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CHAPTER 1: INTRODUCTION 

 

1. INTESTINAL MUCOSA 

The main interfaces between the host and its external environment are the skin, 
the gastrointestinal and the respiratory tracts (Biancheri, Di Sabatino, Corazza, & 
MacDonald, 2012) and although the skin is the most visible site of interface, the 
intestinal mucosa is one of the largest surface areas of the body that is exposed to and 
interacts with the external environment.  
 

Intestinal tract has some of the most important functions for vital maintenance 
such as food processing, absorption of nutrient, and the defence against external 
aggression which is developed inside and outside of our intestine. For this exclusive 
mission, anatomical structure of intestinal tract has a particular complexity that let to 
carry out this difficult activity. 
 

The mucosa layer is constituted by the epithelium, the lamina propria and the 
submucosa, being the epithelium the nearest part from the lumen and the external 
aggression. Under the epithelium, lamina propria is a thin layer of connective tissue 
where immunological cells are located and where the immunity response is placed. 
Then, several muscular layers included in the intestinal structure, closed to a very 
complex net of neuronal connections (sympathetics and parasympathetics), arterian, 
venous and lymphatic vessels allow the intestine to respond mechanically to external 
conditions like stress or the presence of solids or liquids. At the end, covering the 
epithelium, mucosal secretion protects the epithelial cells and help to fulfil the 
intestinal mission (see figure 1)  

 

             
 

Figure 1.- Anatomy of the intestinal immune system in small and large intestine. IEL= 
Intraepithelial lymphocytes. IECs= Intestinal epithelial cells. There are several 
structural and functional differences between small and large intestine. The large 



Introduction 

 

 

16 

 

bowel differs in physical form from the small one, in its greater diameter and in its 
invaginations instead the evaginations of the small intestine (villi), among others. An 
IECs monolayer separates the gut lumen from the lamina propria. There are several 
types of IECs such as enterocytes, goblet cells, Paneth cells and enteroendocrine cells 
in the small intestine and enterocytes in the large intestine. The small intestine has 
areas of specialized epithelium and M cells that overlie the Peyer´s patches. Figure 
adapted from: (Abreu, 2010). 

 

 
The ability to keep the delicate balance between absorbing essential substances or 

nutrients while inhibiting entry and replying harmful elements is the main 
characteristic of the intestinal mucosal barrier. Thus, two main functions are attributed 
to the gastrointestinal mucosa: first, it concerned with digestion and absorption of 
dietary nutrients, and a second function with the defence against many harmful 
dietary substances, microbes and toxins (Jankowski, Goodlad, & Wright, 1994). Both 
are intimately connected because a deficient digestion of nutrient can produce a 
dysfunction in the immunological response. Moreover, this mucosal defence consists 
of non-specific barrier mechanisms and specific immunological responses, and are 
placed in the epithelium and lamina propria layers. Both elements contribute equally 
in both missions (see section 1.3.). 

 
Although the intestinal epithelial layer is the obvious physical frontier between the 

external and internal environment, there are other elements that form the intestinal 
mucosal boundary. 
 

1.1. External mucosal barrier components 
 

The first line of defence consists in limiting the contact between the luminal 
microbial community and the intestinal surface and therefore, prevents the 
penetration of most bacteria. This line of resistance embraces: i) the commensal 
microbiota; ii) the mucus layer; iii) secretory immunoglobulins (sIgA) and iv) the 
antimicrobial peptides. 
 

i) Commensal Microbiota 
 

Epithelial surfaces are under threat of potential harmful pathogens but they also 
give a refuge to many beneficial microorganisms and at the same time the intestinal 
mucosa has to deal with absorption and digestion of nutrients. Concerning that, it 
should be noted that the large intestine contains most of the microbiota while the 
small intestine is the main place for the others activities named beforehand (Reis & 
Mucida, 2012). 

 
 A large number of the microbes that altogether constitute the microbiota are 

highly advantageous for our health and well-being. The host and its symbionts seem to 
have co-evolved on the way to a mutually beneficial state of co-existence (Moran, 
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McCutcheon, & Nakabachi, 2008). This symbiosis exists to contribute to nutrient 
absorption, obstructs and inhibits pathogen invasion, as well as helps in the 
development and optimal functioning of the host immune system (Round & 
Mazmanian, 2009).  

 
Colonization of the gut starts immediately upon birth and it is developed by the 

largest population of symbiotic bacteria, nevertheless we must remember that archeal, 
fungal and viral species are also present. This community of bacteria is formed by 
about 1x1014 specimens  (Backhed, Ley, Sonnenburg, Peterson, & Gordon, 2005; 
Dethlefsen, McFall-Ngai, & Relman, 2007) with an estimated human microbiome 
contents of more than 1000 bacterial species, with more than 160 different species 
commonly present in each person (Qin et al., 2010). Anyway, there are predominantly 
four bacterial phyla adapted to the intestinal niche: Firmicutes, Bacteroidetes, 
Actinobacteria and Proteobacteria (Gill et al., 2006; Qin et al., 2010). 

 
Commensal bacteria develop its effects forming a resistance to pathogen 

colonization by the production of antimicrobial substances (such as bacteriocins), the 
alteration of luminal pH and directly competing against pathogens for nutrients. They 
also promote angiogenesis and the development of the intestinal epithelium (Artis, 
2008). 

 
These beneficial effects of the microflora have led to the selection of specific 

species with assumed health-promoting skills for the treatments of conditions where 
the gut bacteria compositions are disrupted. These microorganisms are known as 
probiotics and have been used in the prevention and treatment of gastrointestinal 
infections, inflammatory bowel disease and allergic diseases (Yan & Polk, 2012). 
 

ii) Mucus layer 
 
One mechanism to maintain the integrity of the intestinal mucosal barrier is the 

production of a thick mucus layer that overlies the entire intestinal epithelium. 
 
In the epithelium layer, the goblet cells secrete large amounts of Mucin 

glycoprotein (3 litres/day) (Jankowski et al., 1994), via the expression of the Mucin 2 
gene, that get together to form a protective gel-like layer that can have a thickness up 
to as much as 800 µm in the colon (Atuma, Strugala, Allen, & Holm, 2001). 

 
The bacteria have the option to use the high number of glycans on the mucins as 

attachment sites and all the oligosaccharides present on the mucins as an enormous 
food source (M. Johansson et al., 2011). Reciprocally, symbiotic bacteria are 
responsible to induce the production of mucus layer, since outer mucus layer of germ-
free mice is thicker than that of bacteria-colonized mice (M. E. Johansson et al., 2008). 

 
While the great number of microorganism in the lumen can be found in the outer 

mucus layer, there is an inner, protected and unperturbed layer that is directly 
adjacent to the epithelial surface and is rather sterile. This sterility is a product of the 
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retention of a high concentration of antimicrobial peptides (such as defensins, 
cryptidines, etc) produced by various intestinal epithelial types of cells, including 
enterocytes and Paneth cells above all (M. E. Johansson et al., 2008). 
 

iii) Secretory Immunoglobulin A (SIgA) 
 

IgA is a relatively small component of serum antibodies, nevertheless the 
abundance of IgA-secreting cells in normal mucosa means that this isotype actually 
constitutes at least 70 % of all immunoglobulin produced in mammals. In fact, gut 
mucosa constitutes the body’s largest effector organ of humoral immunity (Male, 
2006). The IgA appears to be related to innate immune responses (IgA induction by 
commensal intestinal microbes), and also to highly adaptive responses (functional 
neutralization of pathogenic molecules and microbes). 

 
The induction of mucosal IgA  secretion takes place mainly in the organized gut-

associated lymphoid tissue (GALT) and specifically in follicular B cells from Peyer ’s 
Patches above all (see section 1.3.). But there are additional mesenteric lymph nodes 
and isolated lymphoid follicles (ILFs) that also contribute to the generation of IgA-
producing plasma cells in the intestinal mucosa (Pabst et al., 2006).  

 
It was demonstrated that the expression of SIgA on the apical luminal surfaces 

(Jankowski et al., 1994) carry out an essential activity maintaining luminal bacteria 
compartmentalization and limiting the penetration of bacteria into the host. SIgA 
sequester the bacteria within the mucus and keep them away from the epithelial cells, 
which represents an additional mechanism to protect the epithelium apart from the 
layer of mucus loaded with antimicrobial peptides. SIgA also opsonizes luminal 
bacteria that become internalized into the lamina propia as a means of scrutinize the 
external environment (Macpherson & Uhr, 2004). This specific process is mediated by 
the dimerization of SIgA which has an abnormally large diameter in relation to its 
molecular weight, leading to restrict the penetration of IgA-coated microbes through 
the surface epithelium (Phalipon & Corthesy, 2003).  

 
Thus, the protective role of sIgA in the gut has been demonstrated in different 

studies. For example, the natural SIgA antibodies can inhibit early invasion and 
horizontal fecal-oral spread of Salmonella typhimurium (Wijburg et al., 2006) or the 
influenza infection is abrogated by IgA-neutralizing antibodies to the virus (Renegar, 
Small, Boykins, & Wright, 2004). However, take in consideration that IgA is highly 
induced in the gut but only in animals containing intestinal microbes since in those 
mice kept in a germ-free state the number of intestinal IgA-producing plasma cells is 1-
2 orders of magnitude lower (Mueller & Macpherson, 2006). 
 

iv) Antimicrobial peptides 
 

The antimicrobial peptide is one of the crucial effectors of the innate immunity, 
and is common in the multicellular organisms. In mammals, one family of antibacterial 
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peptides named defensins plays a central role in host defence, especially in the 
epithelial surface such as oral cavity, skin and intestine. Paneth cells, which are part of 
the epithelial cells, are the producers of antimicrobial peptides (defensins, cryptidines 
and lysozymes) in the small intestine and induce a negative feedback loop that limit 
bacterial access to the gut epithelial surfaces (Duerkop, Vaishnava, & Hooper, 2009). 
Paneth cell α-defensins have selective activities against commensal bacteria which 
could be associated with compositions of intestinal microbiota and homeostasis of the 
entire intestine (Masuda et al., 2011). In this sense, the expression of a human specific 
alpha defensin in the mouse dramatically changes the microbiota composition, 
including the loss of segmented filamentous bacteria (Salzman et al., 2010). Other  
antimicrobial peptide such as calprotectin in neutrophil granules, chelates zinc and 
manganese so it can be involved in host defence against bacterial infections (Corbin et 
al., 2008). 

 
Although the microbicidal action of antimicrobial peptides is often considered mild; 

concentrations in the crypts can reach levels sufficient for strong bacterial lysis (Ayabe 
et al., 2000). Recently, the importance of the antimicrobial peptides has been widely 
recognized; however, the role that they play in host defence to pathogens remains 
unknown. 
 

1.2. Intestinal epithelial cells 
 

The second line of defence is formed by the epithelium, a continuous monolayer of 
columnar epithelial cells that are connected together by several dynamic junctional 
complexes. This monolayer is constituted by four lineages that arise from a pool of 
pluripotent stem cells that are located at the crypt region of the intestine (Barker, van 
de Wetering, & Clevers, 2008). These cells include enterocytes, goblet cells, 
enteroendocrine cells and Paneth cells (see figure 1). While enterocytes are 
responsible of bidirectional traffic of substances, goblet cells are mucus secreting cells, 
enteroendocrine cells are responsible of hormone secretion (serotonin), and finally, 
Paneth cells are the antimicrobial peptides producers.  

 
This intestinal epithelium has two major functions; the first one is to limit the 

entrance of harmful intraluminal items, including foreign antigens, microorganisms 
and their toxins (Blikslager, Moeser, Gookin, Jones, & Odle, 2007). Second, to act as a 
selective filter, allowing the translocation of vital dietary nutrients, electrolytes and 
water from the intestinal lumen to the circulation (Blikslager et al., 2007).  

