 

Such miRNA seed also play a pivotal role in animal computational target 

prediction, since extensive base pairing between the seed and the target alone is 

often functionally sufficient. Up to recently, miRNA target sites were thought to 

be located primarily in the 3´ untranslated region (UTR) of the target mRNAs 

[105]. Lately however, there have been various reports about biologically 

functional target sites in the coding sequence (CDS), with smaller but still 

measurable effects on gene expression [107, 110, 111]. Apart from sequence 

complementary and target site location, there are many more target site features 

that influence the affinity of the site towards miRNA binding. Since these features 

are also considered in computational target prediction. 

 

2.4. MiRNA targeting. 

In animals, miRNA target interactions normally feature a limited amount of 

sequence complementarity between the miRNA and its target. The miRNA seed 

region constitutes an exception in this case, since strong base pairing between 

the target and the seed is the most prominent feature of animal miRNA target 
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interactions [105]. As expected, the seed region happens to be the evolutionary 

most conserved sequence part of animal miRNAs. Moreover, miRNA seed motifs 

(seed complements) are significantly enriched in regulated target sequences 

[112, 113]. According to miRNA target databases, one miRNA may regulate many 

genes as its targets, while one gene may be targeted by many miRNAs [114], 

however, all these methods of prediction assume a general pattern underlying 

these interactions and therefore tolerate reduced prediction accuracy and a 

significant number of false predictions [115]. The functional significance of each 

miRNA is mostly unknown due to the difficulty in identifying experimentally 

target genes and the lack of genome-wide expression data combining miRNAs, 

mRNAs and proteins, leading to that so far vast majority of miRNA targets are 

unknown [116]. We introduce a integrative analysis, that integrates the miRNA 

identification, target prediction, gene and protein expression data and functional 

analysis for identifying the direct and indirect relationship between miRNA and 

their target genes. Searching for seed motifs in mRNA sequences marks the first 

step taken by almost all popular miRNA prediction programs in order to find 

interaction sites, thus constituting the main prediction feature in animal miRNA 

target prediction [117]. 

 

2.4.1. Thermodynamic stability. 

Thermodynamic stability of the miRNA-mRNA duplex (MRE-miRNA recognition 

elements) is commonly utilized by prediction programs [110, 118, 119], to extend 

the sequence complementarity measure. This stability is expressed in the 

minimum free energy of the duplex secondary structure and can be calculated by 

RNAhybrid software [120]. That way, the interaction is evaluated by considering 

the stability of the duplex, using the calculated energy as a quality measure for 

the interaction. By setting a reasonable energy cutoff, hybrids with less stable 
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secondary structure are removed from the initial list of predicted interactions. 

Although thermodynamic stability is utilized in many predictions programs for 

ranking as well as removing false positive candidates, the fact that animal miRNA 

target interactions rely on hybrids with partial complementarity also implicates 

that interactions do not need a particularly stable secondary structure in order to 

be functional. Indeed, it has been shown that ranking perfect 7mer seed 

containing sites by their hybridization energy does not perform significantly 

better than random ranking. Besides, the impact of target secondary structure on 

hybrid formation is not considered. This impact, which can be approximated by 

measuring target site accessibility [121]. 

 

2.5. MiRNAs and disease. 

MiRNA are important regulatory molecules in many biological processes including 

metabolism, cell proliferation, apoptosis, developmental timing, and neuronal 

cell fate [122]. Numerous studies over the past decade have been reported the 

assessment of miRNA expression and have shown considerable changes in their 

expression profiles affects the regulation of many cellular functions and gene 

networks in various disease. The most remarkable changes were observed in all 

types of cancer [123, 124], viral infections, hematological system, nervous system 

disorders, cardiovascular disorders, muscular disorders, diabetes, and other 

diseases [125, 126]. MiRNAs deficiencies or excesses have been linked to a 

number of other clinically important diseases and several studies have been 

specifically designed to validate miRNAs as biomarkers and clarify their role in 

regulating physiological and pathological processes [127, 128]. 

The second version of human miRNA disease database (HMDD) contain 10,368 

entries for 572 miRNAs and 378 diseases, with 3511 manuscripts. Focusing on 

circulating miRNA markers from this data base, founding 556 interactions 
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between miRNAs and diseases. Among the least specific miRNAs are miR-20a, 

miR-122, miR-155, miR-17, miR-21 and miR-126 (Figure 7) [129, 130]. 

 

 

Figure 7. Human miRNA Disease Database (HMDD) disease network. All circulating 
markers were downloaded from the HMDD [130]. 

 

2.6. The role of miRNA in infection. 

The response of host cells to microbial infection or immune activation is among 

the most well studied examples of cellular responses to external stimuli. This 

response is characterized by marked changes in gene expression [131-134], which 

require precise coordination to establish appropriated immunological outcomes, 

ensuring maximal protection against infection while avoiding tissue damage. The 

crucial role of miRNAs regulate the development and function of immune cells 
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and can have pro-inflammatory or anti-inflammatory effects [135, 136]. 

Furthermore, experimental data indicate that microbial infection alters the 

miRNA repertoire of host cells [137] and that, when aberrantly expressed, 

miRNAs can contribute to immunity related pathological conditions, such as 

infectious or inflammatory diseases, autoimmunity or cancer [138]. The host´s 

miRNAs are important for coordinating responses against infectious agents, some 

pathogens also benefit from miRNA encoded by the host or their own genomes 

[135]. 

The most known miRNAs in bacterial infection are miR-155 and miR-146. These 

miRNAs are induced by the NF-B pathway through patter recognition receptors 

(PPR) sensing of pathogen motif, in particular LPS. Expression of miR-146 is 

induced by sub-inflammatory levels of NF-B activity. It acts as an anti-

inflammatory regulator, by targeting TRAF6 (TNF Receptor associated factor 6) 

and IRAK1 (IL-1R associated kinase 1), which are involved in the NF-B pathway, 

thus promoting tolerance to low doses of LPS. This desensitized state is necessary 

to protect the organism against septic shock [137, 139-142]. In contrast, miR-155 

is induced by higher doses of LPS, at levels which results in pro-inflammatory NF-

B activity, as well as by TNF- and interferon , via TAB2. miR-155 is known to 

amplify the expression of pro-inflammatory factors, thereby acting in defense 

against pathogens, and also to exert negative feedback on the immune system, 

thus protecting the host from potentially damaging overreaction [140, 143, 144].  

The involvement of this miRNA in the pro-inflammatory response has been 

thoroughly investigated, among others, miR-155 targets SHIP1, a negative 

regulator of the NF-B pathway [145], and SOCS1 (suppressor of cytokine 

signaling 1), an effector involved in the homeostasis of Treg cells [146]. This is 

turn, stimulates the expression of the pro-inflammatory cytokines TNF-, IL-6, IL-

1, IL-8 and IL-12, while it reduces the expression of the anti-inflammatory 
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cytokine IL-10 [147, 148]. In line with these data, miR-155 is essential for an 

efficient immune response to several bacterial pathogens. However, this miRNA 

has also been shown to repress genes such as NIK, IKK and TAB2, which encode 

proteins involved in the inflammatory pathway, accordingly, it is proposed that 

miR-155 could acts as a limiter of inflammation [140, 144, 149]. Interestingly, 

miR-155 expression is also stimulated by the intracellular NOD2 receptor. In 

tolerant macrophages, where miR-146 prevents inflammation, stimulation of 

NOD2 can restore the NF-B pathway activation, as well as the feedback control 

by miR-155 [140]. 

Over the past 10 years, mechanisms and effects of miRNAs mediated regulation 

on gene expression in response against pathogen infection have been broadly 

investigated. Many miRNAs have been reported to be involved in bacterial 

infection, given that their expression and functionality depends of the tissue and 

cell typed examined. Upon pathogen exposure, miRNA variability occurs at 

different levels. The abundance of miRNAs is modified to face infection, and 

miRNAs are up or down regulated early or late in response to pathogens, leading 

to the expression of a core temporal response common to all pathogens, as well 

as a specific response [138, 150]. There are many other miRNAs reported in 

response to bacterial infection, but here we will emphasize the miRNAs related to 

infection with Salmonella Typhimurium. 

 

2.7. MiRNA expression by Salmonella infection. 

MiRNA expression has been studied in different biological models, since cell lines, 

until different tissues or fluids from animals (Table 2) [151]. Modulation of the 

host miRNA repertoire by Salmonella infection was first described in mouse 

macrophages, where the NF-B dependent miRNAs miR-155, miR-146a/b and 

miR-21, were shown to be strongly induced upon infection [152]. Up regulation 
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of these miRNAs was also observed in human monocytes [153]. Members of the 

Let-7 family were shown to be down regulated upon Salmonella infection both in 

macrophages and epithelial cells [152], suggesting that repression of this miRNA 

family constitutes a common signature of the infection of phagocytic and non-

phagocytic cells by Salmonella. The Let-7 family targets two major 

immunomodulatory cytokines: the pro-inflammatory cytokine IL-6 and the anti-

inflammatory cytokine IL-10 [152, 154]. Thus, Salmonella infection, through the 

inhibition of Let-7, induces the expression of both cytokines resulting in a 

balanced inflammatory response. 
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Table 2. MicroRNAs altered by Salmonella Typhimurium 

  

miRNAs 

 

Cell/Tissue examined 

 

References 

 

Up 

 

miR-155, miR-146a/b, 
miR-21 

 

 

Raw264.7, macrophages, 
HeLa epithelial cells 

 

 

Schute et al. 2011 
 

Down 

 

Let-7 family 

 

Up 

 

miR-1308 

 

Raw264.7, macrophages, 
HeLa epithelial cells 

 

Schute et al. 2011 

 

Down 

 

Let-7 family 

 

Up 

 

miR-146a/b 

 

THP-1 (monocyte cells) 

 

Sharbati et al. 2012 

 

Up 

 

miR-29 

 

Piglet ileal samples 

 

Hoeke et al. 2013 

 

 

Up 

 

miR-128, miR-135, miR-
21, miR-29a/b, miR-

146a/b 

 

 

 

 

Zebrafish embryos 

 

 

 

 

Ordas et al. 2013 

 

 

 

Down 

 

Let-7b, miR-30e, miR-
92b, miR-129, miR-153, 

miR-181a, miR-430a 

 

Down 

 

miR-15 family 

 

Hela cells 

 

Maudet et al. 2014 

 

Up 

 

miR-128 

 

Mouse intestinaltissue 

 

Zhang et al. 2014 

 

Up 

 

miR-30c/d 

 

HCT-8, Hela, J774A.2 

 

Verma et al. 2015 
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miRNAs 

 

Cell/Tissue examined 

 

References 

 

 

 

 

 

 

 

 

Up 

 

Let-7 family, miR-769, 
miR-30 family, miR-339, 
miR-451, miR-17, miR-
4334, miR-16, miR-331, 
miR-532, miR-363, miR-
221, miR-98, miR-20a, 
miR-27a/b, miR-29c, 
miR-374b, miR-582, 

miR-15a, miR-18a, miR-
101, miR-142, miR-340, 

miR-144, miR-133a, 
miR-21, miR-127 

 

 

 

 

 

 

 

 

 

 

Whole blood of piglets 

 

 

 

 

 

 

 

 

 

 

Bao et al. 2015 

 

 

 

Down 

 

miR-214, miR-99b, miR-
125a, miR-100, miR-
146a, miR-664, miR-

215, miR-20b, miR-99a, 
miR-155, miR-191, miR-

24 

  

 

Up 

 

miR-26, miR-9839 

 

 

Whole blood of piglets 

 

 

Yao et al. 2016 

 

 

Down 

 

miR-143, miR-4335, 
miR-125a/b, miR-221, 

miR-27b 
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Salmonella can modulate the miRNA production, manipulating their host cell 

physiology and defences, with favourable consequences for pathogen survival. 

For example, down regulation of miR-15 family by Salmonella in Hela cells is used 

to allow cell cycle progression and intracellular bacterial replication, through 

repression of Cyclin D1 (CCND1), a protein required for G1/S transition [155]. 

Another example of this is the reduction of host SUMOylation by Salmonella, via 

the stimulation of two miR-30 family miRNAs, and subsequent down regulation of 

their target Ubc9, the only cellular E2 SUMO-conjugating enzyme [156].  

The effect of Salmonella infection on miRNA expression has also been studied in 

vivo, in piglets and zebrafish embryos. In the ileum of infected piglets, Salmonella 

induces miR-29 expression as early as 3 h post-infection [157]. MiR-29 was shown 

to target Caveolin-2 (CAV2), an inhibitor of the small Rho GTPase CDC42, which 

plays an essential role in Salmonella invasion of epithelial cells [158]. On the 

other hand, whole blood of piglets infected with Salmonella has shown up and 

down regulation of several miRNAs of which two miRNAs have been 

characterized [159]. These two miRNAs, miR-124 and miR-331, target genes 

SLC11A1 and PIGE-108A11.3 and VAV2, respectively, and products of these genes 

are associated with the regulation of immune responses. Moreover, Salmonella 

infection up regulates the expression of miR-128 in mouse intestinal tissue. It 

targets macrophage colony stimulating factor (M-CSF) to down regulate its 

expression, which in turn leads to decrease recruitment of macrophages to clear 

Salmonella infection [160]. Infection of zebrafish embryos with Salmonella 

induces expression of miR-146a/b, miR-21 and miR-29a [161]. In zebrafish 

embryos, miR-146a/b down regulation by Salmonella infection had no major 

effect on canonical pro-inflammatory genes, except for the up regulation of 

apolipoprotein genes that have been previously linked to immunoregulation and 

host defense [162]. 
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Recently, there have been reported new miRNAs in Salmonella infection, from 

whole blood of piglets showed the down regulation of miR-143 (ATP6V1A and 

IL13RA1), miR-221 (FOS), miR-125b (MAPK14) and miR-27b (INFG), and  up 

regulation of miR-26 (BINP3L and ARL6IP6) affected the expression of their 

peripheral blood specific gene targets, indicating that dysregulation of these 

miRNAs might contribute to the increase the risk of Salmonella infection and 

establishment of a carrier status and proposed the whole blood sample as good 

and low cost means for measuring miRNA expression patterns in Salmonella 

infection [163, 164]. 
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OBJECTIVES 

 

The present study aims to determine host miRNA expression changes and to 

establish interactions with their targets genes/proteins in ileum and mesenteric 

lymph node in pigs infected with S. Typhimurium. To achieve this, the following 

specifics objectives establish: 

To characterize the host transcriptional response in pig intestinal tract after S. 

Typhimurium infection.   

To determine miRNA expression profile in ileum and mesenteric lymph node 

from pigs infected with S. Typhimurium using high throughput sequencing. 

To determine changes in expression of miRNAs in ileum and mesenteric lymph 

node during infection with S. Typhimurium. 

Finally, this study aims to dissect the global functions of miRNAs in the host 

responses to S. Typhimurium, contributing to a better understanding of the roles 

of miRNAs in immunity against microbial infection, given that the vast majority of 

miRNA targets are still unknown. 
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MATERIALS AND METHODS 

 

1. Experimental infection and sample processing. 

Sixteen male and female crossbreed weaned piglets, approximately 4 weeks of 

age, were used in this study. All piglets were derived from a Salmonella-negative 

herd and were serologically negative before the experiment. Pigs were housed in 

an environmentally controlled isolation facility at 25 °C and under constant light 

with ad libitum access to feed and water. After an acclimation period of 5 days, 

four piglets were necropsied (control group), 2 hours prior to experimental 

infection of the other animals. Then, the 12 remaining piglets were challenged 

orally with 108 colony forming units (cfu) of a S. Typhimurium phagetype DT104 

strain isolated from a carrier pig [165]. Fever, lethargy and diarrhea were 

monitored every day. Four randomly chosen infected pigs were necropsied at 

three different time points: 1, 2 and 6 days post infection (dpi). Fecal samples 

were collected for bacteriological cultures the day of arrival and the day of 

sacrifice. Fecal sample processing and bacteriological analysis were performed 

following the current EN-ISO standard methodology 6579:2002/Amd 1:2007. 

Before euthanasia, blood was collected from each animal and placed into non-

anticoagulated tubes, letting it clot and centrifuging to obtain sera. Obtained 

samples were sent for analysis to an external laboratory (Laboratorio Veterinario 

Garfia S.L., Cordoba, Spain), from where the following measurements were 

obtained: total proteins, albumin, blood urea nitrogen (BUN), creatinine, 

aspartate aminotransferase (AST), alanine transaminase (ALT), alkaline 

phosphatase, total cholesterol, high density lipoprotein (HDL) cholesterol, low 

density lipoprotein (LDL) cholesterol, triglycerides, glucose, immunoglobulins (G, 

A and M), complement component C3, and Salmonella spp. antibodies. 
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Additional information regarding detection methods is included in Additional 

file 1. Descriptive statistics and normality tests were followed by ANOVA using 

Dunnet’s post-test. Statistical significance was set at P0.05  

Segments from jejunum, ileum, colon and MLN were aseptically collected 

right after euthanasia, sectioned into pieces of around 10 cm and immediately 

frozen in liquid nitrogen for future mucosa and MLN isolation and RNA 

purification. All procedures involving animals were previously approved by the 

institutional bioethical committee, and performed according to European 

regulations regarding animal welfare and protection of animals used for 

experimental and other scientific purposes. 

 

2. Salmonella detection in tissues. 

Immunohistochemical analysis of intestinal tissue samples of jejunum, ileum and 

colon at 0, 1, 2 and 6 dpi was performed as previously described by our group, 

using a S. Typhimurium specific antibody [53].  

 

3. RNA isolation. 

For mucosa and MLN isolation and RNA purification, intestinal tissue samples 

stored at −80 °C were treated with RNAlater®-ICE (Ambion Inc, Austin, TX, USA) 

and cut into 2 cm pieces, according to manufacturer’s instructions. Intestinal 

mucosa was scraped from the intestinal luminal surface with a razor, and it was 

immediately disrupted and homogenized in lysis buffer (Rneasy Mini Kit, QIAGEN, 

Valencia, CA, USA) using a rotor–stator homogenizer. Similarly, MLN samples 

were homogenized in lysis buffer using a rotor–stator homogenizer. RNA 

extraction was done using the Rneasy Mini Kit following manufacturer 

instructions. For miRNA studies, RNA from ileum (0 and 2 dpi) was isolated using 
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mirVana miRNA isolation kit (Ambion Inc, Austin, TX, USA). Eluted RNA was 

treated with DNase using TURBO DNA-free™ Kit (Ambion Inc, Austin, TX, USA) to 

eliminate traces of DNA. RNA integrity was assessed in the Agilent Bioanalyzer 

2100 (Agilent Technologies, Palo Alto, CA, USA), and only samples with RNA 

integrity numbers (RIN) ≥7 were used for further analysis. 

 

4. Microarray hybridization and analysis. 

Gene expression analysis was carried out using the GeneChip Porcine Genome 

Array (Affymetrix, Inc., Santa Clara, CA, USA) at the Unidad Científico-Técnica de 

Apoyo (UCTS) of the Institut de Recerca del Hospital Universitario Vall d’Hebron 

(Barcelona, Spain). The One-Cycle Eukaryotic Target Labeling Assay (Expression 

Analysis Technical Manual, Affymetrix, Inc., Santa Clara, CA, USA) was used to 

obtain biotinylated cRNA from individual mucosal mRNA samples. Then, they 

were hybridized to the GeneChip Porcine Genome Array and processed using 

manufacturer’s instructions. Data analysis was conducted using in-house 

algorithms in R (v. 2.7.0). Quality control analysis of the mRNA array was 

performed using the robust multi-array analysis (RMA) [166] included in the affy 

library of Bioconductor package [167]. Differentially expressed (DE) genes were 

obtained by paired comparisons using the limma package (moderated t test of 

linear models after an empirical Bayes correction [168]); three independent 

comparisons were carried out for each combination of control vs. infected 

samples (i.e., 0 dpi vs 1 dpi, 0 dpi vs 2 dpi and 0 dpi vs 6 dpi). Only genes with a 

fold-change (FC) >1.5 or <1.5 were considered for further investigation. Due to 

the lack of complete annotation of the GeneChip Porcine Genome Array, the 

entire data set was re-annotated using Blast2GO [169]. 

RNA samples from ileum for miRNA analysis were initially hybridized to the 

human miRNA Microarray (V3) 8 × 15 K (Agilent Technologies, Inc., Santa Clara, 
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CA, USA), and processed at the Andalusian Center for Molecular Biology and 

Regenerative Medicine (CABIMER) Genomics Core Facility. Background correction 

and quantile normalization were performed [170-172]. Differential expression of 

miRNAs was calculated using the RankProd method [173], which is a non-

parametric method based on the estimated percentage of false predictions (PFP). 

P-values were adjusted for multiple testing using the Benjamini and Hochberg 

method for false discovery rate [174], and adjusted P <0.05 were considered to 

be statistically significant. As in the mRNA array, miRNA threshold was set at a 

FC=1.5.  

 

5. Small library preparation and Next Generation Sequencing. 

Four samples of ileum and four samples of MLN were used for next generation 

sequencing (2 controls and 2 S. Typhimurium infected per tissue). For each 

sample, 500 ng of total RNA were used for library preparation, using the 

NEBNext® Multiplex Small RNA Library Prep Set for Illumina (Set 1) (Figure 8). 

Libraries were quantified (Qubit dsDNA HS assay) and quality was assessed 

(Agilent Bioanalyzer 2100, Agilent Technologies, Palo Alto, CA, USA). Then, single-

end next generation small RNA sequencing of (50 nucleotides-long reads) was 

performed using HiSeq2000 sequencing platform (Illumina Inc., San Diego, CA, 

USA). 
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Figure 8. NEBNext® Small RNA workflow (www.neb.com). 
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6. Sequencing data analysis. 

Sequencing data analysis was performed at the Andalusian Platform of 

Bioinformatics of the University of Malaga (PAB-UM). Raw reads were pre-

processed using SeqTrimNext (an in-house developed customizable pre-

processing pipeline) [175]. Contaminants, sequencing adapters, short (<17 

nucleotide) and bad quality reads (Phred score <20) were removed, so only high 

quality sequences were used for further analyses. Databases used included Rfam 

(version 11.0 August 2012, 2208 families; http://rfam.xfam.org/), miRBase (v20; 

(http://www.mirbase.org), human genome Homo sapiens (GRCh37 -hg19-, 

http://grch37.ensembl.org/Homo_sapiens/Info/Index) and Sus scrofa 

(Sscrofa10.2.75 -susScr3-, http://www.ensembl.org/Sus_scrofa/Info/Index). In 

the Rfam database there are all known small RNA (383,004 total sequences), 

including 524 miRNA families with a total of 27,475 sequences. We excluded 

miRNAs from the Rfam file since we used this database for the other small RNAs, 

so we ended up with 355,529 sequences. We will use the miRNAs from miRbase 

database, selecting porcine and human miRNAs. Total number of mature miRNAs 

are 24521, from which 2578 are human and 326 are from pigs. Given that the 

majority are human miRNAs and the homology is high, these were used for 

further analyses. We used the CAP-miRSeq pipeline (Figure 9, [176]) for the 

analysis of deep sequencing data (alignment, miRNA detection, quantification, 

and differential expression analysis between control and infected group) [176]. 

This pipeline includes alignment with bowtie1 [177] and miRDeep2 algorithms 

[178], and shown in Figure  9. Determination of differential expression between 

control and infected samples was performed using edgeR (Bioconductor, 

http:www.bioconductor.org)  [179], and we considered for further investigations 

only the miRNAs differentially expressed with a corrected P-value  ≤0.05. 

 

http://rfam.xfam.org/
http://www.mirbase.org/
http://grch37.ensembl.org/Homo_sapiens/Info/Index
http://www.ensembl.org/Sus_scrofa/Info/Index
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Figure  9. Workflow of miR-CAP-miRSeq [176] 

 

7. Systems biology analysis. 

Functional analysis of DE genes was carried out using Ingenuity Pathway Analysis 

(IPA, Ingenuity Systems® Inc, Redwood City, CA, USA). Genes differentially 

expressed in each intestine section/time point were uploaded 

into IPA and analyzed separately. Obtained results included biological functions, 

canonical pathways, and networks involved, all of which were filtered by setting a 

threshold of P <0.05. Additionally, we used this software for investigating the role 

of DE miRNAs and their targets in biological processes. 
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8. Quantitative real-time PCR (qPCR) 

All expression analyses were performed following the “Minimum Information for 

Publication of Quantitative Real-Time PCR Experiments (MIQE)” guidelines. 

Selected genes and miRNA target genes differentially expressed were validated 

using gene-specific primers (showed in Additional file 2). Briefly, cDNA from each 

investigated sample was synthesized using qScript™ cDNA synthesis kit (Quanta 

Biosciences Inc.) from 1 microgram of RNA, following manufacturer’s 

instructions. The final 20uL PCR reaction included 2 μL of 1:10 diluted cDNA as 

template, 2uL of 5x PyroTaq EvaGreen qPCR Mix Plus with ROX (Cultek Molecular 

Bioline, Madrid, Spain), and transcript-specific forward and reverse primers at a 

10 μM final concentration. Real time PCR was carried out in a QuantStudio 12K 

system (Applied Biosystems) under the following conditions: 5 min at 95 °C 

followed by 35 cycles of 30 s at 94 °C, 30 s at 57 °C and 45 s at 72 °C. Melting 

curve analyses were performed at the end, in order to ensure specificity of each 

PCR product.  

For the miRNA expression analysis, 100 ng of total RNA per animal was reverse 

transcribed to cDNA as previously reported [180, 181] and diluted 1:8 times. The 

10 µL final PCR reaction mix contained 1 µL of cDNA, 2 µL of 5x PyroTaq EvaGreen 

qPCR Mix Plus with ROX (Cultek Molecular Bioline, Madrid, Spain), and 10 µM of 

each primer. Cycling conditions were 10 min at 95 °C followed by 40 cycles of 5 s 

at 95 °C, and 60 s at 60 °C; a final melting curve analysis was performed (60–99 

°C). The miRNA-specific primers were designed according to guidelines set by 

Balcells et al. [180], and using publicly available software miRprimer [182] 

(Additional file 2).  

Expression results were calculated using GenEx5 Pro software (MultiD- Göteborg, 

Sweden), based on the Cq values obtained. First a set of potential reference 

genes was tested for stability using NormFinder and geNorm softwares [183, 
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184]. Although for analysis we used miRNAs mapped to the human genome, we 

designed primers of their pig-specific counterpart for qPCR validation. After 

evaluation, five miRNAs (miR-26a, let-7a, miR-103, miR-17-5p and miR-16-5p) 

were selected as reference to normalize expression [185]. Relative gene 

expression was measured in control and infected pigs. Expression ratios were 

calculated according to the 2−ΔΔCt method [186]. Statistical differences in 

expression values among groups were assessed using a Kruskal–Wallis test 

(mRNA) or Student’s t test (miRNA) (Graphpad Prism 6, Graphpad Software Inc, 

La Jolla, CA, USA). Statistical significance was set at P <0.05. Additionally, a 

Pearson correlation analysis was performed between small RNA-Seq and qPCR 

results in order to validate the sequencing results.  

 

9. Target gene analysis. 

MiRNA targets were selected using the miRNA target database miRTarbase 

(release 6.0) and TargetScan (release 7.0) [187, 188]. In order to increase the 

confidence of the findings, we selected only targets that have been validated by 

strong evidence (reporter assay, western blot or qPCR), and those miRNA targets 

with highly conserved seed regions.  

 

9.1. Integrative analysis of miRNAs and genes DE in ileum. 

We compared all miRNA targets predicted from miRNAs DE in ileum at 2dpi with 

differentially expressed mRNAs from our study to previously published gene 

expression data sets  in ileum at 2dpi [189]. MiRNA targets (miRNA-up/mRNA-

down-up and miRNA-down/mRNA-up) were selected and analyzed using 

QIAGEN´s Ingenuity Pathway Analysis (IPA, QIAGEN Redwood City). Most 

significant biological functions (top 5 - P-value ≤0.05) were selected to analyze 
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miRNA interactions, and using that information we chose most relevant miRNAs 

and their target candidates for functional analysis. 

 

9.2. Integrative analysis of miRNAs and proteins DE in MLN. 

We compared all miRNA targets predicted from miRNAs DE in MLN at 2dpi with 

differentially expressed proteins from a previous study from our group, which 

contained protein expression data from MLN at 2dpi [71]. Based on the 

mechanism of action of miRNAs, we selected only miRNA targets that were 

inversely expressed (miRNA up-regulated, protein down-regulated and vice 

versa). Most significant biological functions (top 5, P-value ≤0.05) were selected 

to elucidate the miRNA role in MLN after S. Typhimurium infection.  

 

10. In vitro miRNA target validation using miRNA mimics in porcine cell lines. 

MiRNA mimics hsa-miR-194-5p, hsa-miR-200a-3p, and hsa-miR-223-3p (for ileum 

validation), hsa-miR-125b-5p (for MLN validation) and a mimic negative control 

were obtained from Dharmacon, (Thermo Scientific). Mirnas were transfected 

into porcine cell lines (epithelial cell line IPEC-J2 for ileum and macrophage 

3D4/31 for MLN validation) using a standard reverse transfection protocol, at a 

final miRNA concentration of 50nM. The transfection reagent (Lipofectamine 

RNAi-MAX, Life Technologies) was diluted in OPTI-MEM medium (Life 

Technologies) and added to the miRNA mimics. After 30 minutes, 7.5 x 104 cells 

(per well) were resuspended in DMEM/F-12 (Life Technologies), supplemented 

with 5% fetal bovine serum (Life Technologies), mixed with transfection solution 

and seeded on 24-well plates (Thermo Fisher Scientific). Cells transfection were 

incubated at 37ºC in 5% CO2 humidified atmosphere for 48 h.  After transfection, 

cells were infected with S. Typhimurium DT104 until OD 0.6-0.8 (MOI 1:25) was 
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reached. After 1 h of infection, the medium was replaced with fresh medium 

containing gentamicin (100 µg/mL) to kill extracellular bacteria. After 2 h of 

incubation, RNA lysate from cells were obtained and RNA were isolated as 

mentioned above. 

 

11. MiRNA- target validation by luciferase assay. 

11.1. Identification of MREs in 3ÚTR gene region. 

miRNA recognition elements (MREs) were predicted with TargetScan and 

RNAhybrid [188, 190]. TargetScan prediction criteria is based on strong pairing in 

the seed region, thermodynamic stability, number of target sites on the 3´UTR of 

a given mRNA, sequence context (location of MRE with respect to stop codon and 

to the poly A tail or presence of AU-rich clusters) and accessibility of the target 

site to the RISC complex [191, 192]. Besides strong/moderate pairing in the seed 

region and thermodynamic stability, RNAhybrid lets you change the search 

parameters (e.g. seed length, presence of G:U wobble in seed pairing), useful 

features for MRE identification. In addition, the MREs were ranked based on their 

score. The hybridization energy required for the formation of miRNA-MRE duplex 

was calculated by uploading to RNAhybrid the sequence of 3´UTR segments 

containing the MREs and their respective miRNA. Only the duplexes with 

favorable hybridization energy of -15kcal/mol were chosen as potential MREs. 

 

11.2.  Cell culture and 3´UTRs cloning. 

Cell culture of epithelial CHO cells (Chinese Hamster Ovary cells) was performed. 

We selected this cell line because they are widely used for cell transfection given 

their stability and other properties such as adhesion and growth [193]. Cells were 

cultured in RPMI (Biowest) supplemented with 10% of heat inactivated fetal calf 
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serum (Gibco, Life Technologies) and 2mM L-Glutamine (Biowest). Cell culture 

was performed at 37ºC and 5% CO2. 

The 3´UTR of three selected mRNAs (TLR4, ABCB1, PSMB8) predicted to be 

targeted by our miRNAs of interest were amplified by PCR. Then, the 3´UTR was 

cloned into the firefly luciferase in the psiCHECK2 vector (Figure 10; Promega). 

Primer sequences and restriction enzyme used for cloning of the 3´UTR of porcine 

genes are shown in Table 3, and design is detailed in additional file 3. 

 

 

 

Figure 10. psiCHECK2 vector map and mechanism of action. 
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Table 3. Primers used for 3’UTR amplification of target genes. Restriction sites of XhoI is 
underlined. 