 
In this sense, the enterocytes mainly work as absorptive entities which have an 

extensive system of microvillar extensions at the apical surface that form the brush 
border which increase the contact surface between the luminal content and 
epithelium. They also contain many of the digestive enzymes and transporter 
receptors that are necessary in metabolism and uptake of dietary antigens (Barker et 
al., 2008) 
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1.3. Intestinal immunological system 

 
The mucosal immune system, developed in the higher mammals, is the first line of 

defense of the organism. The mucosal membranes are the main route of entry of 
microorganisms, allergens, and carcinogens so the host must protect itself against this 
threat. Nevertheless, absorption of nutrients and controlled uptake of antigens is 
crucial for life and for the maturation of the mucosal immune system. Consequently, in 
addition to physical barrier, well-regulated intestinal immune responses are necessary 
to meet this challenge (P. Brandtzaeg, 1998).  

 
The maturation of the immune system does not occur until 2-3 years of life. Until 

that age, the child has more infections than adult due to the predominance of 
immature T and B cells leading to a slow and incomplete immune response. As child 
comes in contact with new antigens through infection and the acquisition of an 
optimal microbiota, the child expands his immunological repertoire and creates his 
memory cells. This fact along with the appearance of antibodies allows a greater anti-
infectious defence with more rapid and effective immune responses (Martin et al., 
2010).  

 
In mucosal immune system there is a continuous immune activity, in contrast to 

what occurs inside the body (for example, in the spleen, liver or kidney), where the 
continuous presence of foreign agents on mucosal membranes is unendurable. In this 
sense, the mucosal immune system induces: a) a specialized response which generates 
tolerance against beneficial molecules; b) a no-sterilizing immune response to normal 
flora as a result of the adaptation to the environment and c) a sterilizing immunity 
against pathogens (Goto & Kiyono, 2012). This triple function determines the main 
differences between the internal immune system and the mucosal one. 
 

Anatomical and functionally, in the gastrointestinal mucosa are special sites or 
compartments for the stimulation of the immune response, known as inductive sites, 
and others in which immune function is developed, called effector sites. In each of 
these compartments of the intestinal mucosa, several cell types are located in a 
characteristic manner. As an example, 85% of total lymphocytes and 67% of 
immunoglobulin’s total production are linked to the intestinal mucosa immune system 
to regulate its high antigenic burden.  

 
The Inductive sites as GALT, which includes tonsils, Peyer’s patches, lymphoid 

follicles, appendix and caecal patch; whereas, the effectors’ sites include lamina 
propria and epithelial layer (see figure 2) (Per Brandtzaeg & Pabst, 2004). Innate and 
adaptive immune cells are accumulated in these mucosal immune compartments and 
they are coordinated to keep a state of limited mucosal activation (oral tolerance) and 
to initiate active immune responses to harmful microbes (Slack et al., 2009). 
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 Figure 2.- Inductive and effector sites in the gastrointestinal mucosa. 
 

 
The gut-associated lymphoid tissue (GALT) is the most important inductive place of 

the mucosal immune system. It is formed by organized and specialized lymphoid tissue 
with anatomical features that differentiates it from other secondary lymphoid tissues 
(not have a defined capsule or afferent lymphatic vessels).  It contains well-defined 
structures such as Peyer's patches which are the most recognised inductive sites of the 
GALT (see figure 2). 

 
Thus, Peyer´s patches are the major portal of entry of bacteria, and together with 

mesenteric lymph nodes, constitute the major IgA inductive site in the intestine. They 
are preferentially located in the lowest portion of the small intestine but they can also 
be found in the ileum, and also in the rectum (Craig & Cebra, 1971). Peyer’s patches 
development occurs during fetal life independently of gut colonization by bacteria and 
they consist of a germinal center comprised of several B lymphocytes follicles 
surrounded by areas containing lymphocytes T (T cells), macrophages and dendritic 
cells (DCs) and also high endothelial venules are mainly present in the interfollicular 
areas (Fagarasan, Kawamoto, Kanagawa, & Suzuki, 2010; Hase et al., 2009). Moreover, 
the microfold cells (M cells) are coating the surface of Peyer´s patches and they are 
responsible for checking the intestinal tract contents. M cells are inefficient at up-
taking soluble protein antigens but they are specialized in taking up particulate 
antigens or those antigens for which these cells express receptors (eg, poliovirus). M 
cells are specially designed to continuously sample luminal contents through 
endocytosis and deliver them to underlying macrophages (Corr, Gahan, & Hill, 2008).  
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Intestinal macrophages are the largest population of mononuclear phagocytes in 
the gut, especially in the large intestine. They are mainly located in the lamina propria, 
adjacent to the epithelium, but they can be found all over the gut tract both in the 
mucosa, submucosa and muscularis mucosae (A. M. Mowat & Bain, 2011). Some of 
them, that are positive for the marker CX3CR1 (the receptor for the chemokine 
CX3CL1), can also extend dendrites through the epithelium to actively sample bacteria 
and soluble antigens from the intestinal lumen. This fact together with the expression 
of class II major histocompatibility complex (MHC-II) and CD11c explain the 
misclassifying of intestinal macrophages as DCs that have been done until a few years 
ago (Bogunovic et al., 2009; Niess et al., 2005; Rescigno et al., 2001).  However, the 
identification of new and more specific markers present in these CX3CR1+ cells, such 
as F4/80, CD68 and Ly6C (Bain et al., 2012; Rivollier, He, Kole, Valatas, & Kelsall, 2012) 
have let to accurate characterize these intestinal macrophages (CX3CR1+ CD103- 
CD11c+ MHC-II+ F4/80+ CD68+ Ly6c+). In addition, these cells have a different 
ontogeny in the intestine and appear to be derived from monocytes contrary to 
CD103+ CX3CR1- DCs which have the named pre-DC as the specific precursor 
(Bogunovic et al., 2009; Varol et al., 2009). 

 
Unlike blood monocytes or macrophages present in other tissues, the most of 

resident intestinal macrophages express low levels of co-stimulatory molecules (CD40, 
CD80, and CD86), low levels of MHC-II and they do not produce inflammatory 
cytokines in response to TLR (Toll-like receptor) ligands, whole bacteria, or 
nonmicrobial stimuli such as interferon-γ (IFNγ) (Rivollier et al., 2012). This means that 
these cells are not able to contribute to effector T cell activity but they product IL-10. 
IL-10 support the survival of local Foxp3+ regulatory T cells (Treg cells) (Hadis et al., 
2011). All these facts together with other local factors keep resident macrophages in a 
state of partial activation that lets them to internalize and kill microbes, help to 
protective immunity, and maintain homeostasis (Platt & Mowat, 2008). After epithelial 
damage, or pathogenic invasion, the mucosa is infiltrated by a great number of 
inflammatory macrophages which express lower levels of CX3CR1, are TLR-responsive 
and they are derived from recently divided inflammatory CX3CR1lo Ly6Chi CCR2+ 
monocytes in the bloodstream. Inflammatory macrophages produce large amounts of 
pro-inflammatory mediators including tumor necrosis factor alpha (TNFα), interleukin-
1 (IL-1), IL-6, and nitric oxide that drive local inflammation and promote the function of 
effector T cells. Consequently they are also important effectors cells in some 
pathologies such as inflammatory bowel disease (IBD) (Bain et al., 2012). 

 
In contrast to intestinal macrophages, DCs express high levels of CD103 and low to 

intermediate levels of F4/80 and CX3CR1. They have the skill to migrate to the gut 
draining mesenteric lymph nodes where they can interact with and cause 
differentiation of naïve T cells, after the presentation of the antigen that it has been 
previously processed by DCs. DCs, therefore, initiate adaptive immune responses in 
local lymph nodes, whereas CX3CR1+ macrophages are able to modulate immune 
responses directly in the mucosa and serve as first line barrier against invading 
pathogens (Schulz et al., 2009).  
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Finally, in these inductive sites the naïve T and B cells are normally found in Peyer´s 
patches (see figure 2). After being activated, naïve T and B cells proliferate and become 
memory/effector cells that migrate from GALT to mesenteric lymph nodes through the 
lymph (P. Brandtzaeg, 2010). From mesenteryc lymph nodes, T and B cells travel 
through the blood and reach other mucosal areas. Activated cells reach the mucosa to 
experiment their last differentiation and become effector cells, either plasma cells 
producing antibodies in the case of B cells or cytokine-producing cells in the case of T 
cells (see figure 2). Mucosal sites that hold effector and memory cells are called 
effector sites which include for example lamina propria in the gut tract (Slack et al., 
2009).  

 
In the standard gastrointestinal tract, T cells represent one-third of the cells in 

the lamina propria; the phenotypic distribution of CD4+ and CD8+ T cells in this area is 
similar to what occurs with peripheral blood lymphocytes, with a supremacy of CD4+ 
and αβ-T cell receptor (TCR)-positive cells. Finally, the plasma cells that produce IgA 
are in equal percentage to T cells (Macdonald & Monteleone, 2005).  

 
The fact that the epithelial layer of the small bowel contains a ratio of about 1 T 

cell for every 10 epithelial cells, and in the colon the proportion is 1:20, lead us to think 
that these T-cell population which is called intraepithelial lymphocytes (IELs) are 
extremely important for gut mucosa. IELs are very heterogeneous, and the various 
subsets are spread differently in the epithelium of the small and large intestine which 
is probably influenced by the different digestive functions and the physiological 
conditions (Sheridan & Lefrancois, 2010). However, these IELs also share features that 
distinguish them from the conventional periphery T cells. Gut IELs are almost only T 
cells, and include a relevant percentage of TCRγδ+ cells, which can constitute up to 
60% of small intestinal IELs in mice although the proportion in humans is smaller 
(Abadie, Discepolo, & Jabri, 2012; Bonneville et al., 1988). They are mainly antigen-
experienced T cells belonging to both TCRγδ+ and TCRαβ+ lineages, that 
characteristically express activation markers, such as CD44 and CD69 (Cheroutre, 
2004). In addition, IELs express CD103 which interacts with E-cadherin (epithelial 
cadherin; transmembrane protein expressed on enterocytes that plays a key role in 
cell adhesion), allowing cell-cell interactions with epithelial cells. A good review of the 
different subsets of IELS in the gut mucosa have been recently described by Cheroutre 
and coworkers (Cheroutre, Lambolez, & Mucida, 2011). 

 
IELs offer immediate and increased immune protection to avoid initial access 

and spreading of pathogens by their straight contact with the enterocytes and by their 
immediate closeness to antigens in the gut lumen. Consequently, the most of IELs 
contain abundant cytoplasmic granules for cytotoxic activity, and they can express 
effector cytokines, such as IFNγ, IL-2, IL-4 or IL-17 (Muller, Buhler-Jungo, & Mueller, 
2000; Shires, Theodoridis, & Hayday, 2001) which can be released to fight against the 
foreign antigen.  

 
However, IELs also need to display regulatory functions and avoid unnecessary 

inflammatory immune responses that could put in danger the integrity of the barrier; 
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because of that reason, they characteristically express both activating and inhibitory 
types of innate natural killer cell receptors, which typify them as stress-sensing 
although highly regulated immune cells (Bhagat et al., 2008; Denning et al., 2007). In 
this sense, TCRγδ+ natural IELs have been implicated in various regulatory roles, 
including: antibody class switching and IgA production, IL-10-dependent oral tolerance, 
and clearing necrotic epithelium and mending damaged epithelium (Komano et al., 
1995; Locke, Stankovic, Funda, & Harrison, 2006). 

 
Despite all the beneficial actions that IELs develop, their elevated activation 

status and their close nearness to the intestinal epithelium suggest that these cells 
may contribute to initiate and/or exacerbate immunopathological responses and 
inflammatory diseases, such as IBD and coeliac disease, or promote cancer 
development (Abadie et al., 2012; Kanazawa, Ishiguro, Munakata, & Morita, 2001). In 
fact, the induced IELs population gradually increases with age (together with several 
pathologies) in response to exposure to foreign antigens and this fact allows the 
mucosal immune system to acquire an almost personalized mucosal immune catalogue 
that is directed against those environmental antigens that are most likely to be met 
again by a particular individual (Manzano, Abadia-Molina, Garcia-Olivares, Gil, & 
Rueda, 2002). 