Primer Sequence Tm (°C) Product 

3'UTR_TLR4_F 5' GGTCTCGAGGCAACCAGCATGATACAACAG 3' 53,9 698 pb 

3'UTR_TLR4_R 5' GGTCTCGAGTTCTCAAAAGATAGTGGTTAATTATGG 3' 

3'UTR_ABCB1_F 5' GGTCTCGAGCAAAGCGCTCATCAACTGTG 3' 50,5 441 pb 

3'UTR_ABCB1_R 5' GGTCTCGAGGGCATTTTAGACAAGATGACTCG 3' 

3'UTR_PSMB8_F 5' GGTCTCGAGACACCTACGCTTATGGGGTCA 3' 60,2 377 pb 

3'UTR_PSMB8_R 5' GGTCTCGAGACAAAAGGATAAACTCCGCCCTG 3' 

3'UTR_PSMB9_F 5' GGTCTCGAGTGGTGTGGACCATCGAGTAA 3' 56,6 292 pb 

3'UTR_PSMB9_R 5' GGTCTCGAGACATGATGGCCTGTCACGTA 3' 

 

 

E. coli cells transformed with recombinant miRNA target expression vector 

(psiCHECK2) were grown overnight in appropriated volume of LB medium with 

ampicillin (100g/mL). Plasmid DNA was isolated using the JetStar 2.0 Plasmid 

purification kit system (Genomed) according to the manufacturer´s protocol.. 

 

11.3 Transfection and luciferase activity measurements 

Each miRNA mimic and negative control were transfected individually into CHO 

cells using a standard reverse transfection protocol, at a final miRNA 

concentration of 75 nM. The transfection reagent (Viromer Blue, Lipocalix) was 

diluted in OPTI-MEM (Life Technologies) and added to the miRNA mimics; 30 min 

after, 20000 cells (per well) were resuspended in RPMI medium with 10% of heat-

inactivated fetal calf serum (Gibco, Life Technologies) and 2mM L-Glutamine 

(Biowest), mixed with transfection solution and seeded on 96-well plates 

(Thermo Fisher Scientific). Transfected cells were incubated at 37ºC in 5% CO2 
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humidified atmosphere. After 24h, cells were co-transfected with 250ng of the 

psiCHECK™-2 vector constructions, using Lipofectamine 3000 transfection kit 

(Invitrogen, Life Technologies). After 48h of incubation, cells were washed twice 

in PBS, and lysed with 50 L of 1X passive lysis buffer (Promega). An aliquot of 20 

L was assayed for firefly and renilla luciferase activity using the dual luciferase 

reporter assay system (Promega) according to the manufacturer´s protocol. 

Luciferase activity values were obtained using a Varioskan Lux luminometer 

(ThermoFisher Scientific). For each putative target, control experiments were 

performed, including a plasmid which did not contain the 3´UTR fragment and 

negative controls of miRNA mimic. Statistical differences in expression values 

among groups were assessed using a Student’s t test (Graphpad Prism 6, 

Graphpad Software Inc, La Jolla, CA, USA). Statistical significance was set at 

P <0.05. 

 

12. Invasion assays. 

12.1. Gentamicin resistance assay. 

The invasion ability of S. Typhimurium during the over expression of miRNAs 

candidates (using miRNA mimics) was determined in porcine jeunum epithelial 

cell line (IPEC-J2) using the gentamicin survival assay as described in a previous 

work from our group [194]. Briefly, miRNA mimic transfection in IPEC-J2 culture 

and infection with S. Typhimurium was performed as mentioned above. After 

infection, the monolayers were washed twice with PBS containing gentamicin 

(100 µg/mL), then the medium was replaced with fresh medium containing 

gentamicin (100 µg/mL) to kill extracellular bacteria. After 2 h of incubation, 

monolayers were washed twice with PBS and lysed with 1% Triton X-100 solution, 

breaking cells and releasing the bacteria. The lysates were vigorously vortexed for 
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1 min, diluted and spread in TSA medium (Tripticase soy agar) in triplicate. 

Invasiveness was calculated by counting the c.f.u. (colony forming units). The 

assay for each strain was conducted in triplicate on three different days. 

Statistical differences in c.f.u. among control (transfected with mimic negative 

control and infected with S. Typhimurium) and miRNA transfected group 

(infected with S. Typhimurium) were assessed using a Student’s t test (Graphpad 

Prism 6, Graphpad Software Inc, La Jolla, CA, USA). Statistical significance was set 

at P <0.05. 

 

12.2. Confocal microscopy. 

Before infection, S. Typhimurium culture was stained with 0.1 g/L of FITC 

(Fluorescein isothiocyanate-lipopolysaccharide from Salmonella enterica 

serotype Typhimurium, Sigma Aldrich, St Louis, USA) for 30 min. Transfection 

with miRNA mimics of IPEC-J2 cells, and infection with S. Typhimurium for 

invasion assays are described above. After the 2h of incubation, infected 

monolayers were washed twice with PBS and then fixed with paraformaldehyde 

(PFA) for 20 min at room temperature. Monolayers were then washed with PBS, 

followed by nucleic acids staining with 0.5 g/mL of DAPI (4´,6-diamidino-2-

phenylindole solution, Roche, Barcelona, Spain) for 2 minutes. Finally, 

monolayers were washed twice with PBS and prepared for display using 

fluorescent mounting medium (Dako, Agilent Technologies). The samples were 

visualized in a LSM EXCITER confocal microscopy (Carl Zeiss, Jena Germany) and 

the images were analyzed with ImageJ software (National Institutes of Health, 

Bethesda, USA). 
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CHAPTER I 
 

Transcriptional analysis of porcine intestinal mucosa infected with 

Salmonella Typhimurium revealed a massive inflammatory response 

and disruption of bile acid absorption in ileum 

 

1. Results. 

All infected animals tested positive for S. Typhimurium in feces, and developed 

clinical signs characteristic of the disease such as fever (a peak of fever at 2 dpi 

returning to normal values at 6 dpi), lethargy and diarrhea [195]. Control animals 

tested negative to S. Typhimurium in feces prior to their necropsy. The sera 

biochemistry profile along the time course of infection (Additional file 1) showed 

decreased albumin (at 1 dpi, P = 0.039), total proteins (at 1 dpi, P = 0.009), 

glucose (at 2 dpi, P = 0.024), high density lipoprotein cholesterol (HDL, at 1 dpi, P 

= 0.046; 2 dpi, P = 0.003 and 6 dpi, P = 0.041), alanine transaminase (ALT, at 1 dpi, 

P = 0.030 and 6 dpi, P = 0.001) and porcine IgM (at 2 dpi, P = 0.012 and 6 dpi, P 

= 0.008). Complete microarray results can be found in Additional file 4. In 

jejunum, expression changes were found only in day 2 after infection (2 dpi), and 

most genes were up-regulated (71%). Expression changes in colon occurred at 2 

and 6 dpi, and most genes were found to be down-regulated (70 and 73%, 

respectively). Ileum was the gut portion where the vast majority of DE genes 

were found (over 2300 different genes), and the proportion of up- and down-

regulated genes was similar at all points of the infection time course (Figure 11). 
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Figure 11. Number of differentially expressed genes in porcine jejunum, ileum and colon 
after S. Typhimurium infection. Number of genes differentially expressed compared to 

controls in the porcine gut (jejunum, ileum, colon) after 1, 2 and 6 days of S. Typhimurium 
infection. 

 

1.1. Ileal transcriptomic response during Salmonella infection. 

Salmonella colonization observed in ileum at 1 and 2 dpi (Figure 12) is in 

agreement with previous reports [53, 196]. Functional analysis of DE genes 

revealed that affected biological pathways included inflammation and immune 

response, lipid metabolism and cell death and survival (Figure 13; Additional file 

5). Immune-related biological pathways were altered at all times of the infection 

time course, showing a chronological progress of events. The infection triggered 

an antimicrobial response at 1 dpi, and later the immune response was replaced 

by an alteration of the immune cell trafficking and inflammatory response (more 

pronounced at 1 and 2 dpi), cell-to-cell signaling and interaction, infectious 

disease and cell-mediated immune response.  
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Figure 12. Intestinal colonization of S. Typhimurium in the porcine gut at 1, 2 and 6 dpi. Immunohistochemical detection of S. 
Typhimurium in intestinal tissue (i.e., jejunum, ileum, colon) at 1, 2 and 6 dpi. 
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Figure 13. Biological functions impaired due to S. Typhimurium infection in porcine ileum. Biological functions (A) and canonical pathways 
(B) affected by S. Typhimurium infection in porcine ileum at 1, 2 and 6 dpi. 
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Genes affecting lymphoid tissue structure were impaired at all times, but changes 

were more evident at 6 dpi, where humoral response was also observed. This 

differential expression implicated dysregulation of inflammatory/immune 

processes such as IL-6 signaling pathway, LPS/IL-1 mediated inhibition of RXR 

function, granulocyte adhesion and diapedesis, IL-10 signaling, differential 

regulation of cytokine production in intestinal epithelial cells by IL-17A and IL-17F 

and IL-12 signaling and production in macrophages (Figure 13; Additional file 5). 

At 6 dpi, we observed a dysregulation of pathways related to proliferation and 

reposition of damaged tissue (Figure 13).  

Along with inflammation and immune response, lipid metabolism and its related 

functions (e.g., free radical scavenging, endocrine system development and 

function) were highly impaired at 1 and 2 dpi after experimental infection, 

dysregulating retinoid X receptor (RXR) related pathways such as LPS/IL-1 

mediated inhibition of RXR function, LXR/RXR activation, FXR/ RXR activation and 

hepatic cholestasis. Genes showing the largest transcriptional changes at 1 and 

2 dpi (Additional file 4) are involved in these pathways. DE genes described in 

Table 4 are involved in bile acid metabolism and intestinal absorption of bile 

through the ileum mucosa (e.g., FABP2, a fatty acid transporter, and FABP6, an 

ileum-specific bile acid transporter). In order to confirm the disruption of the 

normal lipid/bile acid absorption pathway in ileum due to S. Typhimurium 

infection and its impact in overall homeostasis, expression of genes involved in 

this pathway were further studied using qPCR (Table 4). 

At 2 dpi, we confirmed up-regulation of IL-1B, IL-6, TLR2, TLR4, TNFα and PPARG, 

along with down-regulation of ASBT, FABP6, FABP2, FXR, RXRG and APOA1. The 

overall gene dysregulation found in this pathway tended to resolve at 6 dpi 

(Table 1), and some regulatory genes (FXR and RXRG) even changed direction of 

expression (from down to up-regulated). 
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Table 4. Validation (qPCR) of genes involved in bile acid metabolism after S. Typhimurium 
infection. 

Gene Day 2 Day 6 

 qPCR Array qPCR Array 

APOA1 

C-FOS 

C-JUN 

FABP6 

IL-1B 

IL-6 

NR1H4 (FXR) 

PPARG 

RXRG 

SLC10A2 (ASBT) 

STAT3 

TLR2 

TLR4 

TLR9 

TNF-α 

-50** 

7* 

1,87 

-200** 

30,22** 

1,69 

-3,73 

1,70 

-4,09* 

-1,92* 

1,64 

2,99* 

10,44* 

-1,79 

8,68* 

-33,32** 

- 

- 

-56,24* 

3,4* 

- 

-4,68* 

1,88** 

-2,92** 

- 

-1,6 

1,57* 

1,88* 

- 

1,59* 

-1,76 

1,87 

1,33 

-2,28 

2,92 

-1,91 

1,34 

1,39 

1,56 

1,38 

1,57 

3,43 

2,25 

-1,29 

-1,26 

- 

- 

- 

- 

- 

- 

- 

2,02* 

- 

- 

-1,6* 

2,41* 

3,52* 

-1,92* 

- 

All values are expressed in fold change (FC) compared to controls. Asterisks indicate statistically 
significant values (compared to controls). *P˂0.05;**P˂0.01; ***P˂0.001. 

 

1.2. Transcriptomic response in jejunum and colon during Salmonella infection. 

Jejunum showed a reduced transcriptional response, with absence of response at 

1 and 6 dpi (Figure 11). At 2 dpi we observed scarce changes in genes involved in 

inflammatory response (e.g., CXCL2 overexpression) but with few consequences 

in inflammatory/immune response signaling pathways (Additional file 5). In 

colon, we found no transcriptional changes at 1 dpi, while at 2 and 6 dpi a general 

down-regulation (70% of genes) of cellular proliferation pathways was found, 

especially actin-based Rho signaling pathways (Additional file 4). 
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1.3. MiRNA regulation of immune response against Salmonella in ileum at 2 dpi. 

Based on the highest misregulation of gene expression (Additional file 4) and 

bacterial colonization found in ileum at 2 dpi (Figure 12), the miRNA expression 

profile was investigated at this time point. A total of 62 miRNAs (FC ≥ 1.5, 

P <0.05) were found DE in ileum after S. Typhimurium infection, from which 37 

were up-regulated and 25 down-regulated (Additional file 6). The prediction of 

their target genes revealed that these 62 miRNAs are potential regulators of 880 

genes (Additional file 7); these genes are involved in many biological functions 

such as cellular growth and proliferation, cell death and survival, inflammatory 

response, immune cell trafficking and gastrointestinal disease (Additional file 8). 

Although we validated the array results by qPCR (Table 5), we could observe that 

in general miRNA expression values were very moderate compared to mRNA 

results, and only miR-451 was found to be statistically significant and biologically 

meaningful (FC > 2, P<0.001). 

 

Table 5. miRNA microarray validation by qPCR from ileum samples at 2dpi. 

 miRNA qPCR microArray 

 miR-374a-5p 1.18* 2,27*  

 miR-30a-5p 1,02 2,4*  

 miR-451 2,87*** 2,3*  

 miR-454-3p -1,09 -2,27  

 Let-7b-5p 1,11 3,22*  

 miR-27b-3p 1,07 2,62*  

All values are expressed in fold change (FC) compared to controls. Asterisks indicate statistically 
significant values (compared to controls). *P˂0.05;**P˂0.01; ***P˂0.001 
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2. Discussion. 

The present experimental time course of infection demonstrated that S. 

Typhimurium infection in pigs lead to an inflammatory response and activation of 

immune mechanisms, as shown by massive transcriptional dysregulation. These 

changes were more pronounced at day 1 and day 2 after experimental infection, 

and tended to disappear by day 6 after bacterial challenge. Most gene expression 

changes occurred in the ileum, indicating an early immune response to infection 

(1 and 2 dpi) followed by cell proliferation (6 dpi).  

Activation of TLR2 and TLR4 along the time course of the experimental infection 

triggered early intestinal (innate) immune response at 1 and 2 dpi. In parallel, 

initial exposure to pathogens also induced secretion of antimicrobial substances 

(at 1 and 2 dpi) such as antimicrobial peptides (AMP) and production of reactive 

oxygen species (ROS) and reactive nitrogen species (RNS) at the site of infection. 

Antimicrobial elements differentially expressed in this study included S100A9 and 

S100A8 (highly over-expressed), as well as DEFB1, EDN, S100A12 and LTF, 

showing the intense local response occurring in the porcine gut after S. 

Typhimurium infection (in agreement with previous reports [159]). Stimulation of 

TLR by bacterial recognition activated cytokine cascades such as IL-6 and IL-10 

signaling pathways predominantly at 1 and 2 dpi, which lead to recruitment of 

other immune cells (e.g., neutrophils, dendritic cells) to the infection site in order 

to clear infection. This early inflammatory response disappeared at 6 dpi, and it 

was replaced by tissue regeneration and proliferation. Interestingly, and even 

though TLR2 and TLR4 expression remained elevated, the host inflammatory 

response weakened at 6 dpi. The role of TLR2, TLR4 and TLR9 in S. Typhimurium 

infection has been recently characterized by Arpaia et al. [197], who found that a 

failure in host cell TLR recognition of the bacteria impairs formation of the 
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Salmonella-containing vacuole (SCV) and activation of the Salmonella 

Pathogenicity Island-2 genes [197]. 

In the present study, we observed that intestinal inflammation at 1 and 2 dpi was 

associated with a down-regulation of the farnesoid X receptor (FXR, NR1H4), 

increasing expression of NF-κB dependent genes (IL-1A, IL-1B, ILRN, IL1R1, 

IL1RAP, CD14, IL- 33, TNFα, TNFRSF1B, IL-6) in agreement with previous reports 

[159, 198]. FXR, also called bile acid (BA) receptor, is a nuclear receptor that 

locally modulates intestinal immune response via regulation of cholesterol and 

BA metabolism. It has been described that FXR forms a heterodimer with the 

retinoid X factor (RXR), maintaining BA homeostasis in gut and liver [199]. Under 

physiological conditions, bile acids are synthetized in the liver and secreted into 

the intestine (i.e., duodenum) for digestion and absorption of dietary fat. Since 

over 90% of secreted BA are reabsorbed through the ileum to be recycled [200], 

FXR has an important role in regulation of the intestinal absorption for protecting 

the cells from biliary damage.  