 
 Apart from effector IELs, the epithelium contains another T-cell population, the 

regulatory T cells (Treg cells). Naturally arising Treg cells represent 1% to 2% of 
peripheral CD4 T cells and it is supposed that they preserve tolerance toward self-
antigens. Inducible Treg cells, which like naturally Treg cells express Foxp3+, develop 
from naïve CD4 T cells in the presence of TGF (transforming growth factor)-1 (Fantini et 
al., 2004; Rao, Petrone, & Ponath, 2005).  Treg cells include T cells that express the 
transcription factor forkhead box protein 3 (Foxp3+), Th3 cells and Tr1 cells (Fontenot, 
Gavin, & Rudensky, 2003; Kronenberg & Rudensky, 2005). Treg cells produce a high 
amount of IL-10 and therefore they play a key role in induction and keeping of 
immunological tolerance (Veenbergen & Samsom, 2012). IL-10 is a potent cytokine 
with antiinflammatory and immunoregulatory functions. It downregulates the 
production of Th1 cytokines (such as TNFα, IL-1, IL-12, and IFNγ) and it decreases the 
expression of MHC-II and costimulatory molecules on DCs, maintaining them in a 
tolerogenic state. Moreover this cytokine regulates the activation of mast cells, as well 
as directly suppress T-cell proliferation (R. A. Peterson, 2012). In recent years it has 
strongly arisen a theory in which mucosal inflammation comes from an inadequate 
activity of Treg cells. In this model, effector T cells, which react to the microbiota or 
other antigens, are kept in check by a population of Treg cells; therefore, imperfections 
in these cells lead to gut inflammation (Schmetterer, Neunkirchner, & Pickl, 2012). 
Thus, as a conclusion, it has been suggested that the differentiation of the adaptive 
immune response conducts to the destruction of pathogenic antigens or the activation 
of tolerogenic responses to innocuous antigens (P. Brandtzaeg, 2010) and a 
deregulation of destruction/tolerance mechanisms against antigens can lead to several 
pathologies. 
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At the end, it is important to mention that apart from the mucosal immune system, 
there are nonspecific defence systems which are of critical importance to maintain a 
healthy state and they include gastric acid, bicarbonate and mucus secretion, intact 
epithelial layer forming tight junctions, digestive enzymes, peristaltic movement, 
alternative complement pathways, phagocytes, and antimicrobial peptides (M. 
Johansson et al., 2011; Masuda et al., 2011). All of those mechanisms participate in the 
prevention of infection, control of invasion, and replication of pathogens and maybe 
allergen exposure within the intestinal tract. 
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2. PHYSIOLOGICAL RESPONSE TO FOREIGN SUBSTANCES 

 

Physiological behavior against the presence of stranger molecules (antigen or 
allergen) will be different depending on the place (skin or mucosa) and the 
characteristics of the milieu where the contact has been produced. In non-pathological 
conditions, the inflammatory and immunological responses are developed resulting in 
the destruction of attacker agent (bacteria, viruses, parasites, etc.) and the 
reconstruction of damage tissue (see section 2.2.1.). In other situations, organism’s 
response includes induction of immunoglobulin E (IgE) specific antibodies with a 
typical allergic reaction that will be reproduced every time the agent contacts with the 
body (see section 2.2.2.). Also, a chronic inflammation can occur when a deficient anti-
inflammatory response or excessive immune response had been developed leading to 
several pathologies including allergy or inflammatory bowel disease (IBD) (see section 
2.2.2. and 2.2.3.). 

 
Thus, in normal conditions, the physiological response to a foreign agent is the 

absence of response, called “immunological tolerance”, that is very important to live in 
harmony with our symbiotic microflora and to permits mutual benefits. The “oral 
tolerance” occurs in the gastrointestinal tract for the oral contact with food protein 
and antigen. Tolerance is also the physiological mechanism to discriminate self and 
non-self-protein to trigger the immunological defense only against non-self-
components. When tolerance is broken, autoimmune and other inflammatory diseases 
are developed (Faria & Weiner, 2005) (see section 2.2.).  
 

2.1 Oral tolerance 
 
Gut homeostasis is accomplished not only by the regulation of barrier function but 

also by down-regulating the normal immune response to bacteria and food antigens 
through different immune cells such as the intestinal epithelial cells which play a key 
role in the maintenance of the intestinal homeostasis (L. W. Peterson & Artis, 2014). 
This last event was named “oral tolerance” because it is induced after oral challenge 
with particular antigens.  One of the most accepted definitions of “oral tolerance” was 
given by Chase in 1946 and it refers to a state of active inhibition of immune responses 
to an antigen by means of prior exposure to that antigen through the oral route (Chase, 
1946)  This circumstance was first described in animals but it also exists in human, and 
it is important to highlight that it confers not only a local tolerance but also a systemic 
one against orally given antigens (Gutgemann, Fahrer, Altman, Davis, & Chien, 1998; 
Nagler-Anderson, 2000). Oral tolerance is a strong adaptive immune function because 
people absorb considerable amounts of intact food antigens after meals, 
corresponding to 10-5 of the intake reaching to a daily uptake of 130-190g (Scurlock, 
Burks, & Jones, 2009). The importance of food proteins to systemic immunity can also 
be realized by the fact that up to 0.5% of ingested proteins can be found intact, a few 
hours after ingestion, in blood circulation (Husby, Jensenius, & Svehag, 1985). 
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The induction of oral tolerance has been demonstrated that depends on several 
mechanisms including clonal anergy, clonal deletion and the generation of antigen-
specific Treg cells (Chen, Kuchroo, Inobe, Hafler, & Weiner, 1994; Whitacre, Gienapp, 
Orosz, & Bitar, 1991). Briefly, T cell clonal anergy is promoted by a set of stimuli like 
actuation of IL-10 and/or the presence of intercellular adhesion molecule-1/leukocyte 
function antigen-1 (ICAM-1/LFA-1) among other (Schwartz, 2003). Clonal deletion is 
characterized by an increase of T cells apoptosis followed by phagocytosis and 
induction of TGFβ from macrophages. Finally, generation of Treg cells is induced by 
anti-inflammatory cytokines TGFβ and IL-10 secreted by intestinal resident 
macrophages which participate in maintenance of oral tolerance (Faria & Weiner, 
2005). 
 

At the beginning, it was generally accepted that feeding of a high dose of antigen 
results in tolerance obtainment mediated by T cell clonal anergy and apoptosis 
(deletion), whereas low doses would favour active suppression leading to the 
induction of Treg cells (Melamed & Friedman, 1993; Tsuji, Mizumachi, & Kurisaki, 
2001). For ethical reasons, the existence of mucosal induced tolerance in humans is 
based mainly on circumstantial evidence, however, it is now admitted that both 
mechanisms may take place simultaneously and cannot be completely differentiated 
(von Boehmer, 2005). It is also important to remark that mucosal and systemic 
immune responses are mainly stimulated by particulate antigens, captured through M 
cells in the GALT, whereas soluble dietary antigens, transported by enterocytes, are 
the responsible probably of inducing tolerance (P. E. Brandtzaeg, 2002). 

 
In fact, recent studies have further clarified induction and effector phases of oral 

tolerance. It is considered that antigen-sampling by lamina propria APCs (including 
CX3CR1 macrophages) followed by transporting and presentation by migratory 
CD103+CCR7+ cells in the mesenteric lymph nodes is crucial for the generation of 
Foxp3+ Treg cells (crucial cells to oral tolerance induction) (Coombes et al., 2007). It 
has also been exposed that after Treg cells induction, their migration to the lamina 
propria and expansion mediated by CX3CR1+ macrophages is essential for the effector 
phase (Hadis et al., 2011). The result of the immune response can differ from no 
detectable response to the induction of antigen-specific antibodies in large amounts 
depending on many factors such as the genetic background of the individual, the 
nature of the antigen or its resistance to protease. 
 

2.2 Breakdown of oral tolerance 

 
Among mechanisms of defence in our body it can be found external physical 

barrier as skin and mucosal, chemical barrier as stomach pH and biochemical defences 
as inflammatory response which involve cells, cytokines and soluble proteins that try 
to destroy the external invader (viruses, bacteria, and fungi) and also internal 
dysfunction (cancer). The main characteristic of inflammatory response is the high 
speed and efficacy of response. However, inflammatory response includes an opposite 
anti-inflammatory reaction to control the tissular damage that inevitably occurs during 
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the biological fight. To finish the inflammatory reaction, an intense reconstruction 
takes place to repair the inflamed zone. 
 

2.2.1. Inflammatory response 
 

 Inflammation can be classified as either acute or chronic. Acute inflammation is 
the initial response of the body to harmful stimuli and is achieved by the increased 
movement of plasma and leukocytes (especially granulocytes), neutrophils (primarily), 
basophils (inflammatory response), eosinophils (response to helminth worms and 
parasites), and mononuclear cells (monocytes, macrophages) from the blood into the 
injured tissues. A cascade of biochemical events propagates and matures the 
inflammatory response, involving the local vascular system, the immune system, and 
various cells within the injured tissue; this response is immediate and last for few days 
and can result in to resolution of the inflammatory process, to an abscess formation or 
to a chronic inflammatory process (see table I). Prolonged inflammation, known as 
chronic inflammation, leads to a progressive shift in the type of cells present like 
mononuclear cells (monocytes, macrophages, lymphocytes, and plasma cells), 
fibroblasts at the inflammatory loci and is characterized by simultaneous destruction 
and healing of the inflamed tissue; this response are delayed and can take months or 
years to end, the outcomes of this process can give rise to the tissue destruction, 
fibrosis and necrosis  (Table I) (Singer AJ, et al. 1999), that can develop into different 
pathologies such as allergy, inflammation and autoimmune diseases.  
   

 Table I. Division in the immune system 

 Acute inflammation Chronic inflammation 

Causative 
agent 

Bacterial pathogens, injured tissues Persistent acute inflammation due 
to non-degradable pathogens, viral 
infection, persistent foreign bodies 
or autoimmune reactions 

Cells involved Neutrophils (primarily), basophils 
(inflammatory response), eosinophils 
(response to helminthic worms and 
parasites), mononuclear cells 
(monocytes, macrophages) 

Mononuclear cells (monocytes, 
macrophages, lymphocytes, plasma 
cells), fibroblasts 

Primary 
mediators 

Vasoactive amines, eicosanoids IFNγ and other cytokines, growth 
factors, reactive oxygen species, 
hydrolytic enzymes 

Onset Immediate Delayed 

Duration Few days Up to many months or years 

Outcomes Resolution, abscess formation, 
chronic inflammation 

Tissue destruction, fibrosis, 
necrosis 

  
 
Acute inflammation is initiated by an injury which activates some resident cells 

in tissues such as mastocytes, macrophages and dendritic cells. These cells express 
different intracellular and membrane receptors known as pattern recognition 

http://en.wikipedia.org/wiki/Blood_plasma
http://en.wikipedia.org/wiki/Leukocyte
http://en.wikipedia.org/wiki/Granulocyte
http://en.wikipedia.org/wiki/Vascular_system
http://en.wikipedia.org/wiki/Immune_system
http://en.wikipedia.org/wiki/Healing
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receptors (PRR) that are activated by several conserved structural motifs, known as 
pathogen associated molecular patterns (PAMPs), which are present on bacteria, virus 
etc. One of the principal PAMP is the Lipopolysaccharide (LPS), the major component 
of the outer membrane of Gram-negative bacteria (Nurtanio & Yang, 2011; Shibolet & 
Podolsky, 2007).  
 