Most inflammatory NF-kB dependent genes were not differentially expressed at 

6 dpi, which concurs with a FXR change to overexpression. Therefore, our 

findings support previous studies [198], claiming that modulation of the 

inflammatory process mediated by FXR prevents further tissue damage and 

avoids disease progression. Intracellular FXR activation by presence of BA in 

ileocytes has been described to inhibit further absorption by up-regulation of SHP 

(NR0B2), which represses the apical enterocyte BA transporter ASBT (SLC10A2) 

limiting additional entrance, and inhibits CYP7A1, the hepatic enzyme that 

synthetizes BA from cholesterol in the liver [201]. We report here that S. 

Typhimurium infection in pigs shut down the FXR pathway, subsequently 

downregulating FXR target genes; these results are in agreement with previous 

murine studies [202]. We observed that FXR repression at 1 and 2 dpi (along with 
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NR2B3 down-regulation, its heterodimer partner) during the early inflammatory 

response lead to a decreased expression of ASBT and the fatty and bile acid 

transporters FABP2 and FABP6, impairing normal bile absorption in ileum. 

Repression of ileal BA transporters in the S. Typhimurium infected gut, contrary 

to the physiological regulatory mechanism, has been associated with decreased 

BA production in the liver (i.e., down-regulated CYP7A1) [202]. To our knowledge, 

changes in FXR expression had not been previously reported in pigs after S. 

Typhimurium experimental infection. 

Down-regulation of the RXR-LXR pathway in ileum was evident at 1 and 2 dpi, 

with repression of its target genes ABCG8, APOA1, APOC3, and LPL. These 

findings indicate deficiency in cholesterol absorption, and are supported by 

serum concentrations of HDL cholesterol in the studied pigs, which was 

significantly lower during the infection time course, especially at 2 dpi, 

demonstrating a disruption in cholesterol carriage from tissues to the liver. 

Alteration of lipid metabolism (BA and cholesterol) is tightly linked to the 

inflammatory response triggered by the S. Typhimurium infection, since 

activation of the IL-1 signaling cascade down-regulates ASBT [203], limiting BA 

absorption and therefore FXR-mediated transcription of the target genes 

previously mentioned. 

After the initial period of non-specific immune response, the acquired pathogen-

specific response is activated in order to clear bacteria (although this mechanism 

can fail, leading to persistence). Antigen presenting cells (e.g., dendritic cells, 

macrophages) will then stimulate T cells into different types, each of them 

pathogen- or toxin-specific. It has been shown that Salmonella infection 

decreases MHC class II molecules’ expression (swine leucocyte antigen, SLA) by 

inducing polyubiquitination of SLA-DR in infected cells, limiting pathogen 

recognition [204]. Our data agrees with that, indicating a late overstimulation of 
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the antigen presenting function in ileum at 6 dpi, demonstrated by up-regulation 

of SLA-DRA, SLA-DRB2, SLA-DRB4, SLA-B, SLA-DQA1, and SLA-DQB2. In parallel, 

we found a down-regulation of B-cell differentiation and function suggesting 

impairment of a proper humoral immune response, as indicated by down-

regulation of molecules involved in B-cell pathways such as FOXO1, CD19, BLNK 

and EBF1 [205-208]. 

Transcriptional changes found in jejunum (e.g., overexpression of CXCL2, 

S100A9), which occurred only at 2 dpi, are product of the early 

inflammatory/acute phase response. This innate inflammatory response to 

Salmonella has been previously reported using experimental jejunal loop 

infection model in pigs, where overexpression of inflammatory molecules was 

detected from 2 to 8 h after Salmonella perfusion [209]. Colonic response to S. 

Typhimurium infection started at 2 dpi, and was still present at 6 dpi. Our results 

indicate a general repression of pathways related to cellular proliferation and 

disruption of cell junctions, which has also been reported in mouse colon 4 days 

post Salmonella infection [210]. Gastrointestinal epithelial turnover is a needed 

physiological process that helps maintaining gut homeostasis; although it can be 

accelerated due to cell injury [211], it has been demonstrated that bacterial 

infections counteract the renewal of epithelial cells due to the effect of bacterial 

proteins on different host genes [212]. Epithelial cell turnover is mainly triggered 

by cell oxidative burst that occurs in intestinal epithelial cells during infections 

(mainly in intestinal stem cells, located in the crypts and in charge of turnover), 

due to JAK-STAT and JNK pathways’ stimulation [213]. In our study, we detected a 

down-regulation of LIMS2 at 2 and 6 dpi. This gene encodes an integrin-linked 

kinase (ILK) binding protein. S. Typhimurium EspO1 protein deregulates cell 

shedding by acting on host ILK [214], therefore the down-regulation of LIMS2 

could be explained by this phenomenon. Also, we found down-regulation of 
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tissue remodeling-related genes (especially those specific of tight junctions, such 

as ACTC1, ACTG2, and ACTA1), which can be explained by the action of 

Salmonella pathogenicity island 1 effector proteins (e.g., SopB, SopE, SopE2 and 

SipA) that disrupt cell–cell junctions [215]. AvrA has been shown to have an anti-

inflammatory effect, acting on mitogen-activated protein kinase kinases 

(MAPKKs) [59], explaining the down-regulation of MAPKAP1 (MAPK associated 

protein 1) found at 2 dpi. 

Our microarray results on miRNAs revealed a total of 62 miRNAs differentially 

expressed in ileum 2 days after S. Typhimurium infection. Assessment of some of 

the best candidates by qPCR confirmed the microarray results but the fold 

changes obtained by qPCR were very modest compared with the fold changes 

found in the microarray data, with the exception of miR-451 which showed highly 

significant differential expression. In general, changes in expression levels are 

much more moderate in miRNAs compared to mRNAs. Nevertheless, several 

miRNAs can target the same mRNA, working cooperatively and making these fold 

changes accumulative. Moreover, target prediction analysis for the 62 miRNAs 

found DE in the microarray study revealed 880 genes. These target genes are 

mainly involved in biological functions such as cellular growth and proliferation, 

cell death, inflammatory response, immune cell trafficking and gastrointestinal 

disease, confirming the findings at the mRNA level. Agreeing with our present 

study, it has been previously described that let-7b overexpression is induced by 

NF-kB activation [216]. Similarly, we observed miR-374a up-regulation, which has 

been described as CEBPB regulator [217], controlling the expression of IL-6, IL-8 

and other acute phase inflammatory genes during S. Typhimurium infection 

[218]. We also found miR-451 overexpression in ileum, in agreement with a 

recent study of porcine blood miRNA profile after S. Typhimurium infection [40]. 

Target prediction analysis indicated that this miRNA controls the expression of 
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ATP-binding cassette B1 (ABCB1) [219, 220], highly expressed in the apical 

surface of epithelial cell in ileum, where it contributes to the luminal efflux of 

cholesterol [221]. Repression of miR-451 has been associated to ABCB1 up-

regulation, impairing S. Typhimurium ability to invade host cells by reducing 

adhesion to epithelial cells [66, 67]; on the other hand, ABCB1 down-regulation 

(as in the present study) is associated with inflammatory reaction (TNF activation) 

in the gut in response to bacterial infections [222-224]. Additionally, it has been 

shown that overexpression of ABCB1 is frequently associated with an increase in 

intracellular pH, therefore down-regulation of this gene could cause a decrease in 

intracellular pH, which is beneficial to intracellular survival of Salmonella [225]. 
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CHAPTER II 
 

Identification of differential microRNA expression in porcine ileum infected 

with Salmonella Typhimurium 

 

1. Results. 

1.1. Analysis of the small RNA (sRNA) sequencing data. 

In order to investigate the composition and dynamic changes of sRNAs (miRNA 

expression in particular) expression in ileum from pigs infected with S. 

Typhimurium, four small RNA libraries were constructed using total RNA from 

ileum samples of two infected pigs and two non-infected controls. The four RNA 

sequencing libraries were sequenced on the Illumina HiSeq 2000 Platform. 

Sequencing yielded about 30 million raw reads and, after removing the adaptors, 

filtering the quality of the sequence (only sequences with a Phred score >20) and 

length of the reads, at least 29% clean reads (8,688,963 reads) remained. 

Approximately 22.6% of these reads were mapped onto the pig reference 

genome (Sscrofa 10.2) and about 39.2% aligned to the human reference genome 

(GRCh37-hg19) (Table 6).  

 

Table 6. Classification of small RNA reads in ileum 2 dpi after S. Typhimurium. 

Sample 
Input 
reads 

Clean 
reads 

Mature miRNA 
Human (reads) 

Mature miRNA 
Pig (reads) 

Infected ileum1 7317722 2828863 816821 454598 

Infected ileum2 8240996 2069705 855458 512045 
Control ileum 1 7406318 1584859 620920 350729 
Control ileum2 6956175 2205536 1116137 652839 

TOTAL 29921211 8688963 3409336 1970211 
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Considering this and the availability of a better annotation of the human miRNAs 

in the mirBase, compared to porcine miRNAs, the clean reads mapped onto the 

human genome were used for further analysis. Clean reads of sRNA were aligned 

to the Rfam database and were classified on the basis of RNA type (Table 7). 

Approximately 41,5% of the aligned reads were classified in miRNA, 1,3% in tRNA, 

4,7% in rRNA and 9,8% in snRNA, with a small number in other RNAs although 

with a 40% in unclassified RNA. 

 

Table 7. Classification of clean small RNA sequencing reads obtained from mesenteric 
lymph nodes at 2 dpi into non-coding RNA types. Percentage was calculated from total 

number of clean reads. 

Classification Number of reads Percentage of reads (%) 

tRNA 130334 1.5 

miRNA 3409336 39.2 

snoRNA 842829 9.7 

rRNA 408381 4.7 

Other RNA types 217224 2.5 

Unclassified 3519030 40.5 

 

 

1.2. Profiles of miRNA expression in porcine ileal mucosa. 

MiRNAs mapped at least once in each library (control or infected group) were 

selected for determining the miRNA expression profile in ileum. Detailed analysis 

suggested that 433 miRNAs were expressed in ileum from infected pigs while 413 

miRNAs were expressed in ileal mucosa from non-infected control animals. 

(Additional file 9A). The twenty most abundantly expressed miRNAs in both 
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groups are shown in Table 8. The most abundantly expressed miRNA in both 

groups was miR-21, accounting for 30,8 and 19,5, respectively. Others miRNAs 

such as miR-143-3p, miR-192-5p, miR-215-5p and mir-148a-3p were also highly 

expressed in the porcine ileum miRNome. Interestingly, 19 miRNAs including miR-

7134, miR-2320, and miR-1839 resulted exclusively annotated in the pig genome, 

while 106 miRNAs such as miR-223 and the miR-200 family, resulted exclusively 

annotated onto the human genome (Additional file 9B-C). 

 

Table 8. Most abundant miRNAs in ileum of controls and infected pigs. 

Control Infected 

Mature miRNA (%) Mature miRNA % 

miR-21-5p 

miR-192-5p 

miR-143-3p 

miR-215-5p 

miR-148a-3p 

miR-26a-5p 

let-7f-5p 

let-7g-5p 

miR-194-5p 

miR-200a-3p 

let-7i-5p 

miR-10a-5p 

miR-200b-3p 

miR-126-3p 

miR-27b-3p 

let-7a-5p 

miR-191-5p 

miR-7-5p 

miR-24-3p 

miR-200c-3p 

19,5 

14,4 

12,6 

5,0 

3,3 

3,3 

2,5 

2,3 

2,3 

2,3 

2,2 

2,2 

1,6 

1,4 

1,3 

1,1 

1,1 

1,0 

1,0 

0,8 

miR-21-5p 

miR-143-3p 

miR-148a-3p 

miR-192-5p 

miR-26a-5p 

let-7f-5p 

let-7g-5p 

let-7i-5p 

miR-10a-5p 

miR-126-3p 

miR-146b-5p 

let-7a-5p 

miR-24-3p 

miR-191-5p 

miR-27b-3p 

miR-200a-3p 

miR-100-5p 

miR-99a-5p 

miR-7-5p 

miR-199a-3p 

30,8 

15,7 

4,1 

3,7 

3,6 

2,9 

2,7 

2,7 

1,6 

1,5 

1,5 

1,4 

1,3 

1,2 

1,2 

1,0 

1,0 

1,0 

0,8 

0,8 

miRNA percentage (%) was calculated respect to total reads obtain in each group. 
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1.3. Identification of differentially expressed microRNAs after S. Typhimurium 

infection. 

Compared with control group, we defined microRNAs with a fold change (FC) > 2 

and false discovery rate (FDR) < 0.05 as significantly differential expressed 

microRNAs (DE miRNAs). A total of 30 miRNAs were found significantly 

differentially expressed between the uninfected and Salmonella-infected 

samples. Of these, 20 were significantly down-regulated (FC ranging from -2.18 to 

-16.68) in infected samples while 10 were up-regulated (FC ranging from 2.14 to 

6.25) in them (Table 9, Additional file 10). Notably, down-regulation of miR-200 

family (miR-200a/b/c and miR-141), miR-215, miR-194, miR-192 and up-

regulation of miR-146a, miR-146b and miR-223 were detected. 
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Table 9.MiRNA differentially expressed in S. Typhimurium-infected ileum compared to 

controls (using a threshold of  fold change and corrected P-value 0.05). 

miRNA ID FC Adjust P-value 

hsa-miR-215-5p 

hsa-miR-215-3p 

hsa-miR-802 

hsa-miR-424-3p 

hsa-miR-194-5p 

hsa-miR-192-3p 

hsa-miR-31-5p 

hsa-miR-32-3p 

hsa-miR-192-5p 

hsa-miR-96-5p 

hsa-miR-141-3p 

hsa-miR-141-5p 

hsa-miR-182-5p 

hsa-miR-375 

hsa-miR-183-5p 

hsa-miR-200a-3p 

hsa-miR-200c-3p 

hsa-miR-200b-3p 

hsa-miR-147b 

hsa-miR-151a-5p 

hsa-miR-146a-5p 

hsa-miR-9-5p 

hsa-miR-99a-5p 

hsa-miR-223-3p 

hsa-miR-449a 

hsa-miR-206 

hsa-miR-223-5p 

hsa-miR-146b-5p 

hsa-miR-4792 

hsa-miR-216b-5p 

-16,68 

-14,82 

-14,39 

-8,89 

-8,31 

-4,88 

-4,59 

-4,12 

-4,05 

-3,60 

-3,16 

-3,08 

-2,87 

-2,74 

-2,71 

-2,51 

-2,37 

-2,34 

-2,31 

-2,18 

2,14 

2,35 

2,43 

2,88 

3,85 

4,01 

4,34 

5,50 

5,68 

6,25 

2,23E-14 

7,62E-13 

1,08E-08 

0,00631597 

4,21E-13 

2,56E-05 

1,95E-06 

0,00386781 

5,07E-05 

1,70E-06 

2,56E-05 

0,00346382 

0,00224723 

0,00371378 

0,01586962 

0,00416330 

0,01716978 

0,02108066 

0,01306944 

0,03896928 

0,02868059 

0,00556520 

0,00084311 

0,00005074 

0,01291771 

0,00105414 

0,00000089 

0,00000002 

0,00227671 

0,03612284 
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To validate the reliability of the sequencing data, we conducted qPCR to compare 

the expression levels of the DEmiRNAs (Figure 14, Additional file 10). The 

differential expression of six abundantly expressed miRNAs (miR-9-5p, miR-99a-

5p, miR-223-3p, miR-449a, miR-206, and miR-4792) was verified by qPCR analysis. 

In addition, qPCR analysis confirmed the differential expression of 19 significantly 

down-regulated miRNAs after Salmonella Typhimurium infection. 

 

 

 

Figure 14. miRNAs differentially expressed in ileum 2 dpi, Red: miRNAs fold change results 
from RNA-Seq. Green: miRNAs fold change results from qPCR validation. 

 

Expression levels of all of the selected DEmiRNAs were in concordance with the 

normalized deep sequencing results (Pearson correlation coefficient >0.9, Figure 

15). In general, the results of the real-time RT-PCR validated the accuracy of the 

RNA-seq. 
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Figure 15. Pearson correlation analysis of differentially expressed miRNAs in RNA-Seq and 
qPCR validation in ileum at 2 dpi. 