Briefly, in this acute inflammation, the main components are changes in flow and 
vascular calibre, increased vascular permeability and inflammatory exudates and also 
the passage of leukocytes from the vascular space to the extravascular (Table I). The 
origin of these disorders is due to the release of chemical mediators such as TNFα, IL-8, 
IL-6, IL-1, prostaglandin E2 (PGE2) and nitric oxide (NO). These substances also 
participate in the activation of leukocytes, inducing phagocytosis and bacteria lysis. 
The activation of coagulation system, fibrinolysis and complement enhance the 
inflammatory process. Increased expression of adhesion molecules on endothelial 
cells, such as ICAM-1, VCAM-1 (vascular adhesion molecules class I) or E-selectin 
facilitates diapedesis (migration of immune cells to inflammatory loci). In the first 6 to 
24 hours, neutrophils are found in local inflammation but they are replaced by 
monocytes and macrophages arriving at loci within 24 hours (Kolaczkowska & Kubes, 
2013). These cell types are responsible to phagocytise microorganisms, altered cell and 
tissue debris (Table I). At this stage the acquired immune response is triggered by 
antigens, resulting from phagocytosis by macrophages, DCs and B cells when the 
innate immune response is not capable to eliminate the pathogen or eradicate the 
inflammation. These antigens are displayed by APCs through their MHC-I or MHC-II to 
CD8+ cytotoxic T cells or CD4+ helper T cells respectively (Sherwood & Toliver-Kinsky, 
2004). Then, naïve T helper cells can be activated by MHC-II antigens in macrophages 
or DCs or by the presentation of the antigen by B cells. In each of these cases the T 
cells are known by different names: Th1, Th2 or Th17 cells respectively.  Thus, the 
decision of which phenotype will acquire T cells is determined by the co-stimulatory 
signals (Kuchroo et al., 1995). The immune response is also regulated by the cytokines 
environment being this the deciding factor in the differentiation to one or another 
phenotype (Th1, Th2 or Th17). According to that, IL-12 together with IL-18 (both 
produced by APCs) induce Th1 differentiation; IL-4 (released by natural killer (NK) cells, 
mast cells, basophils and mature CD4+ cells) is responsible for Th2 development; and 
IL-23 (secrete by macrophages and DCs) conduce to Th17 cells (Ghilardi & Ouyang, 
2007).  

 
Moreover, it was established in the past that Th1 and Th2 cells inhibit each other 

by the cytokines they release. For example, activated Th1 cells produce IFNγ, a 
cytokine capable to activate macrophages which will phagocyte the pathogen once 
again. If the cell mediated response occurred, IFNγ in addition to activate 
macrophages, it will inhibit the antibody response by the plasma cells.  Furthermore, 
Th2 cells can cooperate with and can activate B cells by the release of cytokines (IL-4, 
IL-10 and IL-13). These cytokines will induce B cells to proliferate and to give rise to 
memory cells and plasma cells that will produce antibodies against these specific 
pathogens. When this antibody response takes place, IL-10 produced by Th2 cells will 
prevent Th1 cells form producing IFNγ, suppressing the cell mediated response once 
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the tissue is clear of invaders, leading to inflammation resolution. However, some 
experiment has put in evidence that a clear separation does not exist among both 
ways of responses, significantly in complex intestinal human pathologies (Zenewicz, 
Antov, & Flavell, 2009). Moreover, it seems that the Th1/Th2 balance is also regulated 
by more recently characterized CD4+T-cell subtypes, Treg cells, which down-regulate 
both types of immune responses by secreting TGFβ (Th3 cells) and IL-10 (Tr1 cells) 
(Allez & Mayer, 2004). 

 
Chronic inflammation is characterized by the cellular infiltrate, mainly 

macrophages, lymphocytes and plasma cells, overriding the formation of fibrous 
tissue. This process of chronic inflammation can occur for various reasons such as the 
progression of acute inflammation or recurrent episode of inflammation by acute and 
frequent intracellular infections. Most of the cases lead to chronic pathologies such as 
arthritis rheumatoid, asthma, IBD and cancer among others (Garn, Neves, Blumberg, & 
Renz, 2013; Rieder & Fiocchi, 2009).  
 

Lymphocytes play an important role in this type of inflammation which is present 
in continues manner in the locus, using substances produced by macrophages to their 
migration. Consecutively, secrete IFNγ (activator of macrophages) establishing the 
basis for the persistence of the inflammatory reaction. Macrophages also produce 
biologically active substances such as TNFα and IL-1β, among others substances, that 
can cause damage when produced in an uncontrolled manner. The accumulation of 
macrophages persists in chronic inflammation for the continued recruitment of 
monocytes from blood flow to the inflammatory loci. They will differentiate in 
macrophages after migration and proliferate in the inflamed area (Table I). On the 
other hand, plasma cells produce antibodies against the antigen that persist in the 
inflamed area or against altered tissue components. All of this produces a vicious cycle 
that leads to chronic inflammation in which all immunological cells are involved 
(Matsuzaki et al., 2012).  

 
Therefore, in summary, mucosal tissue homeostasis results from the perinatal 

establishment of mucosal induced immune tolerance. Perinatal defects in the 
induction of mucosal tolerance are associated with the later development of different 
pathological situations such as intestinal inflammatory diseases, for instance IBD, food 
allergy and also celiac disease; autoimmune diseases (such as rheumatoid arthritis, 
type 1 diabetes and systemic lupus erythematosus) and chronic inflammation of the 
respiratory mucosa (Fasano, 2011; Tulic et al., 2011). Some of these pathologies are 
described below. 
   

2.2.2 Allergic response 
 

The allergic diseases are specific inflammatory disorders in which susceptible 
individuals have an aberrant immune response to innocuous environmental antigens. 
The decision of the immune system to respond to allergens is highly dependent on 
factors including the type and load of allergen, behaviour and type of APCs, innate 
immune response stimulating substances in the same micro-milieu, the tissue of 
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exposure, interactions between T and B lymphocytes, co-stimulators, and genetic 
propensity known as atopy. In summary, among Th2-type cytokines, IL-4 and IL-13 are 
responsible for class switching in B cells, which results in production of allergen-
specific IgE antibodies that bind to specific receptors on mast cells and basophils.  After 
re-exposure to the sensitized allergen, this phase is followed by activation of IgE Fc 
receptors on mast cells and basophils resulting in biogenic mediator release which is 
responsible for the symptoms and signs of anaphylaxis (see figure 3) (Stone, Prussin, & 
Metcalfe, 2010). 

 
Although mast cells are the most important effectors in early allergic response 

through histamine production, Th1 and Th2 cells are also present in delayed reactions 
of atopic persons. Histamine, TNFα, IL-3, IL-5 and granulocyte-macrophage colony-
stimulating factor (GM-CSF) are also released after stimulation of mast cells and are 
responsible of early and delayed-phase allergic symptoms, as well as of Th2 cells 
activation. Th2 lymphocytes induce eosinophils activation playing an essential role in 
the physiopathology of some diseases as eosinophilic gastroenteropathies or allergic 
asthma. Moreover, they are present in non-IgE allergic response. The presence of Th1 
cells is complex and their appearance has been described in chronic lesions of atopic 
dermatitis patients (Montero Vega, 2006). 

 

 
 

Figure 3.- General mechanism of allergy development. The allergy development occurs 
in various stages. Firstly the allergen is internalized, an antigen presenting cells present 
it to T cells that by cooperation T-B makes specific IgE secretion. These 
immunoglobulins will fix to the mast cells surface and when a second exposure to the 
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allergen will take place, it will bind to specific IgE and finally there will occur the mast 
cell degranulation will be given. 

 

i) Food allergy: Cow’s milk protein allergy 

 
In 2010, the National Institute of Allergy and Infectious Diseases (NIAID, USA) 

published some guidelines were “food allergy” was defined as an adverse health effect 
arising from a specific immune response that occurs reproducibly on exposure to a 
given food. And food is described as anything designed to human consumption (Boyce 
et al., 2010). 
 

Food allergy is a rising healthcare topic. Approximately 20% of the population of 
industrialized countries such as the United States, the United Kingdom and Germany, 
has experienced adverse reactions to food but only 1/3 of the reactions in children and 
1/10 in adults are real food allergy in which there is an unusual immunological reaction 
to food. So, true food allergies are supposed to affect up to 6-8% of children younger 
than 10 years of age and 1-4% of adults with nuts, fruits and milk as the most common 
causes. Cow’s milk protein allergy (CMPA) is the leading cause of food allergy in infants 
and young children under three years of age. However, true CMPA seems to have the 
highest incidence in the first year of life, with a prevalence of around 2% to 3% in the 
infant population. It then falls to <1% in children 6 years of age and older (Rona et al., 
2007; Sicherer, 2011). 

 
The reasons for the increased prevalence of allergic diseases during the past few 

decades are not completely clear yet, but it was suggested that the greater level of 
hygiene in urbanized populations in industrialized countries could play a fundamental 
role which was called “the hygiene hypothesis”. According to this theory, modern 
hygiene, and dietary and medical practices affect the composition of the gut 
microbiota and limit exposure of infants to pathogens which are helpful to the correct 
development of the immune system. This change in the microbiota, in combination 
with genetic and epigenetic factors, influences not only the epithelial mucosal barrier 
but also perinatal maturation of the immune system, leading to disease susceptibility 
(Guarner et al., 2006). This hypothesis is sustained by the findings that probiotics such 
as lactobacilli and bifidobacteria strains can increase IgA responses in a T-cell 
dependent way and that non-pathogenic Escherichia coli or Lactobacillus rhamnosus 
GG reduce infection and protect against the progress of food-induced atopic dermatitis 
(Kalliomaki, Salminen, Poussa, Arvilommi, & Isolauri, 2003). 

 
However, this hypothesis does not explain why a bigger Th2 reaction associated 

with inflammatory reaction or autoimmune diseases exists. It is proposed that any 
type of stimulations by pathogens, with Th1 or Th2 responses, induce Treg cells 
productions that control aberrant immune responses. Also, microbiota can induce this 
regulatory cells that control immune responsiveness. So, a drop in Treg cells 
production takes place in the reduction of contact with microorganisms and a failure in 
tolerance is originated (Montero Vega, 2006). 
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In food allergy, an increase in gut permeability has been observed, breaking the 

first physical barrier against foreign substances. This fact can be the origin or the 
consequence of allergic food reaction.  Intestinal permeability is increased in two 
phases: fisrt, by a rise of transcellular permeability (transport of molecules of 
molecular weight (MW) > 600 Da (such as food antigens, peptides) through the 
epithelial cells) (Laiping So et al., 2000) that permit entry of allergen-IgE complex via 
the low-affinity IgE receptor (CD23, FcεRII) expressed on enterocytes. This form 
protects the allergen of metabolism into enterocytes.  And a second phase where 
paracellular permeability (transport in the space between epithelial cells) has been 
enhanced by the presence of activated mast cells whose secretion of chymases affects 
tight junctions and open the otherwise sealed paracellular route. Histamine, TNFα, IL-
13 and IL-8 secreted also from mast cells, influences in the intestinal permeability too. 
This increase of paracellular permeability triggering a massive passage of allergen 
molecules results in more severe local and systemic reactions (Perrier & Corthesy, 
2011).  

 
IgE-dependent food allergy can affect different organ systems such as the oral 

cavity and digestive tract, the skin, the respiratory tract and the cardiovascular system. 
The symptoms of allergy vary from slight inconveniences to life-threatening reactions if 
an anaphylaxis event occurs. Thus, food allergies manifest mainly with gastrointestinal 
(GI) symptoms in up to 50% of patients (Crespo & Rodriguez, 2003). The best 
characterized abnormal immunologic reaction to food is an immediate IgE-mediated 
hypersensitive to food allergens, also named as hypersensibility type I reaction. IgE 
production from B-cells is dependent of Th2-secreted cytokines (IL-4 and IL-13). But It 
also exists a non-IgE mediated food allergy form which is characterized by a delayed 
response with intestinal symptoms (diarrhoea) associated to TNFα production 
(Jyonouchi, 2012). 