 

1.4. Target prediction and gene functional annotation. 

To better understand the biological function of the DE miRNAs in the ileal mucosa 

of Salmonella-infected pigs, 37,560 putative target genes were predicted for 30 

DEmiRNAs using TargetScan 7.0 and miRTarbase 6.0 databases (Additional file 

11A). According to this result, each microRNA would regulate hundreds of genes 

since computational tools aim at identifying microRNA targets, usually selecting 

evolutionarily conserved microRNA binding sites. To provide an adequate set of 

target genes most biologically relevant, previous predictive data was compared 

with those obtained in Chapter 1 using microarrays. This integrative analysis 

revealed that 964 genes differentially expressed in the ileal mucosa were also 

potentially regulated by DEmiRNAs obtained in this study (Additional file 11B). 

Gene Ontology enrichment analysis reflected the regulatory roles that the pig-

encoded miRNAs play in host physiological processes (Figure 16). 
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Figure 16. Gene Ontology enrichment analysis (P<0.05) associated to differentially 

miRNAs targets genes in ileum at 2dpi. 

 

To identify biological processes predicted to be preferentially targeted by 

miRNAs, top ranked categories statistically significantly overrepresented in our 

target lists were established (Table 10). Within this top 5 functional categories, 76 

genes predicted to be preferentially targeted by DEmiRNAs were indentify 

involved in function such as cellular development, cell death and survival, cellular 

growth and proliferation, molecular transport and inflammatory response 

(Additional file 11C).  
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Table 10. Top 5 of biological functions (P<0.05) associated to differentially miRNAs targets genes in ileum at 2pdi. 

Biological functions: Ordered by significance according to IPA results. 

Category  -log (P-value) Nº Molecules Molecules 

 
 

Cellular Movement 

 
 

15,6 

 
 

72 

PHLDA1,ITGA8,CXCL12,TPM1,LAMC1,RHOB,ITGAV,PRLR,SERPINE1,MYO6,CXCL8,GUCY1A3
,YAP1,RRAS,YWHAZ,ITGA5,IER3,TMOD3,VLDLR,ROR1,PTPRM,INHBB,TLR2,MARCKS,CORO1
C,CDH1,ADAM12,FSCN1,ETV5,ANK3,MME,ADM,FLNB,SULF1,DPYSL3,FOXA1,CEBPD,PROX1
,STYX,HIF1A,JAK2,AKAP11,DDX3X,TGM2,TM4SF5,TNC,MYO1B,IGF1,PLPP3,PRKAA2,STAT1,
PRKCA,CELSR1,TIMP3,NRP2,TJP1,RGS16,HPSE,F13A1,S100A12,FRK,CYP1B1,GRN,TLR4,FAF

1,FZD4,NFIA,MAP3K8,PTGS2,CXCL2,MSN,PSEN1 

 
 

Cell Death and Survival 

 
 

11,3 

 
 

79 

PHLDA1,SLC31A1,SLC7A11,PLRG1,INSIG1,DPYSL4,MAF,CXCL12,TPM1,LAMC1,RHOB,ITGAV
,TFDP2,PRLR,SERPINE1,HK1,MYO6,CXCL8,STXBP1,GUCY1A3,YAP1,RRAS,XYLT1,YWHAZ,ITG
A5,SLC1A1,TMOD3,IER3,ROR1,AGTRAP,PTPRM,TLR2,CDH1,ADAM12,IDH2,ENC1,ETV5,ANK
3,MME,ADM,FLNB,SULF1,RASD2,DPYSL3,CEBPD,IGFBP7,HIF1A,JAK2,DDX3X,TGM2,SLC19A
3,TNC,RGS5,IGF1,ANTXR2,PRKAA2,STAT1,CLYBL,PRKCA,CELSR1,TIMP3,ABCB1,GLS,SLC6A6,
RGS16,HPSE,F13A1,SOAT1,KIF3A,CYP1B1,GRN,FAF1,TLR4,PRKAR2B,MAP3K8,PTGS2,CXCL2

,PSEN1,MSN 

 
 

Cellular Growth and 
Proliferation 

 
 

10,8 

 
 

89 

PHLDA1,SLC7A11,SLC31A1,INSIG1,MAF,CA12,CXCL12,TPM1,LAMC1,RHOB,KCTD12,ITGAV,
SRGAP2,PRLR,SERPINE1,HK1,CXCL8,YAP1,RRAS,CLTC,YWHAZ,ITGA5,IER3,VLDLR,ROR1,PTP
RM,AGTRAP,INHBB,TLR2,MARCKS,CDH1,DLG5,ADAM12,FSCN1,GLUL,LFNG,IDH2,ENC1,ET
V5,ADM,ANK3,FLNB,KCNH1,SULF1,MAP7,ENPEP,EPB41L3,FOXA1,DPYSL3,CEBPD,EXT1,PR

OX1,STYX,IGFBP7,HIF1A,JAK2,DDX3X,TGM2,TNC,RGS5,IGF1,STAT1,CLYBL,PRKCA,TIMP3,AB
CB1,NRP2,ERBB2IP,TJP1,GLS,RGS16,PPL,F13A1,ERO1A,HPSE,SOAT1,FRK,KIF3A,CYP1B1,GR

N,TLR4,FZD4,PRKAR2B,NFIA,KHDRBS3,MAP3K8,PTGS2,CXCL2,PSEN1 

 
 

Molecular Transport 

 
 

9,1 

 
 

63 

SLC31A1,SLC7A11,RIMS2,INSIG1,CXCL12,RHOB,GPD2,ITGAV,PRLR,SERPINE1,HK1,MYO6,C
XCL8,STXBP1,ACSL3,CPT1A,YWHAZ,RAB10,SLC1A1,ATP6V1A,VLDLR,TLR2,MARCKS,SYT13,

GLUL,TLK1,SYT1,SLC4A4,ADM,ANK3,KCNH1,FOXA1,CEBPD,JAK2,HIF1A,STYX,DDX3X,TGM2,
SLC19A3,IGF1,PLPP3,AMN,PRKAA2,STAT1,PRKCA,SLC16A10,ABCB1,SLC6A6,F13A1,S100A1
2,SOAT1,CYP1B1,GRN,ATP1B3,TLR4,PRKAR2B,FZD4,MAP3K8,PTGS2,CXCL2,ATP6V1B2,MS

N,PSEN1 

 
Inflammatory Response 

 
6,2 

 
49 

SLC7A11,INSIG1,MAF,METAP1,CXCL12,CA12,TPM1,RHOB,ITGAV,SERPINE1,CXCL8,STXBP1,
GUCY1A3,RRAS,CLTC,RAB10,ITGA5,IER3,TLR2,CA7,CDH1,ADM,MME,ENTPD4,CEBPD,JAK2,
HIF1A,TGM2,SLC19A3,TNC,IGF1,STAT1,PRKCA,TIMP3,ABCB1,NRP2,RGS16,HPSE,S100A12,

SOAT1,GRN,TLR4,CNN3,ATRN,MAP3K8,PTGS2,CXCL2,PSEN1,MSN 
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Of these target genes, 28,2% are related to the five ranked processes, which 

suggests that, at intestinal level, the changes in the miRNA expression profile 

during Salmonella infection are preferentially associated with epithelial cell 

homeostasis, cell death, cell differentiation, mucosal immune response and 

inflammation. In this context, we found that expression levels of miR-200a, miR-

200b, miR-200c and miR-141 were lower in infected samples compared to 

uninfected controls. All of these DEmiRNAs are members of the miR-200 family, 

highly expressed in normal epithelial cells and with a relevant function in 

epithelial-mesenchymal transition (EMT), metastatic tumour progression and 

chronic inflammatory states. In addition, miRNAs functional relevant in the 

control of the inflammatory response such as mir-194-5p and miR-223-3p 

resulted down and up-regulated in infected samples, respectively. These data 

demonstrate that Salmonella infection alters the expression of miRNAs that are 

critical to the maintenance regulation of the gut epithelial compartment as well 

as for generating inflammatory immune responses. 

 

1.5. Validation of important target genes expression with qRT-PCR 

With the purpose of verifying target gene expression and evaluating the 

expression of others genes related with miRNA expression profiling, qPCR gene 

expression profiling was performed. We found over expression of target genes as 

NRP2, KIF3A, GLUL, FZD4, YWHAZ, CXCL2, FOXA1, RAB10 and down regulation of 

ABCB1 among others. Expression of genes related with down regulation of miR-

200 family (miR-200a/b/c and miR-141) was verified in ileum at 2dpi based on 

literature. Down regulation of this miRNA family has been associated to epithelial 

mesenchymal transition (EMT) by interaction of their inductors SNAI2 and 

ZEB1/2, for this reason we confirmed the over expression of common EMT 

markers such as TGFB1, TGFBR1/2, VIM, and CDH1/2 [226] (Figure 17). 
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Additionally, we confirmed the down regulation of TP53, known inductor of miR-

200 family, miR-192/215 and miR-194 [227, 228]. Finally, we verified the 

expression of target genes of miR-223 involved in inflammatory response such as 

IKKa and NLCR3 [229, 230]. Other genes involved in inflammatory response were 

tested in Table 4. 

 

 

Figure 17. Gene expression profiling in ileum at 2dpi. 
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1.6. Changes in target genes expression in vitro after overexpression of mir-194-

5p, miR-200a-3p and miR-223-3p. 

To investigate the regulatory function of mir-194-5p, miR-200a-3p and miR-223-

3p miRNAs during S. Typhimurium infection, the expression of target genes was 

evaluated following overexpression of the miRNAs into a porcine intestinal 

epithelium cell line (IPEC-J2) [231], mediated by corresponding miRNA mimics. 

Our in vitro experiments had focused solely on the effects of these three miRNAs 

because of their level expression and involvement in the biological functions 

above mentioned as well as because of their implication in the inflammatory 

response [232-234]. Similar to that observed in ileum mucosa, in the present 

study we found that expression of target genes and inflammatory mediators 

increased in Salmonella-infected cells, except in the case of ABCB1 and NRP2 

mRNA whose expression was decreased (Figure 18). After transfection, the 

expression of YWHAZ, FZD4, FOXA1 and P53 decreased in IPEC-J2 cells 

transfected with mir-194-5p. Likewise, the expression of P53, FZD4, NRP2 and 

KIF3A mRNA decreased in cells transfected with mir-200a-3p mimic. Finally, the 

overexpression of mir-223-3p resulted in a decrease of the ABCB1, STAT3, GLUL 

and RAB10 mRNA expression when comparing with untransfected cells. In all 

cases, the expression of target genes was further reduced after infection with S. 

Typhimurium (Figure 18). The effect of mir-194-5p, miR-200a-3p and miR-223-3p 

in the inflammatory response was also evaluated. As shown in Figure 19, 

expression of gene coding for TLR4, IL8, IL1A and IL6, was downregulated in 

trasfected cells subsequently infected with S. Typhimurium. 
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Figure 18. miRNA target gene expression of miR-194, miR-200 and miR-223 in: IPEC-J2 
cells infected with S. Typhimurium (2hpi),  IPEC-J2 cells transfected with each miRNA 

mimic and IPEC-J2 cells infected with S. Typhimurium and transfected with each miRNA 
mimic. 
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Figure 19. Gene expression (Cq) of IL1A, TLR4, IL6 and IL8 in IPEC-J2 transfected with each 
miRNA mimic separately and infected with S. Typhimurium compare to IPEC-J2 infected 

with S. Typhimurium. 
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1.7. Analysis of the target gene-mirRNA interaction. 

1.7.1. Target gene binding-site prediction. 

The miRNA–MRE interaction involves base pairing that requires favorable 

hybridization energy for the formation of a functional duplex. We computed the 

free energy of binding of the miRNA:MRE duplex by analyzing their sequences in 

RNAhybrid. Minimum free energy (MFE) of -15 kcal/mol was used as the scoring 

criteria to select stable duplexes. These criteria find the energetically most 

favorable hybridization of miRNA to a large RNA target [120, 235].  

With this tool, we found multiple MREs along the 3´UTR region in all target genes 

(including the TargetScan prediction). Top 10 predictions of MREs of the 

interaction of miR-194b-5p, miR-223-3p and miR-200a-3p with TLR4, ABCB1 and 

TP53 are available in Additional file 3. Table 11 shows the highest scores from 

RNAhybrid prediction. 3´UTR region where were concentrated the majority of 

MREs were cloned into the  psiCHECK2 vector for luciferase assay activity. 
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Table 11. miRNA target prediction performed by RNAhybrid. The highest score obtained 
from RNAhybrid prediction (-15 kcal/mol, scoring criteria) whit the probably structure of 

the interaction miRNA-MRE. 

RNAhybrid results Structure miRNA-3´UTR target 
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1.7.2. miRNA- target validation by luciferase assay. 

Luciferase reporter assays were performed in CHO cells, with the objective of 

testing the interaction of these three genes with their predicted target miRNAs. 

Selection of these miRNAs were based on functional analysis (described in 1.5 

section) and their biological implication during S. Typhimurium infection. We 

observed a down regulation of three of these genes by their respective miRNAs. 

For TLR4 gene, we detected a down regulation of the luciferase activity of 19.2 % 

for miR-194-5p mimic, and 24% with the miR-223-3p mimic. The highest down 

regulation was observed for ABCB1 gene upon miR-223-3p (54.1%). These results 

confirm the direct interaction between miRNA-3´UTR target gen and we could 

validate our bioinformatics predictions of the interaction between the sequences 

(Figure 20). 

 

 

Figure 20. Luciferase reporter assay results. Firefly luciferase activity was measured and 
normalized by the Renilla luciferase activity. Data are represented as means ratio +/- SEM 
from four independent transfection experiments. Two-tailed Student´s tests were used to 

compare samples and significance was set at P<0.05. ***= P<0.0002, ****= P<0.0001. 
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1.8. Invasion assays. 

The level of the interaction between S. Typhimurium and the IPEC-J2 cell line was 

evaluated by confocal microscopy and gentamicin resistance assay. The analysis 

by confocal microscopy showed that S. Typhimurium is able to adhere and invade 

intestinal epithelial cells IPEC-J2 in vitro. Quantification of bacteria in the images 

confirmed that the over expression of miR-194b-5p, miR-223-3p and miR-200a-

3p induces an increase in adhesion and invasion of bacteria (Figure 21). 

Gentamicin resistance assay was used to quantify invasion of S. Typhimurium in 

intestinal epithelial cells. Figure 21 shows how invasion levels increase using the 

miRNA mimics’ (194b-5p, 223-3p and 200a-3p) transfection in intestinal epithelial 

cells IPEC-J2. Thus, the results showed that although S. Typhimurium was able to 

invade the pig cells, the level of invasion was significantly greater when the 

miRNAs were over expressed. 
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                                            A)                                                            B) 

Figure 21. A) Confocal microscopy. Particle counting of confocal microscopy that 
represent the adhesion and invasion of S. Typhimurium in intestinal epithelial cell IPEC-J2. 
B) Gentamicin resistance assay. Data are represented as means ratio +/- SEM from three 
independent transfection experiments. Two-tailed Student´s tests were used to compare 

samples and significance was set at P<0.05. Asterisk means *= P<0.03. 
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2. Discussion 

Specific roles in the innate immune response to living microbial pathogens had 

remained poorly characterized. Using a high- throughput sequencing approach, 

we identified miRNA-driven regulations in ileum from pigs exposed to the 

facultative intracellular microbial pathogen S. Typhimurium. 

 

2.1 miRNAome and differentially expressed miRNAs in ileum after S. 

Typhimurium infection 

Ileum samples were used to generate expression profiles of miRNA by high 

throughput sequencing technology. Although infected tissue had severe signs of 

microvilli loss (Figure 12), this epithelial loss did not affect the RNA quality 

obtained; however, we observed a decrease in the total reads obtained in 

infected samples. The read length distribution in all samples was comparable 

[236], even better to profiles generated in other studies [237], with the highest 

number of reads within the 19-25 nucleotides range, which suggests the 

reliability of the library construction and the sequencing.  

The number of annotated miRNAs in domestic pig in the latest version of 

miRBase (v21) is still much smaller than in other organisms, featuring 1881 

entries for human, 1193 for mouse and only 382 for pig [93]. Due to this fact, we 

obtained more miRNAs annotated when the reads were mapped to human 

miRNA database. Based on the assumption that the majority of miRNA sequences 

are conserved among species [192, 238], we used the human miRNA annotation. 

Which, it was good to find miRNAs as miR-200 family and miR-223, that are not 

mapped in pig miRNA annotation. 