 
Related to the pathogenesis of the food allergy there is a continuous question with 

controversial answers and it is if alterations in intestinal permeability are the cause or 
the consequence of food allergy. This abnormality has been described in most 
inflammatory digestive diseases and although allergic inflammation leads to epithelial 
disorder with altered antigen handling most studies have resolved that increased gut 
barrier permeability is more a consequence rather than a cause of food allergy. 
Nevertheless it takes part in a self-perpetuating cycle which maintains allergic state 
(Heyman, 2005). 

 
Nowadays relevant food allergens can be identified as the cause of 

gastrointestinal disorder in patients with food allergies. Taking this premise as a 
starting point, the standard of care of this alteration is the avoidance of the hurting 
allergen. However this option is limited by several reasons such as multiple food 
allergies, allergies to ordinary foods (cow´s milk, wheat, soy, eggs) or the inability to 
identify specific foods. The treatment of food allergy is still a matter of controversy and 
the current options are poorly evaluated. The general antiallergic drugs include oral 
preparations of disodium cromoglycate (mast cell-stabilizing drug which acts locally in 
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the GI tract) which is available for food allergy mild cases. Nevertheless there are not 
controlled studies confirming its efficacy and the studies accrediting the use of this 
drug are limited (Paganelli, Scala, Di Gioacchino, Bellioni, & Stefanini, 1996; Stefanini et 
al., 1995). In more severe cases, corticosteroids would be necessary and if anaphylaxis 
happens, therapy also with epinephrine and antihistaminic drugs might be inevitable.  

 
There are several new immunomodulatory therapeutic strategies that offer the 

potential to be applied to food allergy. These involve allergen-specific and nonspecific 
therapies that have been recently reviewed by Virkud and Vickery (Virkud & Vickery, 
2012).  

 
Allergen-specific treatments include exposure to native allergen in different 

ways: oral, sublingual, and epicutaneous immunotherapy (desensitization). It also 
exists the possibility of giving modified food allergens such as peptide or plasmid DNA 
immunotherapy or mutated recombinant proteins co-administered with heat-killed 
bacteria, such as copiously heated (baked) milk and egg represent an alternative 
approaching to food oral immunotherapy and are changing the paradigm of strict 
dietary abstention for food allergy patients (Virkud & Vickery, 2012). 

 
On the other hand, allergen-nonspecific approaches recently studied a Chinese 

herbal preparation which prevented anaphylaxis induced by peanut in a murine model 
and is currently being investigated in clinical trials (Wang et al., 2010). These 
approaches also include anti-IgE therapy, probiotics and even parasitic helminthic 
infections used as therapy, IL-4 or IL-5 receptor antagonists, Th1-type cytokines such as 
IL-12 or IFNɣ, and other experimental therapies as Glucagon-like peptide 2 that are 
directed to modify the intestinal barrier to make it less permeable to antigens (Land & 
Burks, 2012; Nowak-Wegrzyn & Sampson, 2011). Recently, it has been identified a new 
tactic to treat IgE-mediated food allergy which is the monoclonal antibody: 
omalizumab (Rafi et al., 2010). Nevertheless further investigations are necessary for 
clarify the pathophysiology of food allergy because this would lead to the development 
of reliable diagnostics methods and effective drugs for treatment of this disease. 

 
Cow’s milk protein allergy (CMPA) 
 
CMPA is clearly related to artificial breastfeeding and is due mainly to a deficient 

maturation of mucosal immune system. In the last decades it has been demonstrated a 
less incidence of allergy in children who receive mother´s milk than in children who are 
feeding with infant formula. However, CMPA symptoms can develop in exclusively 
breastfed infants with an incidence rate of 0.5%. It, therefore, raises questions about 
sensitization to cow's milk proteins through breast milk. Transfer of native bovine 
proteins, such as β-lactoglobulin, into the breast milk is controversial: some authors 
have found bovine proteins in human milk but others allude to cross-reactivity 
between human and cow's milk proteins (Mavroudi & Xinias, 2011). 

 
The main concern of infant food allergy is the possibility that this early reaction is a 

determining factor to adult pathologies. So, CMPA is an important disease but is not an 
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isolated event. It is usually the beginning of the “atopic career” and therefore it has 
been described that CMPA could play an essential role in the pathogenesis of others 
atopic pathologies that children would suffer later such as others food allergies, 
rhinitis, asthma and mainly atopic dermatitis. As an example, between 30 and 80% of 
children who are affected with CMPA and/or atopic dermatitis will develop asthma or 
another respiratory allergy (Gustafsson, Sjoberg, & Foucard, 2000). In regard to atopic 
dermatitis, this skin disease is frequently seen in patients with Ig-E mediated food 
allergy (20-40%) and is mostly related to mutations associated with loss of function of 
the fillagrin gene, which is involved in the epidermal barrier function (Rance, 
Boguniewicz, & Lau, 2008). Similar mutations seem to predispose for the combination 
of atopic dermatitis and asthma (Weidinger et al., 2013). 
 

These findings which link artificial breastfeeding, food allergy incidence and the 
posterior developing of different diseases apparently reflect that a damaged surface 
epithelium in any part of the body and immaturity of the immune system during 
neonatal time may be a predisposing condition for allergen penetration. 

 

2.2.3 Inflammatory bowel disease  
 
The term inflammatory bowel disease (IBD) referred to a chronic, relapsing-

remitting inflammatory pathology of unknown aetiology. The most representative 
clinical pictures are Crohn´s disease (CD) and Ulcerative colitis (UC) which share several 
symptoms (abdominal pain, diarrhoea, general malaise and body weight loss) but 
otherwise they present well-established differences (Table II) in injuries distribution 
and others clinical manifestations (Stange et al., 2008; Van Assche et al., 2010). 
  

Table II. Differential features between CD and UC 

 
Crohn´s disease (CD) 
 

- From mouth to anus 
- Discontinuous affectation 
- Transmural 
- Pasty diarrhoea 

 
- Frequent fistulas and intestinal 

stenosis 
- Pathologic anatomy: granulomas and 

lymphoid aggregates  
 

- Fibrosis 

 
Ulcerative colitis (UC ) 
 

- Rectum and/or Colon 
- Continuous affectation 
- Involve mucosa layer 
- Liquid diarrhoea with blood, mucus 

and pus 
- Low frequency of fistulas and 

intestinal stenosis 
- Pathologic anatomy: crypt abscess, 

mucin depletion and glandular 
distortion  

 
 

 

Substantial differences have been observed in the incidence of IBD across 
different geographic areas and over time. IBD is observed mainly in the developed 
countries of the world, with the highest incidence and prevalence rates in North 
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America and Europe. In a recent systematic review (Molodecky et al., 2012), it was 
published that the IBD incidence is higher in Canada (19.2 per 100,000 persons 
(0.019%) for UC and 0.02% for CD), Northern Europe (UC was 0.024% in Iceland and 
0.011% for CD in the United Kingdom), and Australia (0.017% for UC and 0.029% for 
CD). In the same way, prevalence is higher in Europe and Canada. A North-South 
gradient has long been described for IBD, but this geographic difference has the 
tendency to disappear because the incidence appears to have risen in Southern and 
developing countries in recent years (Molodecky et al., 2012). There are not solid 
evidences about sex differences in IBD epidemiology. The IBD incidence peak seems to 
occur among the second to the fourth decade of life. On the other hand, there are few 
studies which have evaluated the influence of race/ethnicity in this pathology but they 
show the greatest incidence of IBD among white and Jewish people. However, the 
incidence of IBD in Hispanic and Asian people is gradually increasing (Hou, El-Serag, & 
Thirumurthi, 2009). 

 
Although many advances in the IBD pathogenesis characterization have occurred, 

the specific etiology is still unknown. Nevertheless, IBD is now generally thought to be 
caused by the breakdown of oral tolerance through a mixture of genetic and 
environmental factors (Pabst & Mowat, 2012). An incipient model of the IBD 
pathogenesis proposes that there are three crucial factors: a breakdown in intestinal 
barrier function; exposure of luminal substances to immune cells in the lamina propria; 
and an overstated immune response (Clayburgh, Shen, & Turner, 2004). Patients with 
CD with clinically active disease have augmented intestinal permeability, and in 
inactive-disease patients, increased intestinal permeability is a clinical relapse 
prognostic. In addition to patients with IBD, increased intestinal permeability occurs in 
10-25% of their healthy first-degree relatives, indicating that increased intestinal 
permeability likely preceded the beginning of clinical disease (Hedin, Stagg, Whelan, & 
Lindsay, 2012; Wyatt, Vogelsang, Hubl, Waldhoer, & Lochs, 1993) 
 
 But it is important to highlight that although intestinal permeability is a key 
participant in the development of IBD, data suggest that amplified intestinal 
permeability alone is not enough to predispose to IBD. Moreover, the breakdown in 
the protective barrier in IBD patients leads to an inflammatory infiltrate and higher 
production of cytokines and other mediators that can further contribute to alter the 
function of the barrier (Hering, Fromm, & Schulzke, 2012; Madara & Stafford, 1989; 
Mullin, Laughlin, Marano, Russo, & Soler, 1992). Until a few years ago, the dominant 
paradigm was that  human CD promoted mainly a Th1-biased response associated with 
excessive IFNγ/TNFα/IL-12 secretion, whereas UC was mediated by an atypical 
Th1/Th2 inflammation pattern in which an increase in Th2 cytokines (without affecting 
IL-4 levels) was associated with the production of several Th1 pro-inflammatory 
markers as TNFα and IL-1β (Bailon et al., 2011). But in the last few years, the Th1/Th2 
paradigm has in fact been replaced by the Th1-Th17 paradigm (Di Sabatino, Biancheri, 
Rovedatti, MacDonald, & Corazza, 2012). Genome-wide association studies (GWAS) 
have let to discover that genetic polymorphisms of the IL-23 receptor locus are 
associated with both CD and UC suggesting that the IL-17/IL-23 axis could have a role 
in the pathogenesis of both conditions (Duerr et al., 2006). In fact, it has been recently 
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demonstrated that levels of IL-17 and Th17 were increased in patients with UC and CD 
compared with controls, and these Th17 cells were found copiously in the mucosa and 
submucosa of UC and CD, respectively (Round & Mazmanian, 2009). IL-23 (which is 
also increased in IBD) promotes Th17 and Th1 responses, leading to inflammation of 
the GI tract (Kamada et al., 2008)  
 
 In addition, it has also been proposed the environment as a participant in the 
IBD unleashing. Industrialization and urbanization of societies are associated with 
changes at many levels (microbial exposures, hygiene, diet, lifestyle behaviours, 
medications, etc.), which have all been implicated as potential environmental risk 
factors for IBD. However, the exact connection between genetic susceptibility and the 
role of environment in the pathogenesis of IBD remains unknown (Molodecky et al., 
2012). 
 

Due to the chronical inflammation the symptoms depend on the affected 
segment of the intestinal tract and therefore there are some differences between UC 
and CD at this level. Some of the symptoms related to inflammatory damage in the 
digestive tract are diarrhoea, constipation, pain or rectal bleeding with bowel 
movement, tenesmus, abdominal cramps and pain. But there are also general features 
associated with IBD in some cases, such as fever, loss of appetite, weight loss, fatigue, 
night sweats, primary amenorrhea, etc. Apart from intestinal complications, it can also 
occur extraintestinal complications which affect up to 25% of patients, being arthralgia 
the most frequent problem (C. Mowat et al., 2011). 