Previous studies using high throughput sequencing of small RNAs have shown 

that there are in most cases a few distinct miRNA reads, specifically in ileum [236, 
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237, 239, 240]. Our study reports highly abundant miRNAs such as miR-21, miR-

192, miR-143, miR-200 family, miR-194 among others. These group of miRNAs 

has been previously shown to be abundant in mammalian ileum (Table 8)  [236, 

237, 239, 240]. miR-192, miR-194 and miR-215 were among the most significantly 

downregulated miRNAs in ileum after S. Typhimurium infection. These three 

miRNAs can be induced by p53 [241, 242] and they are also reported to be p53 

positive regulators through an auto regulatory loop [243]. In our study we 

observed a down regulation of p53 in ileum at 2dpi (Figure 17), confirming that 

the down regulation of these miRNA cluster can be due to down regulation of 

their inductor p53. Numerous bacterial pathogens have been shown to inactivate 

the major tumor suppressor p53 during infection. This inactivation impedes the 

protective response of the host cell to the genotoxicity that often results from 

bacterial infection [244]. 

Recent reports reveal miRNA regulations in mammalian and its host cells 

challenged with various microbial pathogens. Almost all miRNAs dysregulated 

upon challenge of pigs with S. Typhimurium (e.g. miR-21, miR-146, miR-223, miR-

200 family, miR194) [245, 246] have  been recently implicated in the host 

response to other microbial pathogens as Listeria monocytogenes or Helicobacter 

pylori [158, 247, 248], but not all have been described in S. Typhimurium 

infection (miR-200, miR-194, miR-192, miR-215). This suggest that the host 

miRNA response to S. Typhimurium is not pathogen specific but rather reflects a 

basal host response to microbial challenge. 

Several authors have observed small differences in miRNA expression by qPCR 

(FC 1.5 to 2.5) and have demonstrated that even very small changes in miRNA 

expression levels could have a direct impact on their target genes. However, we 

obtained FC from -6.09 to 2.88 between control and infected group, with highly 

significant P-values (up to P<0.0005).  
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The three DE miRNAs (miR-192, miR-194 and miR-215) belong to two clusters: 

the miR-215/miR-194-1 cluster and the miR-192/miR-194-2 cluster. miR-194 and 

miR-194-2 have the same mature sequence that are derived from two different 

precursors on two chromosomal locations. miR-192 and miR-215 are closely 

related, with similar seed sequence and their high conservation between species 

(28 species) indicates that these miRNAs may have vital functions that are 

maintained during their evolution. Sharbati et al. reported that the expression of 

these miRNA clusters in ileum are lower than jejunum and can be associated to a 

higher proliferative activity. The miR-200 family has showed the same sense of 

expression of miR-192, miR-215 and miR-194 cluster [249]; its expression is 

induced by p53 and its down regulation has been related with the increase of cell 

proliferation (epithelial growth and development) [240, 243, 250]. In fact, some 

studies describe that expression of these miRNAs (miR-192, 194, 215 and 200 

family) are necessary for maintaining of the epithelial barrier [251, 252].  

Several factors and pathways are known to drive EMT, primarily by converging on 

the SNAIL and ZEB families of transcriptional repressors of E-cadherin. These 

factors play a role in maintaining the mesenchymal phenotype [226], which is 

characterized by the polarity loss and tight junction between epithelial cells. Over 

expression of this miRNA cluster (miR-192, miR-194 and miR-215) and miR-200 

family have been associated to decrease of ZEB1/2 and SNAIL1/2 expression [253, 

254]. Besides the down regulation of these miRNAs in our study, we observed the 

over expression of their miRNAs targets (SNAI2 and ZEB1/2, known as inductors 

of EMT) and the over expression of typical markers of EMT as TGFB1, TGFBR1/2, 

VIM, CDH1/2. 

One of the aims of the study was to identify the mRNA targets of dysregulated 

miRNAs using integrated analyses of miRNAs and mRNA expression profiling in 

ileum from pigs control with pigs infected with S. Typhimurium. Although 
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putative identification of miRNA targets using seed sequence complementarity 

and free energy predictions of miRNA-mRNA duplexes can be achieved using 

databases such as TargetScan, the false positive rate for such matches is 

unacceptably high. We have developed and validated an method to identify 

functional mRNA targets of miRNAs in S. Typhimurium infection using ileum 

tissue from infected and non-infected pigs, where the subset of correlated 

miRNA-mRNA (miRNA-up, mRNA-down; miRNA-up, mRNA-up; miRNA-down, 

mRNA-up) pairs is collected from a larger data set of miRNAs and mRNAs that are 

differentially expressed in infected and control groups. The principal merit our 

approach was to reduce the larger number of relatively speculative matches that 

are found when using seed sequences alone to a smaller set of functional, tissue 

specific targets. Some of these interactions were further supported by 

miRTarbase (the experimentally validated miRNA target interaction database). 

With this approach we found targets affected by translation inhibition. For such 

targets, changes in miRNA levels would not affect the mRNA levels, but would 

reduce the protein levels [255]. 

Our comparative mRNA-miRNA analysis revealed a large number of deregulated 

genes, which served to facilitate the identification of deregulated biological 

functions that might be regulated by miRNAs. Most interactions were between 

down regulated miRNAs and up regulated genes, given that the majority of 

miRNAs were down regulated. Biological functions affected  by S. Typhimurium 

infection (cellular movement, cell death and survival, cellular growth and 

proliferation, molecular transport and inflammatory response) were significantly 

disrupted in ileum, based on microarray analysis, which is in agreement with 

previous studies [189, 256-259]. 
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2.2 miR-194 and miR-200 regulate mesenchymal transition and inflammation in 

intestinal epithelium 

The over expression of miR-194 leads to down regulation of YWHAZ, P53, FZD4 

and FOXA1. Matta et al. found by immunoprecipitation of biopsies of oral cancer 

that YWHAZ protein binds to NFB, suggesting a role in the inflammatory 

processes since YWHAZ facilitates the nuclear export of the IB-p65 complex 

[260]. The same implication in inflammatory response was reported by 

Rosenberg et al., who showed that over expression of YWHAZ leads to an 

increase of IL-6, TNF, CCL5, INF and CCL3 by repression of FOXO3 and ZFP36, 

which binds to AU rich elements within 3´untranslated regions to destabilize 

cytokine mRNA [261]. Thus, we suggest that the down regulation in ileum of miR-

194 allows the over expression of YWHAZ in S. Typhimurium infection. In fact, we 

evaluated the inflammatory response while over expressing miR-194 and we 

could see a down regulation of common inflammatory markers such as IL8, IL6, 

TLR4 and IL1A, suggesting that miR-194 has an indirect effect on inflammatory 

response, perhaps associated to the YWHAZ negative regulation. However, Tian 

et al. found that down regulation of miR-194 was a consequence of the TLR4 

activation pathway, and they found a direct interaction between miR-194 and 

TRAF6, which is an intermediator of TLR inflammatory signal pathway in THP-1 

cells [262]. In this study, we have found a direct inhibition between miR-194 and 

TLR4 by luciferase assay and we understand that the inflammatory regulation 

occurs by interaction of TLR4 (and not only by TRAF6 interaction). 

The down regulation of miR-194 and over expression of its target gene FOXA1 has 

been related with cellular proliferation in many types of cancer [263, 264]. FOXA1 

(forkhead box A1) is member of the FOX family of transcription factors, and 

expressed in many tissues, including in the epithelium of the gastrointestinal tract 

[265]. Loss of FOXA1 affects secretory capacity and differentiation of goblet cells, 
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affecting intestinal development [266]. Goblet cells are mucin producing cells 

residing throughout the length of the small and large intestinal epithelia, 

responsible of producing and maintaining the protective mucus layer [267]. We 

observe epithelial cell loss in ileum at 2dpi, evidenced by the decrease of 

microvilli, where goblet cells reside [268]; also, down regulation of miR-194 and 

over regulation of FOXA1 (a known inductor of mucins [269, 270]) and the MUC4 

mucin gene suggest a necessity of renewal at the intestinal epithelial surface, 

that we observe at 6dpi. Mucin-deficient mice demonstrate increased 

permeability and bacterial adherence to epithelial cell surface [271]. Thus, the 

renewal of the mucus layer is necessary to protect the organism against bacterial 

adhesion and invasion of epithelial cells.  

We also found interaction between miR-194 and miR-200a with FZD4, a member 

of Frizzled family genes encoding for an integral membrane protein that functions 

in multiple signal transduction pathways. Frizzled proteins are receptors for 

secreted Wnt proteins (Wnt/-catenin pathway), as well as other ligands, and 

also play a critical role in the regulation of cell polarity, cell development, 

inflammatory response among others [272-274]. Activation of Wnt/-catenin 

pathway in mouse microglial cells leads to the expression of the inflammatory 

interleukins IL6, IL12 and IFN [275]. In contrast, anti-inflammatory role of 

Wnt/-catenin pathway has been demonstrated in mouse colon epithelial stem 

cells and macrophages infected with Salmonella or Mycobacterium, where 

activation of the Wnt/-catenin pathway (via FDZ4 up regulation) down regulates 

the pro-inflammatory responses to certain bacterial infections [276-278]. On the 

other hand, the activation of Wnt/-catenin pathway by FZD receptors lead to 

inhibition of GSK3, increasing SNAIL stability and thus promoting EMT, 

characteristic of down regulation of miR-194 and miR-200 family, which undergo 

a feedback regulation by p53  [279, 280]. EMT is characterized by over expression 
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of SNAI2, ZEB1/2, TGFB1, TGFBR1/2, VIM and CDH2 and down regulation of miR-

200 family [226], as we confirm in our study. The over expression of NRP2 that 

we find in ileum at 2dpi has been also observed during EMT in lung cancer [281]; 

we found an interaction of NRP2 with miR-200 family , which was experimentally 

verified in epithelial cells IPEC-J2 after miRNA mimic transfection. 

Within Wnt/-catenin pathway, we found another target of miR-200a. KIF3A, 

member of the kinesin family of motor proteins, has been described as agonist of 

-catenin, activating the transcription downstream of cyclin D1 [282] and 

increasing the cellular proliferation. The over expression of cyclin D1 in S. 

Typhimurium infection due to down regulation of miR-15 family maintains the 

cells in a cell cycle stage more favorable for bacterial replication [155].   

In our study of gene expression in ileum at 2dpi, we observed high inflammatory 

response (over expression of IL6, MCP-1 and STAT3) and disruption of epithelial 

barrier after S. Typhimurium infection [189]. So, we investigated the impact of 

miR-200 on inflammatory markers as TLR4, IL6, IL8 and IL1A, using a miR-200a 

mimic in the epithelial cell line IPEC-J2, where we observed the decrease of these 

inflammatory markers. The down regulation of miR-200 family is associated to 

inflammatory response in many studies [233, 283-285]. Suppression of miR-200 

leads to over expression of c-Jun N-terminal kinase 2 (JNK2) and NF-κβ, which 

over expresses IL-6 [286]. Also, miR-200 regulates the expression of 

proinflammatory cytokine IL8 by inhibition of IKBKB expression, resulting in 

decreased p65 transcriptional activity in IL8 promoter [283]. Inflammation has 

been associated with down regulation of miR-200 family and induction of EMT 

[287-289], which is in agreement with our present results of miR-200 and miR-

194 repression and subsequent transcriptional regulation of specific target genes 

that control nuclear factor-κβ signaling pathway, inflammation, cell cycle and 

migration. 
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2.3. miR-146 and miR-223 avoids massive inflammation in the intestinal 

epithelium during Salmonella infection. 

The most representative overexpressed miRNAs of all miRNAs were miR-146a/b 

and miR-223 (the latter is not available in miRNA pig annotation). Such over 

expression has been shown to regulate innate immunity and inflammatory 

responses [290], but mechanisms involved are not clear.  

Previous studies have reported the induction of miR-146 in macrophage and 

monocyte response to microbial PAMPs, including S. Typhimurium [135, 139, 

161, 291]. Induction of this miRNA depends on NFB [139, 292], producing a 

negative feedback control of TLR-TRAF6-IRAK1 signaling that protects against 

excessive inflammation [293, 294]. miR-146 knockout mice mount an 

exaggerated inflammatory response to injected LPS, when compared to wild type 

animals [295]. In our results, miR-223 was significantly over expressed in ileum at 

2dpi, which also occurs in neutrophils infiltrated in the infected mucosa [296, 

297]. The over expression of this miRNA has been associated with induction of 

the inflammatory response [230]. miR-223 regulates the production of NLRP3 

(component of inflammasome complex induced by pathogens) and IL1 during 

TLR-activated inflammatory response [298]. Over expression of miR-223 is 

necessary to prevent the accumulation of NLRP3 and inhibit IL1 production by 

the inflammasome [299], which disagrees with the high IL1 levels found in S. 

Typhimurium infection [300]. 

Although the relevance of miR-223 in pathological infections and inflammatory 

response has been shown, there is limited information regarding its role in S. 

typhimurium infection; so, we used a miR-223 mimic to investigate the impact of 

its over expression on inflammatory response and confirm the miRNA targets 

origin from integrative analysis, using a porcine epithelial cell line. Our results 

show that up-regulation of miR-223 down regulates TLR4, IL1β, IL8, IL1A, TNFα, 
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IL6, NLRP3 and CASP1 , evidencing its role on inflammatory response. In bacterial 

infections over expression of inflammatory genes and over expression of miR-223 

is usually present. This is due to a negative feedback mechanism in order to 

control excessive inflammation. Dysregulations of miR-223 expression have been 

observed in many inflammatory disorders such as rheumatoid arthritis, 

inflammatory bowel disease, osteoarthritis and Crohn´s disease, among others 

[230], where tissue often undergoes excessive inflammation. 

We also confirmed repression of selected miR-223 target genes after mimic 

transfection: ABCB1, RAB10, STAT3 and GLUL. Direct interaction of miR-223 with 

the 3´UTR of ABCB1 has been documented [301]. ABCB1 down-regulation (as in 

the present study) is associated with inflammatory reaction (TNF activation) in 

the gut in response to Salmonella infections, increasing the bacterial invasion  

[222-224, 302]. On the other hand, over expression of ABCB1 is frequently 

associated with an increase in intracellular pH, which is beneficial to intracellular 

survival of Salmonella [225]. Similarly, STAT3 plays a central role in S. 

Typhimurium infection, regulating the transcriptional response. Salmonella 

activates STAT3 through a non-canonical pathway involved in vesicular trafficking 

between cellular compartments and the Salmonella containing vacuoles (SCVs), 

contributing to their maturation [303]. In inflammatory processes, the over 

expression of STAT3 is in relationship with the expression of cytokines IL6, IL1β 

IL11, IL-10 and IFNs [304], promoting and repressing the inflammatory response 

in different stages of infection [305]. Over expression of IL6 and IL1β decreases 

miR-223 production, which allows STAT3 expression, stimulating the IL6 and IL1β 

over expression in response to LPS in a macrophage cell line [304]. In our study, 

we observed the over expression of miR-223, STAT3, IL6 and IL1 β in ileum at 

2dpi, confirming that the over expression of miR-223 affects many targets in 

inflammatory pathways, including STAT3. 
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RAB10, another miR-223 target overexpressed in our study, is involved in 

phagosome maturation [306, 307]. Expression of RAB10 is inducible by LPS that 

induces the expression of inflammatory cytokines and interferon's upon bacterial 

LPS stimulation via TLR4 activation [308, 309].  

Down regulation of GLUL was confirmed in our study by miR-223 up-regulation in 

porcine intestinal epithelial cells. The GLUL gene is a glutamine synthetase that 

catalyzes the conversion of ammonia and glutamate to glutamine [310]. 

Glutamine is an essential component of proteins and is precursor of amino acids 

and nucleic acids. Furthermore, glutamine provides energy to enterocytes in the 

intestinal epithelium [311]. Deficiencies in glutamine may increase membrane 

permeability, which can be rescued by glutamine supplementation [310]. The 

over expression of GLUL has been associated with anti-inflammatory response 

characterized by attenuation of NF-κβ, decreasing IκBα degradation, and inducing 

heat shock proteins [312]. Over expression of heat shock proteins such as 

HSPA9B, HSPCA, HSPA1B, HSAPA4 and HSPB1 have been reported previously. [53, 

189].  

Over expression of PPARγ (as in our study) is responsible for the protective 

effects of glutamine in reducing intestinal inflammation [313]. With these results, 

we suggest that miR-223 has a regulatory role on GLUL expression and 

subsequently with the protective effect on anti-inflammatory response and 

restoring intestinal permeability. Over expression of PPARγ and heat shock 

proteins are a consequence of GLUL activation, which is induced by Wnt signaling 

pathway (that is involved too in cyclin D1 expression) [314]. 