 
Medical treatment to cure the disease is not yet available, but actual therapies 

can control symptomatology in a very effective way which optimizes quality of life. IBD 
management often requires long-term treatment based on a combination of drugs to 
control the disease. Apart from changes in diet and lifestyle, drugs which are usually 
employed in IBD are summarized in Table III (C. Mowat et al., 2011; Sandborn, 2012). 
 
 

Table III. Therapeutic agents in IBD 
Aminosalicylates—anti-inflammatory agents 
 

- 5-aminosalicylic acid (5-ASA) 
- Sulfasalazine, mesalamine, 

olsalazine, balsalazide 
Corticosteroids - IV (methylprednisolone, 

hydrocortisone) 
- Oral (prednisone, prednisolone, 

budesonide, dexamethasone) 
- Rectal 

Immune modifiers - Thiopurines: 6-mercaptopurine (6-
MP) and azathioprine (AZA)  

- Calcineurin inhibitors: cyclosporin 
A, tacrolimus 

- Methotrexate (MTX) 
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Anti-tumor necrosis factor (anti-TNF) agents - Infliximab 
- Adalimumab 
- Certolizumab 
- Golimumab 

Antibiotics - Metronidazole 
- Ciprofloxacin 

Probiotics - Escherichia coli Nissle 1917 
- Lactobacillus rhamnosus GG 

 
There is also a large range of new treatment strategies which some of them are 

now being used in an off-label way and in a few years will probably supply several 
novel therapeutic agents, such as the selective anti- α4 integrin therapy with 
vedolizumab and natalizumab; the anti-interleukin 12/23p40 therapy with 
ustekinumab and Janus kinase 1, 2 and 3 inhibition with tofacitinib (Cohen, Nanau, 
Delzor, & Neuman, 2014; Sandborn, 2012).  
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3. ANIMAL MODELS  

 
Animal models are useful tools to study the pathogenesis and molecular 

mechanisms of the human diseases. Some limitations could be the different 
anatomical, physiological and immunological features between man and animals and 
for that reason, caution is necessary in interpretation of the results from animal 
models to clinical approach. Nonetheless, although no animal model fully mimics the 
full range of clinical manifestations of the human diseases, many of them reproduce a 
collection of the features that characterize its most common forms. 
 

Experimental models mimic basically biochemical changes in the response of 
immune system where are involved several cells, antibodies and cytokines that are 
responsible for the symptoms of the diseases.  

 
 

3.1. Animal models of allergy 

 
Mice are the most common species used in animal models of allergic diseases due 

to the availability of various immunological and molecular reagents, including 
transgenic animals. Nevertheless most of these allergic disease models are acute and 
transient after initial allergen sensitization and challenge, and there is not a 
correspondence with the usually chronic allergic human diseases. Furthermore, mice 
do not develop allergic disease spontaneously and chronic models are difficult to 
establish. However, mouse model offer the opportunity to explore detailed 
mechanisms of allergic reactions that would be impossible for ethic consideration in 
human, as well as studies in animal models provide major advances in the 
understanding of the disease concept (Takeda & Gelfand, 2009). 
 

An ideal animal model should imitate human disease as closely as possible with 
respect to route of exposure, mechanisms underlying the disease and associated 
symptoms and therefore possess the following features: 1) having similar allergenic 
response as humans; 2) having a similar reactivity to proteins on an “allergenicity” 
scale compared to humans, thus discriminating allergens from non-allergens; 3) elicit 
response using typical routes of exposure for administration; 4) no adjuvant 
requirement, and 5) being reproducible, specific  and sensitive (Ahuja, Quatchadze, 
Stelter, Albrecht, & Stahlmann, 2010). 

 
A common problem related to allergic animal model is the high capacity of rodents 

to develop oral tolerance for antigenic protein, in contrast to what occur in human. 
This problem is getting around with the use of antigen plus adjuvants as described 
below.   

 
Frequently, mouse strain Balb/c is used for its tendency to develop Th2-biased 

immune responses. Authors have employed a wide variety of antigens, application 
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routes, doses and sequences. Some of that antigens are frequently associated with 
asthma in humans as house dust mite or Aspergillus, and other such ovalbumin (OVA) 
from chicken egg is only for experimental use (Schroder & Maurer, 2007). OVA 
preferentially induces a Th2 response in T cells and offers the opportunity to perform 
experiments for study the presence of OVA-specific immunoglobulins in mice. Balb/c 
mice also exhibit clinical symptoms of food allergy such as diarrhoea, anaphylaxis, and 
eosinophils and mast cells accumulation apart from antibody responses (IgE, IgG1).  
 

Usually, protocols for allergy induction in mice include a sensitization period, 
followed by a challenge period. Approximately 24 h after challenge, mice develop an 
increase of antigen-specific IgE and IgG1 antibodies but not IgG2a as an evidence of 
Th2-biased response. Many investigators have explored the differences between oral 
or intraperitoneal (i.p.) administration of protein in various models of food allergy and 
have observed that i.p. administration promote a strong IgE response while the oral 
exposure was found to be less sensitive. However, some authors have suggested that 
oral sensitization of mice requires low doses and intermittent protein intake (Ahuja et 
al., 2010; Bowman & Selgrade, 2009). So studies in food allergy animal model utilize 
systemic sensitization followed by oral challenge because the oral sensitization does 
not induce allergy but oral tolerance (driven by the Treg cells and others mechanisms). 
Two approaches are currently available to avoid oral tolerance in adult animals: to use 
an alternative route or to include an adjuvant (aluminium hydroxide, cholera toxin, 
complete Freund’s adjuvant) in the oral exposure (Aldemir, Bars, & Herouet-
Guicheney, 2009; Bowman & Selgrade, 2009). 
 

In food allergy the degree of sensitization should take into account some 
considerations: i) the concentration of allergen; ii) the allergen should be taken in 
context with the food source; iii) the route and duration of allergen exposure; iv) age 
of animals; v) a genetic predisposition; vi) the use of adjuvants; vii) isotype specificity 
response, and viii) Th1/Th2 polarization (Helm, 2002). Studies of allergy are based on 
the notion that this disease is a consequence of Th2 response against the presence of a 
foreign protein, but in clinical studies it has been demonstrated that human T cells 
were not as obviously polarized in this way, and the concept that atopic disease 
reflects a Th1/Th2 imbalance is probably too simplistic (Takeda & Gelfand, 2009). 
Recently, Th1/Th2 inflammatory responses were reported to be influenced by the 
levels of LPS exposure in animal models. The exposure to a high level of LPS resulted in 
increased antigen-specific Th1 responses, while a low dose of LPS resulted in Th2 
sensitization (Yamashita & Nakayama, 2008). 

 
In this type of allergy the experimental endpoint includes systemic anaphylaxis 

symptoms such as fall in body temperature, loss of body weight or diarrhoea (Takeda 
& Gelfand, 2009). Allergen-specific IgE-mast cell interactions associated with Th2-type 
immune responses have been linked to the allergic reactions to foods such as rice or 
cow’s milk. CD4+ T cells from Peyer´s patches were shown to be the prominent 
effectors cells as a source of Th2 cytokines (IL-4), whereas CD8+ T cells or Treg cells 
played potent suppressive roles controlling the oral tolerance induction. Furthermore, 
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protective roles for allergen-specific IgA, IFNγ or IL-10 have been shown in food allergy 
(R. A. Peterson, 2012).  

 
Besides mice, others animals are useful to study different allergic reaction as 

asthma or food allergy. Guinea pigs, rats, dogs, horses, swine or monkeys have been 
frequently used but they are hard to handle and too expensive to use on a regular 
basis (Helm, Ermel, & Frick, 2003; Shin, Takeda, & Gelfand, 2009). Also, worms and 
flies are useful biological models to the intestinal inflammatory disease study (Lin & 
Hackam, 2011). Despite the benefits of animal models of food allergy, there are some 
limitations. Until now, there is not any animal model which can detect known food 
allergens, predict the allergic potential of novel food proteins or imitate the food-
allergic sensitization and allergic responses in human (Takeda & Gelfand, 2009). 
 

i) Allergy induced by Ovalbumin 
 

Among different types of allergens, ovalbumin (OVA) derived from chicken eggs is 
frequently used for induce a robust allergic inflammation in mice and moreover is 
cheap, can be highly purified and the immunodominant epitopes have been well 
characterized. The way of administration is very important to develop allergic reaction 
without induction of tolerance. For OVA, i.p. injection with an adjuvant is the 
prominent route for sensitization. The responses observed in mice following i.p. 
administration have been compared with those observed following gavage 
administration and a stronger IgE response was observed following systemic exposure 
of mice to OVA (Ahuja et al., 2010). 

 
Usually, acute sensitization requires multiple systemic administrations (14-21 

days) of allergen in presence of an adjuvant. Aluminium hydroxide (AlOH3) is one of 
the best choices for adjuvant since it promotes the development of Th2 immune 
response when it is exposed to antigen. Nevertheless, aluminium hydroxide is a non-
physiological substance that can induce mast cell-independent allergic reaction. For 
that, some authors have demonstrated that this adjuvant is not required for the 
generation of acute allergic inflammatory response using OVA as antigen (Conrad et 
al., 2009). OVA has been used to trigger different allergic reaction as asthma, rhinitis 
and food allergy depending on administration’s route (Golias et al., 2012; Moon, Kim, 
Rhee, Lee & Min, 2012; Schroder & Maurer, 2007). In all cases, OVA induce a systemic 
and characteristic strong IgE/IgG1 specific response whose elevation can be measured 
by ELISA in plasma and in specific altered organ (lung, nose, intestine). 

 
OVA-induced allergy is clearly a model with a high Th2-biased response 

demonstrated by increased levels of IL-4, IL-5, IL-13 and IL-10. These cytokines play an 
important role in the production of antigen-specific IgE and mucus secretion, muscle 
contractility and eosinophilia. However, there is also an elevation of IL-17 and IFNγ 
demonstrating a contribution of Th17 and Th1 subset. This fact is present also in 
allergic patients (Liu & Yang, 2011; Perrier, Thierry, Mercenier, & Corthesy, 2010). 
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ii) Cow’s milk protein allergy 
 

Cow’s milk protein allergy is a major cause of transient food allergy 
hypersensitivity in children. It involves the skin, respiratory and gastrointestinal tract 
and can lead to systemic anaphylactic shock (Helm, 2002). Animal models of this 
allergy use oral immunization to mimic human food allergy by provoking food 
hypersensitivity after oral ingestion. To bypass the tendency of mice to develop oral 
tolerance is necessary to include an adjuvant as choleric toxin which stimulates a Th2 
response, increasing the intestinal permeability and the production of IgG1 antibodies.  
 
 Just-weaned three weeks old mice are necessary for this model to induce a 
good allergic response. The strain used can be Balb/c or C3H/HeJ with the same results 
(Helm, 2002; Lara-Villoslada, Olivares, Jimenez, Boza, & Xaus, 2004; Li, Schofield, 
Huang, Kleiner, & Sampson, 1999). Cow´s milk-specific IgE antibody levels were shown 
to be significantly increased at 3 weeks and peaked at 6 weeks after the initial feeding. 
Intragastric challenge with cow´s milk at week 6 elicited systemic anaphylaxis 
accompanied by vascular leakage, significantly increased plasma histamine and 
increased intestinal permeability to casein. Histological examination of intestinal tissue 
revealed marked vascular congestion, oedema, and sloughing of enterocytes. 
Development of IgE-mediated cow's milk hypersensitivity in this model is likely to be 
Th2-mediated because in vitro stimulation of mice spleen cells from mice to cow´s milk 
induced significant increases in the levels of IL-4 and IL-5, but not IFNγ. 
 
 However, this model has some limitations that significantly reduce its utility 
such as it requires long periods of sensitization to achieve a sustained and measurable 
systemic immune response. Moreover, because of the need to use adjuvants during 
such a long period of time, the allergic response could be related to them.  