Besides of determination of the miRNA-target interaction, we determined the 

regulatory effect of miRNA on their targets genes during in vitro epithelial cell 

line infection, demonstrating a negative regulation. Target genes and genes 

involved in inflammatory response decreased their level expression in presence 
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of S. Typhimurium and miRNA mimics, compared to infection without miRNA 

mimics. Therefore, we observe the negative control by miRNAs in target genes 

that are usually over expressed in infection, confirming the miRNA role in the 

regulation of gene expression. 

 

2.4 miR194, miR-200a and miR-223 dysregulation modulate bacterial invasion 

We demonstrate an increase of bacterial invasion after mimic transfection of 

miR194, miR-200a and miR-223. The over expression of these miRNAs likely 

affected the expression of their target genes, which could activate mechanisms 

that increase the bacterial number inside the cell. We identified target genes that 

could be implicated in the increment of bacterial infection. Down regulation of 

ABCB1 was previously shown necessary in other studies for increasing adhesion 

and bacterial invasion [222-224], accompanied with a decrease in intracellular 

pH, which is necessary to intracellular survival of Salmonella [225].   

As mentioned above, dysregulation of miR-194 and miR-200 affect FZD4 

expression, which is involved in the activation of Wnt signaling pathway [315]. 

Over expression of Wnt genes are involved in the protection of the host intestinal 

cells by blocking the invasion of pathogenic bacteria [316]. In this study, we found 

FZD4 down regulated by miR-194 and miR-200 over expression, increasing the 

bacterial invasion by repression of Wnt pathway, which is involved in the 

activation of approximately 400 genes related with cell growth, apoptosis and 

inflammatory response. Thus, dysregulation of miR-200 and miR-194 directly 

related with bacterial invasion through FZD4 repression. 



 108 

CHAPTER III 
 

Regulatory role of miRNAs in mesenteric lymph nodes after S. 

Typhimurium infection 

 

1. RESULTS. 

1.1. Next generation sequencing and mapping of small RNA. 

We generated expression profiles of miRNA in porcine MLN samples by high 

throughput sequencing analysis. RNA-seq of the small RNA fraction produced a 

total of 30.7 million transcript reads. Most of the sequencing reads were 19 to 25 

nucleotides long, which confirms the reliability of the library construction and the 

sequencing, given that miRNAs fall within that range. From all reads obtained, 

14.5 million reads (47.5%) passed quality control thresholds (described in 

materials and methods), and were mapped to the human and porcine reference 

genomes (Table 12). The number of annotated miRNAs in the latest version of 

the porcine miRBase database is still much smaller than in other organisms, 

featuring 1881 entries for human, 1193 for mouse and only 382 for the pig [93]. 

Subsequently, as observed in table 12, mapping to human genome resulted more 

efficient (an average of 34.1% of reads) than mapping to the porcine genome 

(23.7% of reads). Thus, we used the human miRNA annotation for further analysis 

based on the assumption that the majority of miRNA sequences are conserved 

among species [192, 238].  
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Table 12. Summary of mapped reads to human and pig genomes. 

Sample 
Input 

reads 

Clean 

reads 

Mature miRNA 

Human (reads) 

Mature miRNA 

Pig (reads) 

Infected MLN 1 6938273 2743029 981186 647903 

Infected MLN 2 7690779 3853932 1408080 938818 

Control MLN 1 8049942 4000000 1291594 935200 

Control MLN 2 8049942 4000000 1299953 940000 

TOTAL 30728936 14596961 4980813 3461921 

 

 

To better characterize the small RNA sequences obtained, we classified them into 

RNA types by performing BLAST searches against the Rfam database. We 

identified 59.1% of the sequences entered (i.e. clean reads). We found that most 

of the identified sequences were miRNAs (34.1% of the non-coding reads; Table 

13), followed by other non-coding RNA types such as the snoRNA, rRNA and  

tRNA groups, which accounted for 11.8%, 4.8%  and 3.3% of the input reads, 

respectively (Table 13).  

 

Table 13. Clean small RNA sequencing reads obtained from mesenteric lymph nodes at 2 
dpi were classified into non-coding RNA types. Percentage was calculated from total 

number of clean reads. 

Classification Number of reads Percentage of reads (%) 

miRNA 4980813 34.1 

snoRNA  1719157 11.8 

rRNA 695180 4.8 

tRNA 475861 3.3 

Other RNA types 586798 4.0 

Unclassified 5969427 40.9 



 110 

 

1.2. miRNA profile (miRNAome) of the porcine mesenteric lymph node. 

We used mapped miRNAs to decode the miRNA expression profile (miRNAome) 

of MLN in the two experimental conditions of our study (i.e. infected and 

control). For that, we considered only miRNAs with at least one mapped read in 

each library (control or infected groups), thus determining the miRNAome of 

infected and control MLN. When mapping reads to the human genome, we 

obtained 492 miRNAs in non-infected control pigs, and 503 miRNAs in infected 

pigs, all of which are available in Additional file 12A. The number of identified 

miRNAs decreased to 267 in controls and 276 in infected pigs when mapping to 

the porcine reference (Additional File 12B).  

We evaluated which miRNAs are common to humans and pigs, and which ones 

are exclusively annotated in any of those genomes (Additional File 12C). We 

found that most of the miRNAs detected were annotated in both human and pig 

genomes. We found 53 miRNAs annotated exclusively in human genome, such as 

the miR-200 family, miR-223, miR-93, miR-25 and miR-147. On the other hand, 

we found only 13 miRNAs annotated exclusively in the pig, which include miR-

7134, miR-2320, miR-4334 and miR-1839 among others (Additional file 12C). 

Based on the higher number of mapped reads to the human genome, and the 

high homology between the two genomes (very few miRNAs exclusive of pigs), 

we used the miRNAs mapped to human databases from now on, for a better 

characterization of the obtained data.  

The most abundant (top 20) miRNAs in MLN are presented in Table 14. miR-21 

has by far the highest number of reads of all miRNAs identified, constituting 

17.1% and 24.5% of all reads in control and infected groups, respectively. Other 

miRNAs such as miR-143, miR-126 and miR-26 were also highly expressed in 

control and infected porcine MLN. 



 111 

 

Table 14. Most abundant miRNAs (top 20) present in mesenteric lymph nodes of control 
and infected pigs. miRNA percentage (%) was calculated respect to total number of reads 

obtained in each group. 

 

CONTROL INFECTED 

Mature miRNA % Mature miRNA % 

miR-21-5p 17.1 miR-21-5p 24.5 

miR-143-3p 11.4 miR-143-3p 7.8 

miR-126-3p 8.3 miR-26a-5p 6.5 

miR-26a-5p 6.2 miR-126-3p 5.7 

miR-148a-3p 6.1 let-7g-5p 5.3 

let-7f-5p 4.1 let-7f-5p 4.2 

let-7g-5p 3.7 let-7i-5p 4.2 

let-7a-5p 2.8 miR-148a-3p 2.9 

let-7i-5p 2.8 miR-99a-5p 2.7 

miR-99a-5p 2.6 let-7a-5p 2.6 

miR-10a-5p 2.1 miR-150-5p 1.4 

miR-100-5p 2.1 miR-191-5p 1.4 

miR-199a-3p 1.5 miR-100-5p 1.3 

miR-146b-5p 1.3 miR-146b-5p 1.3 

miR-191-5p 1.2 miR-199a-3p 1.3 

miR-24-3p 1.1 miR-181a-5p 1.3 

miR-181a-5p 1.0 miR-10a-5p 1.1 

miR-27b-3p 1.0 miR-92a-3p 1.1 

miR-30d-5p 1.0 miR-24-3p 1.1 

miR-142-5p 0.9 miR-27b-3p 1.0 
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1.3. miRNA differential expression in MLN after S. Typhimurium infection.   

Differences in expression of miRNAs in porcine MLN after S. Typhimurium  

infection were calculated using the CAP-miRSeq analysis [176]. We determined 

that a total of 110 miRNAs were differentially expressed (after P-value correction) 

between the two experimental groups (infected versus non-infected) (Additional 

file 13). Of those, 50 were down-regulated (fold change -FC- ranging from -5.41 to 

-1.34) and 60 up-regulated (FC ranging from 1.38 to 7.72) (Figure 22). From all DE 

miRNAs, we show in Table 15 the most relevant up- and down-regulated miRNAs 

(number of reads >300) .  

 

 

 

Figure 22. Volcano plot showing differentially expressed miRNAs in MLN compared to 
non-infected controls, highlighting in red those with a FDR-corrected P-value<0.05. 
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Results of differential expression were validated by quantitative PCR (qPCR). 

Although we used the human-mapped miRNAs for analysis, we designed pig-

specific primers for qPCR validation given the nature of studied tissue. Based on 

literature [317] and analysis of stability by Genorm and NormFinder softwares, 

five miRNAs were selected as reference genes: Let-7a, miR-26a, miR-16-5p, miR-

103 and miR-17-5p. We performed qPCR of 15 differentially expressed (DE) 

miRNAs, selected based on the biological functions where their target genes were 

implicated (e.g. inflammation, immune response). 

 

 

Table 15. Differentially expressed miRNAs in S. Typhimurium-infected mesenteric lymph 

nodes compared to controls (corrected P-value 0.05; >300 sequencing reads). 

DOWN-REGULATED UP-REGULATED 

Mature miRNA ID FC Mature miRNA ID FC 

hsa-miR-151a-5p -3.49 hsa-miR-150-5p 2.13 

hsa-miR-148a-3p -2.13 hsa-miR-155-5p 1.93 

hsa-miR-10a-5p -1.99 hsa-miR-23a-3p 1.91 

hsa-miR-139-5p -1.87 hsa-miR-92b-3p 1.64 

hsa-miR-128-3p -1.81 hsa-miR-363-3p 1.61 

hsa-miR-204-5p -1.70 hsa-miR-221-3p 1.60 

hsa-miR-32-5p -1.70 hsa-miR-320a 1.57 

hsa-miR-100-5p -1.65 hsa-miR-30b-5p 1.53 

hsa-miR-145-3p -1.65 hsa-miR-342-3p 1.51 

hsa-miR-151a-3p -1.64 hsa-miR-140-3p 1.51 

hsa-miR-218-5p -1.57 hsa-let-7i-5p 1.50 

hsa-miR-199b-5p -1.55 hsa-miR-7-5p 1.47 

hsa-miR-126-3p -1.53 hsa-miR-181b-5p 1.45 

hsa-miR-143-3p -1.53 hsa-miR-23b-3p 1.42 

hsa-miR-1-3p -1.47 hsa-miR-21-5p 1.42 

hsa-miR-148b-3p -1.41 hsa-miR-20a-5p 1.42 

hsa-miR-125a-5p -1.37 hsa-let-7g-5p 1.41 

hsa-miR-125b-5p -1.35 hsa-miR-378a-3p 1.38 

hsa-miR-30d-5p -1.34     
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We successfully validated the results from the small RNA-Seq (Figure 23, 

Additional file 13), obtaining a positive correlation (R2= 0.71, p˂0.0001) between 

small RNA sequencing and qPCR using a Pearson correlation analysis, confirming 

the validation of the sequencing technique (Figure 24). 

 

Figure 23. miRNAs differentially expressed in MLN at 2 dpi. Blue: results from small RNA-
seq (fold change -FC- values in infected compared to non-infected samples). Red: results 

from qPCR validation (FC values in infected compared to non-infected samples). 
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Figure 24.  Pearson correlation analysis between small RNA sequencing (small RNA-Seq) 
and quantitative real time PCR (qPCR) of 15 differentially expressed miRNAs in mesenteric 

lymph nodes 2 days after infection with S. Typhimurium. 

 

 

1.4.  Integrative analysis of miRNA and protein expression in porcine MLN after 

infection with S. Typhimurium 

MiRNAs modulate gene expression through mRNA degradation and translational 

repression mechanisms, being miRNA regulatory networks complex and often 

predictive. After qPCR validation of small RNA-seq results, we conducted a target 

gene prediction, and subsequent bioinformatic analysis of the biological functions 

and integrated networks affected by dysregulation of such target genes, in order 

to achieve a deeper understanding of the functional alterations induced by 

differentially expressed miRNAs. We predicted dysregulation of 9,121 target 

genes based on the differentially expressed miRNAs from the small RNA 

sequencing results (Additional File 14). Predictions were made using TargetScan 

and miRTarbase databases. We analyzed target genes together with protein 
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expression data available from the same biological samples (MLNs from the same 

experimental infection, microarray analysis previously published by our group 

[71]), and we selected only target genes encoding proteins included in that 

historical dataset for further analysis (n=98). Target proteins were matched and 

paired with DE miRNAs in order to construct a functional miRNA-mRNA 

regulatory network. The miRNA-mRNA pairing strategy was based on the 

assumption that in most cases there is a negative correlation between miRNAs 

and their target mRNA (miRNA up regulated/protein down regulated, and vice 

versa) [318]. So, miRNA-mRNA pairing resulted in 46 miRNA-protein interactions 

(Figure 25), indicating that the over expression of 13 miRNAs (miR-210-3p, miR-

221-3p, miR-23a-3p, miR-23b-3p, miR-106a-5p, miR-20a-5p, miR-20b-5p, miR-

378a-3p, miR-30b-5p, miR-181b-5p, miR-92b-3p, miR-363-3p, and miR-155-5p) 

could be regulating the down expression of 5 target proteins (STMN1, LASP1, 

VIM, YWHAZ and ACTR3). On the other hand, down regulation of 17 miRNAs 

(miR-30d-5p, miR-182-5p, miR-204-5p, miR-128-3p, miR-125a-5p, miR-125b-5p, 

miR-451a, miR-148a-3p, miR-29b-3p, miR-144-3p, miR-148b-5p, miR-1-3p, miR-

143-3p, miR-217, miR-96-5p, miR-130a-3p, and miR-122-5p) could be allowing 

the over expression of 10 protein targets (PPID, PSMB8, PDIA3, GRB2, HSPA8, 

SYNCRIP, HSP90B1, PCMT1, FKBP4, and ALDOA). 
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Figure 25. miRNA-protein interaction pathway resulting from the integration of small RNA-seq and proteomic data of mesenteric lymph 
nodes at 2dpi. Red: molecules over expressed; Green: molecules down expressed. 
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The biological functions analysis showed that the target proteins of these DE 

miRNAs were mainly associated with cell death and survival, cellular assembly 

and organization, inflammatory response and protein degradation (Table 16). 

 

Table 16. Biological functions (P<0.05) affected by differentially expressed proteins in 
mesenteric lymph node at 2dpi potentially regulated by differentially expressed miRNAs. 

 

Biological functions: Ordered by significance according to IPA results 

Category 
 -log  

(P-value) 

# 
Molecules 

Molecules 

Cell Death and 
Survival 

8.4 13 
PPID, PDIA3, GRB2, PCMT1, YWHAZ, VIM, 
PSMB8, HSPA5, STMN1, HSPA8, HSP90B1, 

FKBP4, ALDOA 

Cellular 
Assembly and 
Organization 

5.7 12 
PPID, HSPA8, STMN1, ACTR3, PDIA3, GRB2, 
YWHAZ, FKBP4, ALDOA, VIM, HSPA5, LASP1 

Inflammatory 
Response 

5.5 10 
PPID, HSPA8, HSP90B1, GRB2, PDIA3, FKBP4, 

ALDOA, VIM, PSMB8, HSPA5 

Protein 
Degradation 

4.6 4 HSPA8, HSP90B1, PDIA3, HSPA5 

 

 

We performed expression analysis of selected genes encoding DE proteins that 

could be regulated by DE miRNAs (Figure 26). In addition to those, we evaluated 

additional miRNA target genes involved in dysregulated biological functions (e.g. 

inflammatory response, cell death and survival; previously shown in Table 16). 

We confirmed over expression of PDIA3, PPID, FKBP4, and PSMB8; and down 

regulation of STMN1, VIM and YWHAZ. We also observed changes in expression 

of genes involved in innate inflammatory response (up regulation of TLR4, STAT1, 

STAT3 and NLRC5), antigen presentation (up regulation of CD40 and CD40L, and 

down regulation of MDM2), apoptosis inhibition (up regulation of BCL2), 
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autophagy (up regulation of SQSTM1, and down regulation of LC3) and cell death 

by pyroptosis (up regulation of IL1B, IFNy and CASP1) (Figure 26). 