 

iii) Dinitrofluorobenzene atopic dermatitis 
 

Similar to previous diseases, atopic dermatitis is a Th2-related pathology 
associated with high IgE levels. Nevertheless, both the Th2 cytokines IL-4 and IL-5 and 
the Th1 cytokine IFNγ play important roles in the inflammation and hypertrophy of the 
skin in patients. The skin barrier dysfunction and filaggrin mutations in some patients 
are important factors that contribute to bacterial super-infection in the skin allowing 
the persistent and refractory disease (Takeda & Gelfand, 2009).  
 

Mouse models of atopic dermatitis are difficult to establish probably due to the 
fact that very different characteristics exist between mice and human skin. 
Epicutaneous sensitization can be made with diverse allergen as OVA, Der p8 (house 
dust mite protein) or haptens as Oxazolone, Trinitrochlorobenzene and 
Dinitrofluorobenzene (DNFB) (Kaplan, 2010). Protocols include a first sensitization with 
the allergen in a clear skin, and then repeated cutaneous challenge in the same or 
different skin site. The number of challenge must be high in the case of haptens, since 
a low number of challenges elicit a Th1-biased response while a high number (9-10) 
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lead to a chronic Th2 dominated inflammatory response that is similar to human atopic 
dermatitis. Both, Balb/c and C57BL/6 strains of mice are capable of respond similarly.  

 
Some authors have found a great similarity between man and mouse in the 

regulation and mobilisation of Langerhans cells in the skin. Like in human, mouse 
epidermal Langerhans cells need two signals for activation: TNFα provided from 
keratinocytes and IL-1β in autocrine fashion. This is an important fact because all 
results found in mice studies respecting cutaneous allergic reaction can be 
extrapolated to human skin allergy (Griffiths, Dearman, Cumberbatch, & Kimber, 
2005). 
 
 

3.2. Animal models of intestinal inflammation 
 

As it has previously been described, inflammatory bowel disease (IBD) is a chronic 
relapsing inflammatory disorder of the gastrointestinal tract that comprises two major 
conditions: Crohn’s disease (CD) and ulcerative colitis (UC). 

 
The majority of animal models exhibit Th1-dominant immune responses, and they 

have been widely used for studying CD. Although CD affects both small (ileitis) and 
large (colitis) intestines, only some CD models develop inflammation in the small 
intestine. In contrast to Th1-mediated models, mouse models developing Th2-
mediated colitis for the study of UC are limited (Mizoguchi & Mizoguchi, 2010). Many 
animal models, including genetically engineered mice, congenic mouse strains, 
chemically induced models, and cell-transfer models have been established for 
studying IBD (Jurjus, Khoury, & Reimund, 2004). Nowadays, GWAS have revealed more 
than 100 genetic loci that show significant association with IBD, majority of these 
related to intestinal homeostasis. Notably, the results of human genetic studies are 
remarkably coherent with the data derived from experimental models (Saleh & Elson, 
2011). 

 
As it has been reviewed by Mizoguchi et al., there is a great amount of animal 

models to study IBD which are categorized mainly into chemically induced, cell-
transfer, congenial mutant, and genetically engineered models (Mizoguchi, 2012). 
Three of these chemically induced animal models are detailed below. 
 

i) Colitis induced by Dextran Sulfate Sodium 
 

This type of colitis is induced by the oral administration of Dextran Sulfate Sodium 
(DSS) dissolved in water to mice or rats and for its simplicity is widely used. Among 
symptoms it is found hematochezia, body weight loss, shortening of the intestine, 
mucosal ulcers and neutrophils infiltration. Cytokines as IL-1 and TNFα and adhesion 
molecules as ICAM1 and VCAM1 are involved in the pathogenesis of this model like it 
occurs in human IBD.  
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Several factors may affect susceptibility to DSS-induced lesion, such as 
concentration, duration and frequency of DSS administration, molecular weight of DSS, 
intestinal flora present in the bowel, and genetic mouse factors. So, the most severe 
form of colitis in Balb/c mice is observed when mice are treated with DSS 40 kilo 
Dalton (kDa) molecular weight, presenting a severe and diffuse colitis in the middle 
and distal third of the large bowel, while mice treated with DSS 5 kDa develop milder 
form of colitis with lesions located at cecum and upper colon (Perse & Cerar, 2012). 
Acute colitis is usually induced by continuous administration of 2-5% DSS for short 
period (4-9 days) and chronic colitis may be induced by continuous treatment of low 
concentrations or cyclical administration of DSS (Perse & Cerar, 2012).  
 

Major differences exist among mice strains in the response to DSS-induced colitis. 
For example, it has been observed that Balb/c mice are less susceptible than C3H mice, 
and C57BL/6 mice. Melgar and coworker have studied the differences between both 
strains of mice to develop chronic colitis when mice are exposed for five days to DSS 
(45 kDa, 3- 5%). Whereas C57BL/6 mice develop a chronic colitis for 4 weeks after DSS 
removal, in Balb/c mice any symptom or biochemical feature correlated with chronic 
colitis were observed in the same conditions (Melgar, Karlsson, & Michaelsson, 2005). 
 

Cytokine profile of DSS acute colitis is consistent with acute inflammatory 
response characterized by a macrophage-derived cytokine profile, strong chemotactic 
pattern and a polarized Th1/Th17 panel (TNFα, IL-1β, IL-17) similar in both C57BL/6 
and Balb/c mice. However, a Th2-biased profile is observed in DSS chronic colitis 
characterized by high levels of IL-4, IL-6 and IFNγ only in C57BL/6 strain (Alex et al., 
2009).  

 

ii) Colitis induced by Dinitrofluorobenzene/dinitrosulfonic acid 
 

In 1992, Brkic et al. introduced a model of experimental colitis in mice induced by 
Dinitrofluorobenzene (DNFB) in sensitized animal, mimicking IBD by the intestinal 
histopathological and extra-intestinal manifestations (Brkic et al., 1992). Later, 
Rijnierse et al. presented this model as a non-IgE mediated hypersensitivity model with 
associated mast cells activation (Rijnierse, Koster, Nijkamp, & Kraneveld, 2006). A 
hypersensitivity reaction in the colon was observed with DNFB upon skin sensitization 
followed by a local intrarectal challenge with the corresponding Dinitrosulfonic acid 
(DNS) (Rijnierse et al., 2006). In Balb/c mice an acute response occurs within 6 h after 
challenge and is prolonged as far as 72h. This effect has been associated with direct 
mast cell activation and degranulation as indicate the presence of mast cell protease-1 
(MCP-1) protein in plasma. Moreover, in colon tissue is possible to observe a 
hypertrophy of colonic patches and an increase in colonic TNFα levels. The activation 
of mast cells in this model trigger the activation of T cells which have a bidirectional 
interactions with mast cells resulting in a reciprocal activation (Rijnierse et al., 2006) 
 

On the other hand, Wen-Bin Xiao and Yu-Lan Liu observed some changes in CD8+ 
T-cell in DNFB/DNS induced colitis in rats, such as an increase in the population of 
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CD8+CD28- Treg cells in control group. However, this change is not correlated with the 
biochemical features found in human IBD (Xiao & Liu, 2003).   
 
 In spite of this model reflects the important role of TNFα in human CD as well 
as UC, it only let’s to examine partially the complex scene of human IBD. 
 

iii) Colitis induced by Trinitrobenzene sulfonic acid 
 

Trinitrobenzene sulfonic acid (TNBS)-induced colitis is a predominant Th1 response 
to hapten that resembles human Crohn´s disease. Granulomas with infiltration of 
inflammatory cells (T cells and macrophages) in all layers were seen in the intestine of 
animals after intracolonic administration of TNBS in 50% ethanol. The isolated 
macrophages produced large amounts of IL-12, and the lymphocytes produced large 
amounts of IFNγ and IL-2. Also, water absorption in the inflamed mucosa was markedly 
diminished (Liu & Yang, 2011). The similarities between the human disease and TNBS-
induced colitis have allowed to show the immune system involved in the pathogenesis 
of IBD and to test therapeutic molecules that have the potential to be used in the clinic 
for the management of the human disease.  

 
Even a strong Th-1 related response is evident in the cytokines profile of TNBS-

induced colitis, participation of Th-2 derived cytokines is observed in IL-12-/- mice 
where a Th-1 biased response is impossible (Dohi & Fujihashi, 2006). In this case, the 
response is characterized by a crypt distortion and mononuclear cell infiltration limited 
to the mucosal layer.  

 
Similarly to what occurs in others animal models, a chronic colitis model can be 

developed with chronic administration of low doses of TNBS and this permit to 
generate intestinal fibrosis (Zhu, Lu, Ou, Zhang, & Chen, 2012). Characteristic intestinal 
fibrosis mediated by TGF-β1, platelet derived growth factor (PDGF), connective tissue 
growth factor (CTGF) and TNFα is observed in day 15 after TNBS administration. All 
together let the deposition of collagen I and III in a wide area of intestine (Zhu et al., 
2012). Moreover, IL-17 has been found as an important key in the inflammation 
caused by TNBS administration. Jin et al. working with IL-17 knockout (KO) mice, IFNγ 
KO mice and anti-IL-17 monoclonal antibody have found that the presence of IL-17 at 
sites of local inflammation plays an important role in the pathogenesis of TNBS-
induced acute colitis, while IFNγ in peripheral blood was related to systemic 
inflammation (Jin, Lin, Lin, & Zheng, 2012).   
 

Resemblance between TNBS colitis mouse model and human CD is also evident in 
the contribution of pattern recognition receptors as TLR or nucleotide-binding 
oligomerization domain containing 2 (NOD2) in colitis seriousness. NOD2 was the first 
identified gene strongly related with susceptibility to CD and the loss of function by a 
mutation of NOD2 leads to reduced antimicrobial resistance and impaired innate 
immunity in CD (Comalada & Peppelenbosch, 2006). In NOD2-/- mice it has been 
described a reduction in IELs that include >70% of CD8+ T cells and comprise greater 
numbers of TCRƳδ+ T cells. The fall of this T cells is responsible of loss of homeostasis 
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in intestinal mucosa. Moreover, the reduction in IELs contributes to the high 
susceptibility of NOD2-/- mice to TNBS induced colitis (Jiang et al., 2013). 
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CHAPTER 2: OBJECTIVES 
 

Cow’s milk protein allergy (CMPA) affects 2-6% of children under 2 years. The 
importance of this condition is not due to its high incidence or to the unleashed 
symptoms, in exceptional cases it may even lead to death from anaphylactic shock, but 
because it is often the beginning of the "atopic career". This has been associated with 
an increased incidence of other diseases in older stages such as asthma, possibly due 
to changes in the immune system and increased intestinal permeability which occur 
during the development of the CMPA. However, it is unknown whether these 
alterations may pose a higher risk of developing others immunological diseases in 
adulthood such as inflammatory bowel disease, diabetes, etc. 

 
The main objective of this thesis is to study the possible association between 

food allergy to cow's milk protein and inflammatory bowel disease. The use of animal 
models is considered a good alternative for testing the complex relationships and 
mechanisms of action of various human pathologies. But the first thing we must do to 
try to answer these questions is to optimize animal models of various diseases and 
especially to optimize various parameters which will interest us to analyse the overall 
aim of the project. 
 

To perform the main objective, we have contemplated the following specific 
objectives: 
 

OBJECTIVE I: Selection of the experimental models to study: 
 

A) Development of a CMPA mouse model based on oral 
sensitization, shorter and more specific than the currently 
models.  

 
B) Optimization and analysis of DNFB/DNS mouse model as an 
intestinal inflammation model. 

 

OBJECTIVE II: Analysis of the possible influence of intestinal 
inflammation on allergic individuals. Thus, the effect of the DNFB/DNS 
model on the incidence and severity of OVA allergy will be analysed. 