 

 

Figure 26. Expression of target genes of differentially expressed miRNAs in MLN samples 
at 2dpi, as well as selected genes related to biological functions affected by such 

dysregulation,  compared to non-infected controls. 
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1.5.  miRNA- target validation by luciferase assay. 

As we have demonstrated by small RNA-seq and qPCR analyses, miR-125 is 

downregulated in porcine MLNs after S. Typhimurium infection. This miRNA is an 

important regulator of inflammatory response during Salmonella infection [140, 

319]. As we observed in the interaction network between differentially expressed 

miRNAs and differentially expressed proteins, miR-125b-5p (down regulated) 

interacts with PSMB8 (up regulated), which could indicate that this miRNA is a 

direct regulator of the PSMB8 protein. So, based on such integrative analysis and 

its biological implication during S. Typhimurium infection (PSMB8 is involved in 

inflammatory response and cell death, Table 16), we designed a luciferase 

reporter assay to confirm if PSMB8 was target of miR-125b. For that, we 

performed a hybridization prediction analysis of miRNA with 3’ UTR of target 

gene using RNAhybrid software, and used the most probable prediction (highest 

score) of the miRNA-target binding (Table 17).  

 

Table 17. Prediction of target sequence and structure in miR-125b/PSMB8 binding. The 
highest score obtained from RNAhybrid prediction (-15 kcal/mol, scoring criteria) with the 
possible structure of the miRNA-MRE interaction was used for the design of the luciferase 

reporter assay. 

 

RNAhybrid results Structure miRNA-3´UTR target  
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Briefly, the miRNA-target interaction was tested by transfecting CHO cells with 

the miR-125b-5p miRNA mimic, which were then co-transfected with a vector 

construction containing the interacting 3’UTR of PSMB8. Luciferase activity values 

obtained indicated a 31% down regulation of the luciferase activity when the 

miR-125b-5p mimic was present (P<0.01; Figure 27). Hence, these results confirm 

the direct interaction between miR-125b and the 3´UTR of the PSMB8 target 

gene, validating previous bioinformatic predictions of the interaction between 

the sequences. 

 

Figure 27. Luciferase reporter assay results. Firefly luciferase activity was measured and 
normalized by the Renilla luciferase activity. Results are represented as mean ratio +/- 
SEM from four independent transfection experiments. Asterisks (**) indicate P<0.01. 
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2. Discussion. 

The main function of the mesenteric lymph nodes (MLN) is to act as antigen 

sentinels of the gastrointestinal tract. There, immune response is initiated when 

antigens are captured by antigen presenting cells (APC) and presented to specific 

B and T lymphocytes [320]. Salmonella can either travel to the MLN via the 

draining lymph as free extracellular bacteria, or can be transported by APCs. MLN 

are considered important niches for S. Typhimurium during pig infections. In fact, 

a previous work from our group showed that S. Typhimurium is present and able 

to replicate in MLN, and the most prominent transcriptomic and proteomic 

changes occur at 2 days post infection (mainly inflammatory response) [71, 80]. 

These changes are likely regulated by miRNAs, so investigation of their regulatory 

role is critical for understanding the host response against S. Typhimurium 

infection. In this study, we provide novel information of biological functions 

associated with regulatory interactions between miRNAs and their potential 

target proteins in infected MLN from pigs, using an integrative analysis of small 

RNA-seq and proteomics.  

Using high throughput sequencing we evidenced the miRNAs expressed in MLN 

of pigs (miRNAome), finding a number of abundant miRNAs in this tissue in our 

two experimental situations (control and S. Typhimurium-infected samples).  

Previous studies of small RNA profiles in other tissues have shown that there are 

just a few different miRNAs constituting the majority of the sequencing reads 

[181]. Our study also found that highly abundant miRNAs such as miR-21 and 

miR-143 were shared between the two experimental conditions investigated, 

suggesting that these miRNAs are abundantly expressed in porcine mesenteric 

lymph nodes. In all samples miR-21 had by far the highest number of reads, 

constituting 17.1% and 24.5% of all miRNA reads in MLNs from control and 

infected pigs, respectively. This finding agrees with reports describing miR-21 as 
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one of the most highly expressed members of the small non coding miRNA family 

in many mammalian tissues [237]. When comparing to non-infected MLNs, we 

found that miR-21 was up regulated which is in agreement with reports that 

found miR-21 expression enhanced in inflammatory diseases, and demonstrating 

a key role of miR-21 in the pro- and anti-inflammatory response, given the broad 

range of target genes affected by this miRNA [321]. We suggest that the over 

expression of miR-21 could be mediating Salmonella-triggered inflammatory 

response in MLN at different stages of the immediate, early, and late 

inflammatory response, as well as at the resolution phase. The function of miR-21 

is determined by various factors such as cell type involved, the inducing signal, 

and the transcriptomic profile of the cell [321]. The over expression of miR-21 in 

our S. Typhimurium-infected MLNs could be related with repression of IL1β 

expression, as it has been shown in other studies of inflammatory diseases [322], 

although the expression levels of IL1β were high in our results. This apparent 

disagreement is not necessarily contradictive to the nature of miRNA-mediated 

regulation, given that a single mRNA can be modulated by multiple miRNAs, and 

this regulation is  very complex, multi-factorial and time dependent (e.g. samples 

taken at different time points of infection would result in slightly different 

profiles, indirect regulation of miRNAs) [181].  

Other differentially expressed miRNAs from our study have also been related 

with inflammatory processes and bacterial infections [290, 323-325], such as miR-

143, miR-155, miR-150, miR-221 and miR-125a/b. miR-155 is important in the 

regulation of immunity and inflammation. is miR-155. Our results of miR-155 

being over expressed under pathogen-triggered inflammation are in agreement 

with existing literature after bacterial infections [143, 149]. Similarly to miR-21 

and miR-155, down regulation of miR-125a/b has been associated to an increase 

of inflammatory response after Salmonella infection [319]. 
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Interestingly for an antigen presentation organ like MLN, we identified miRNAs 

that could be regulating the expression of protein targets during S. Typhimurium 

infection. Down regulation of miR125a/b and miR-451a (regulating PSMB8); miR-

148a/b (regulating PDIA3 and HSP90B1); as well as miR-1 and miR-130a 

(regulating HSPA8) could be responsible of over expression of proteins involved 

in MHC-I and MHC-II presentation. From these, we validated that PSMB8 was a 

direct target of miR-125b. PSMB8, PDIA3 and  HSP90B1 are implicated in the 

protein processing in the immunoproteasome and endoplasmic reticulum in the 

MHC I class antigen presentation against bacterial infections [326]. Down 

regulation of miR-125a/b has been associated to inflammatory response against 

bacterial infection by activating macrophages, which make effector molecules 

(e.g. reactive oxygen, nitrogen intermediates) and inflammatory cytokines (e.g. 

IL1, TNF and IL6)  [290, 327, 328]. Our miRNA-protein integrative analysis 

highlighted that the down regulation of miR-125a/b regulates three proteasome 

components: PSMB5, PSMB8 (over expressed in our study) and PSMB9. These 

molecules share the MHC-I pathway with HSP90B1 and PDIA3, which are 

regulated by miR-148a/b and miR-1, respectively [326]. PDIA3 is part of the MHC-

I peptide loading complex, essential for export from endoplasmic reticulum to 

cell surface [329]. HSP90B1 is critical for the translocation of antigen across the 

endosomal membrane into the cytosol [330]. Therefore, in this study we observe 

that down regulation of miR-125a/b, miR-148a/b and miR-1 leads to over 

expression of proteins involved in MHC-I antigen presentation pathway. It is 

known that antigenic peptides presented by MHC-I are produced through 

cytosolic degradation of intracellular proteins by proteasome [331], and 

presentation of exogenous antigens has been classically attributed to MHC-II 

[332]. Simultaneously to MHC-I antigen presentation, we observed over 

expression of HSPA8 (HSC70) protein (target of miR-130a, down regulated in our 

study), which is involved in MHC-II antigen presentation. This protein plays a 
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central role in modulating antigen transport within cells to control MHC-II 

presentation [333]. Van Parys et al. described that some strains of S. 

Typhimurium have the capacity of down regulate MHC-II, increasing the bacterial 

persistence in tonsils and MLN [334]. However, we have demonstrated in a 

previous study that S. Typhimurium up regulated MHC-II by HSPA8 over 

expression, which was further confirmed by immunohistochemistry [54]. 

Although we observed over expressed antigen presentation MHC-I and MHC-II 

molecules, S. Typhimurium evades cell mediated immunity and is able to persist 

in MLN up to thirty days post infection [204, 334, 335]. Additionally, we observed 

over expression of miR-181a and miR-20a, which are inductors of T cell signaling 

that increase T cell activation through T cell receptor induction [336]. Thus, the 

miRNA-protein regulation results obtained in our study indicate that adaptive 

immunity is induced by MHC-I, which could be explained by the antigen cross 

presentation phenomenon, which is the ability of APCs to process exogenous 

antigens from microbial origin, and present them via MHC-I molecules [337].  

Since Salmonella is inside host cell phagosomes, its antigens are theoretically 

protected from cytosolic degradation by proteasome, unless the phagosome is 

able to cross present antigens [78]. In this alternative scenario, phagocytosed 

proteins reach cytosol by chaperone retrotranslocation mechanisms, and are 

subsequently degraded by proteasomes, binding MHC-I molecules and activating 

CD8+ T-cells [78, 332].  

Other mechanisms that control Salmonella spread into the host include cell death 

by apoptosis, autophagy and/or pyroptosis [54, 259, 338]. Over expression of 

miR-21 and down regulation of miR-125a (as in our results) lead to inhibition of 

apoptosis by BAX repression, and subsequent BCL2 induction (which is also over 

expressed in our study) [339-341] and direct interaction, respectively [342]. BCL2 

is a major regulator of apoptosis [343], thus in S. Typhimurium infected MNL, the 
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apoptotic processes are inhibited by miR-21 and BCL2 over expression. On the 

other hand, we found in our miRNA differential expression data set some miRNAs 

involved in autophagy [344], such as miR-30a, miR-204, miR-20a/b, miR-106 and 

miR-363 (miR-17 family members). So, we decided explore at the gene 

expression level three members of the autophagy pathway: BECN1, LC3 and 

SQSTM1. We found a down regulation of LC3, over expression of SQTM1 and we 

did not see any changes in BECN1. Hence, we did not perceive induction of 

autophagy in MLN after S. Typhimurium infection, given that BECN1 and LC3 are 

potent autophagy inductor genes, and SQSTM1 interferes with autophagy by 

binding to the LC3 [344, 345]. This result agrees with the down regulation of 

ACTR3, YWHAZ, VIM and STMN1, genes implicated in cytoskeletal rearrangement 

during the autophagic process [346, 347]. Our integrative analysis showed that 

over expression of miR-363 and miR-92b might be down regulating ACTR3; miR-

155, miR-363, miR-92b, miR-181b and miR-30b might be down regulating 

YWHAZ; miR-378a and miR-30b could be down regulating VIM; and miR-221 and 

miR-210 are likely implicated in down regulation of STMN1. Stahmin (STMN1) is a 

protein involved in cytoskeletal rearrangements that functions by binding to 

tubulin  heterodimers (microtubules), sequestering them and preventing them 

from being assemble into microtubules. It’s role on immune cells is contradictive, 

because its down regulation has been described as fundamental for microtubule 

stabilization and macrophage activation [348] and affects T cells polarization 

[349]. In our study we found that over expression of miR-221 and mir-210 could 

be affecting to down regulation of STMN1. Cytoskeletal rearrangements have 

been associated to dysregulation of these proteins in Salmonella infection. As 

part of their intracellular lifestyle, Salmonella survive and replicate within 

membrane bound vacuoles that interact with the host cell. After entry into host 

cells, Salmonella reverses actin cytoskeleton rearrangements (which are required 

for entry) and reduces inflammation [350]. ACTR3, VIM and YWHAZ are involved 
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in cytoskeletal rearrangements [351, 352]. Although the over expression of 

caspases (observed in our study) have been related with decrease of cytoskeletal 

proteins [353, 354], we observed in our study that the down regulation of these 

proteins could be caused by the over expression of miR-363, miR-92b (ACTR3); 

miR-155, miR-363, miR-92b, miR-181b, miR-30b (YWHAZ); miR-378a, and miR-

30b (VIM). Previous studies have shown that a high expression of IL1 and CASP1 

could indicate the induction of pyroptosis in MLN after S. Typhimurium infection 

[54]. The over expression of these genes were confirmed in our study, but we did 

not find any miRNA or protein related with this type of cell death mechanism; 

instead, we found an interaction between miR-30d and PPID, a potent inductor of 

necroptosis [355-357].  

In conclusion, integrative proteomic and miRNA analysis revealed that the 

miRNA-protein regulatory network is more complex than previously thought, 

highlighting that a single miRNA can regulate multiple target mRNAs and vice 

versa. Differential expression of miRNAs could be regulating the expression of 

proteins involved in networks critical for antigenic presentation, inflammatory 

response and cytoskeletal rearrangements through various signaling pathways. 

Our study provides novel evidence for functional molecular networks in MLN 

after S. Typhimurium infection.  
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CONCLUSIONS 

 

1. Our results revealed that jejunum, ileum and colon respond differently to 

infection. We observed a mild transcriptional response in jejunum, 

affected only at 2 dpi. The higher transcriptional response was obtained 

in ileum. 

2. S. Typhimurium colonization was higher in ileum at 2 dpi, where we 

found the strongest inflammatory response, which leaded to an 

upregulation of cytokines, chemokines and other inflammatory genes. 

3. Lipid metabolism and its related pathways (retinoid X receptor (RXR) 

related pathways such as LPS/IL-1 mediated inhibition of RXR function, 

LXR/RXR activation, FXR/RXR activation and hepatic cholestasis) were 

highly dysregulated by S. Typhimurium infection at 1 and 2 dpi in ileum, 

leading to the disruption of the normal lipid/bile acid absorption 

pathway. 

4. The small RNA sequencing of the S. typhimurium infection released an 

enormous amount of novel data in ileum and mesenteric lymph node, 

characterizing the host miRNAome more accurately than the expression 

microarray (better correlation with qPCR validation results).  

5. This study showed miRNA expression changes in porcine ileum and 

mesenteric lymph node induced by S. Typhimurium infection, and its 

possible effects in post-transcriptional regulation of target genes and 

immune response to bacterial pathogens. 

6. miR-194 represses YWHAZ (critical regulator of IL-6, TNF, CCL5, IFN and 

CCL3 expression), and TLR4 (one of the most important receptors of 

inflammatory response to S. Typhimurium). Thus, down regulation of 

miR-194 may increase the inflammatory response in ileum. 
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7. Down regulation of the miR-200 family, miR-194, miR-192 and miR-215 

induce epithelial mesenchymal transition in ileum after S. Typhimurium 

infection, supported by the up regulation of ZEB1/2 and SNAI1/2, and 

repression of p53. Additionally, the over expression of FOXA1 (target of 

miR-194) could be associated to renewal at the intestinal epithelial 

surface, since is a critical inductor of mucins and goblet cells’ 

proliferation. 

8. Over expression of miR-223 induces a buffering effect on inflammatory 

response, having a negative effect in the expression of its target genes  

TLR4, STAT3 and RAB10, which subsequently have a significant impact on 

expression of pro-inflammatory cytokines as IL8, IL6 and IL1A. 

9. In mesenteric lymph nodes from S. Typhimurium infected pigs we 

identified several differentially expressed miRNAs such as miR-21, miR-

143, miR-155, miR-150, miR-221 and miR-125a/b, involved in 

inflammatory processes and bacterial infections. 

10. Down regulation of miR125a/b, miR-451a miR-148a/b, miR-1 and miR-

130a (involved in over expression of PSMB8, PDIA3, HSP90B1 and HSPA8 

proteins) increased MHC-I and MHC-II antigen presentation in mesenteric 

lymph node.  

11. miR-21 up regulation and miR-125a downregulation inhibit cell death by 

apoptosis via BCL2 induction. However, we found that miR-30d down 

expression and PPID over expression induce cell death by necroptosis. 

12. Down regulation of miR-363, miR-92b, miR-155, miR-363, miR-92b, miR-

181b, miR-30b, miR-378a and miR-30b allow up regulation of proteins 

ACTR3, VIM, YWHAZ and STMN1, involved in cytoskeleton 

rearrangements necessary for phagosome formation and pathogen 

replication. 
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