 

OBJECTIVE III: Evaluation of the modulatory effect of CMPA on others 
intestinal pathologies with an immune component. Therefore, the effect 
of CMPA on the incidence and severity of diseases such as inflammatory 
bowel disease will be discussed using various models of intestinal 
inflammation. 
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An overview of the main findings will allow future potential both nutritional and 
pharmacological approaches to reduce the risk of suffering these alterations in case of 
having suffered APLV or intestinal inflammation. 
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Abbreviations: CMP, cow’s milk protein; CMPA, cow’s milk protein allergy; CT, 

cholera toxin; DNFB, dinitrofluorobenzene; DNS, dinitrosulfonic acid; DSS, dextran 

sodium sulfate; IP, intraperitoneal 

ABSTRACT 

 Colitis is one of the most common gastrointestinal ailments among those seeking 

health care for gastrointestinal disorders, although the potential mechanisms underlying 

this pathology are multiple, including inflammatory bowel disease (IBD) or irritable 

bowel syndrome (IBS). In this regard, an increase on permeability and an exacerbated 

immune reactivity have been proposed as common potential initiator elements in both 

colitic processes. Food allergy shares some aspects with colitis, and therefore it has 

been hypothesized that an increased prevalence of colitic disorders could be observed in 

atopic individuals.   

 To experimentally test this hypothesis we have generated a mouse model of 

atopy and we have assayed the immune response generated in these atopic mice after 

induction of two models of colitis, a DNFB/DNS-colitis model more resembling IBS 

and a DSS-colitis model closer to human IBD. The obtained results show that the atopic 

condition generated in mice modulates both intestinal alterations in opposite ways. 

Atopy partially protects animals from DSS-induced inflammation while exacerbates the 

immune response induced by DNFB/DNS administration.  The positive effect of atopy 

on DSS-colitis is mainly shown through the attenuation of the cellular component and 

inflammation process (disease activity index, inflammatory infiltrate or intestinal 

oedema) while in DNFB-DNS colitis the main altered component is the Th2 humoral 

response.  
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 In conclusion, experimental models suggest that the altered immune response 

and intestinal permeability observed in atopic individuals could be a predisposing factor 

for IBS, although at the same time the Th2 biased environment observed in atopic 

animals could partly protect from intestinal inflammation or colitis mainly driven by a 

cellular or Th1 immune response. 
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1. Introduction 

 

 Food allergy is an immune-mediated adverse reaction to food mainly produced 

by IgE-mediated reactions and occurs in 5–10% of children until 2 years of age. The 

most common food allergy is to cow milk proteins (CMP), an allergy that affects 

between 2-6% of children under 2 years of age and is still increasing nowadays (Hill, 

1996). The majority of children allergic to milk or egg will outgrow their food allergies, 

but in contrast peanut, tree nut, fish and shellfish allergies are commonly lifelong. 

Allergenic food deprivation is currently the only approach available to combat such 

responses. However, due to the previous exposure to the diet antigen a sporadic allergic 

process is enough to lead to the breakdown of mucosal tissue homeostasis, which can 

persist during all life. This fact acquires a high importance in the perinatal period in 

which the establishment of immune tolerance in the mucosa takes place (Custovic et al., 

2013; Peters et al., 2013).  

 In this regard, the importance of cow’s milk protein allergy (CMPA) is neither 

due to the high incidence nor to the symptoms. Indeed, it can cause death by 

anaphylactic shock. The relevance of this allergy is because it triggers the so-called 

“atopic career”, which has been associated with an increased risk to acquire other 

diseases such as asthma, rhinitis or atopic dermatitis in adult age (Broberg et al., 2000; 

Oehlling et al., 1998; Ozol and Mete, 2008; Skripak et al., 2007). Thus, it is not strange 

to think the hypothesis that allergic reactions to diet antigens can be involved in the 

etiology and pathogenesis of different gut pathologies, such as IBD or IBS. In fact, the 

coexistence of intestinal pathologies and food allergy has become more frequent in 

recent decades, and many studies indicate a connection between these two pathologies 
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(Borrelli et al., 2006; D’Arienzo et al., 2000; Farah et al., 1985; Galssman et al., 1990; 

Jenkins et al., 1984; Knoflach et al., 1987; Pearson et al., 1993; Rajendran and Kumar, 

2010; Rosekrans et al., 1980; Zwetchkenbaum and Burakoff, 1988). 

 In this sense, a strong association between allergy and IBD has been consistently 

shown in several studies, despite this fact, a causative relation between food allergy and 

IBD has not been fully demonstrated to date (D’Arienzo et al., 2000; Galssman et al., 

1990). Similarly, most patients with IBS also believe that diet plays a significant role in 

inducing IBS symptoms and they desire to know what foods to avoid because they 

report precipitation of symptoms on food ingestion (Morcos et al., 2009). However, 

although patients with IBS self-report food allergies more often than the general 

population (Eswaran et al., 2011), there is no consistent evidence of the fact that IBS 

patients suffer from food allergy, or that food intolerance plays a role in IBS symptoms 

(El-Salhy et al., 2012). Controversial studies have emerged regarding the potential 

correlation between allergy and pathogenesis of both IBD and IBS, and therefore the 

demonstration that an increased risk to suffer colitis in atopic individuals is still an 

unmet medical need in order to design better preventive or prophylactic strategies in 

those infants that suffer from CMPA in early stages of their life. 

Experimental animal models are commonly used to simplify and study complex 

human pathologies such allergy, IBS or IBD (Bailon et al., 2011; Dearman and Kimber, 

2009; Galvez, 2009; Mizoguchi and Mizoguchi, 2010; Takeda and Gelfand, 2009) and 

they allow the discovery of interactions and common elements of particular signalling 

events and molecular pathways. Moreover, they represent the easiest way to 

demonstrate complicated hypothesis. For example, in previous works we have used 

improved animal models for food allergy and colitis to demonstrate that an active colitis 
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process exacerbates the immune response against an internalized antigen (Cueto-Sola et 

al., 2013). Although several models of food allergy are currently available (Bailon et al., 

2012; Diesner et al., 2008; Ganeshan et al., 2009; Gonipeta et al., 2010; Hsieh et al., 

2003; Lara-Villoslada et al., 2004; 2005; Strid and Strobel, 2005; Thang et al., 2011; 

Untersmayr et al., 2010; Valeur et al., 2009), to our knowledge none of them have 

explored the atopic condition or the alteration of the remaining immune response 

several weeks after an allergic episode. With this aim, and using combinations of animal 

colitic models, we have optimized a new protocol for atopy adulthood individuals and 

we have demonstrated that infant atopy can modify some immune-related pathologies 

during adult life. Our findings indicate that the altered immune response by CMPA in 

atopic mice is sufficient to reduce the DSS-induced colitis but increase the DNFB/DNS-

colitis in adult mice; demonstrating once again that when using combinations of animal 

models, scientist must be careful in the obtained conclusions because the results can 

totally change regarding the animal model that have been used. 
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2. Materials and methods 

 

2.1. Reagents and preparation of CMP 

 All chemicals were purchased from Sigma Chemical Co (Madrid, Spain) unless 

otherwise stated. Antibodies for immunoglobulins ELISA were purchased from Bethyl 

Laboratories (Montgomery, TX).  

 To obtain CMP, homogenized fat free cow’s milk was obtained from Puleva 

Food SA (Granada, Spain) and centrifuged at 5000 x g for 10 min at 4ºC and the upper 

layer of fat was discarded to obtain skimmed milk, which was stored at -20ºC in 1-mL 

aliquots and defrosted immediately before use. Protein content in cow’s milk was 

measured by the Kjeldahl method, as previously described (Lara-Villoslada et al., 

2004). 

  

2.2. Animals 

Female Balb/c mice (3-week-old, immediately after weaning) were purchased 

from Harlan (Barcelona, Spain) and housed under a temperature- (22°C) and light- (12 

h) controlled cycle. Animals were maintained on a plant-based chow diet (Harlan 

Laboratories, Indianapolis, IN) under specific-pathogen-free conditions. This study was 

carried out following the European Union Directive (86/609/EEC) for the protection of 

vertebrates used for experimental and other scientific purposes, in compliance with the 

Helsinki Declaration. 

  

2.3. Induction of allergy and atopic animals to CMP 
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The shorter protocol of acute allergy to cow’s milk protein (CMP) in mice was 

developed as previously described with minor modifications (Bailon et al., 2012). Mice 

were sensitized intragastrically with CMP (1 mg of CMP per gram of body weight) plus 

cholera toxin (CT) (0.3 g/g) as an adjuvant in a total volume of 200 L, and boosted 5 

times at a three to four days interval. Oral gavage was performed using a polyvinyl 

chloride tube-feeding catheter purchased from Vygon (Ecoue, France). The different 

additional control groups were evaluated previously (Bailon et al., 2012). Eighteen days 

after the first oral gavage, mice were challenged intraperitoneally (IP) with a 1 mg dose 

of CMP (100 l).  

Immediately after last challenge, hypersensitivity responses were evaluated after 

30 min of CMP challenge. Then, after 24 hours (acute allergic mice) or 16 days (atopic 

mice), mice were killed by IP administration of sodium pentothal (50 mg/kg) and 

allergic process was evaluated. The presented values of healthy animals correspond to 

both control animals groups sacrificed at day 19 (n=8) and 35 (n=8) after first oral 

gavage.  

 

2.3.1. Evaluation of symptoms 

 Hypersensitivity responses (day 18) were evaluated using a scoring system 

slightly modified from previous reports (Lara-Villoslada et al., 2004; 2005) and scored 

as shown previously (Bailon et al., 2012). An extra half-point for each score was 

obtained when the symptom became visible at 10 min or less after the challenge. 

Symptom evaluation was performed by 2 independent researchers who were blinded to 

the study treatments. 
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  Blood was collected by cardiac puncture in tubes containing EDTA (Ethylene 

diamine-tetra-acetic). The spleen, small intestine and colon were removed from each 

mouse. The spleen and the small intestine were weighed and discarded, while colon 

samples were placed on an ice-cold plate, cleaned of fat and mesentery, and then blotted 

on filter paper. Each colon specimen was weighed, and the length was measured under a 

constant load (2g). Afterwards, the colon was opened longitudinally and scored for 

macroscopically visible damage.The number of colonic patches, which appear as bulges 

in the tissue, were counted with the naked eye. Then, colonic tissue was minced and 

aliquoted to be used for biochemical determinations or for Ig measurement. 

 

2.4. Induction of colitis 

 

2.4.1. Dextran sodium sulphate (DSS) model of mouse colitis 

 In a second experiment, healthy or atopic female Balb/c mice were randomly 

assigned to two different groups: non-atopic or naïve mice (n=24) and atopic animals 

(n=24). In each group, colitis was induced by adding DSS (36-50 KDa, MP 

Biomedicals, Ontario) in the drinking water at a concentration of 1,5% (moderate DSS, 

n=8) or 3.5% (severe DSS, n=8) for a period of 5 days, and then DSS was removed. The 

non-colitic animals (control) from naïve mice or atopic mice groups (n=8) were 

administered tap water instead of DSS during all the experiment. Consumption of food 

and water, animal body weight, the presence of gross blood in the faeces, and stool 

consistency were recorded daily. These parameters were each assigned to a score, which 

was used to calculate an average daily disease activity index (DAI) for each animal as 

previously described (Bailon et al., 2007; Camuesco et al., 2006).  
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 Before death, blood of each animal was collected in an EDTA tube by cardiac 

puncture and the plasma fraction was obtained by centrifugation and stored at -80ºC 

until analysis. Once the mice were dead, the spleen, small intestine and colon samples 

were removed and analyzed as mentioned before.  

 

 

 

2.4.2. DNFB/DNS hapten-induced colitis in mice 

 In a third experiment, healthy or atopic female Balb/c mice were randomly 

assigned to two different groups: non-atopic or naïve mice (n=24) and atopic animals 

(n=24). Colitis was induced as previously described (Bailon et al., 2012). On day 0, 

mice were sensitized by epicutaneous administration of 2,4-dinitrofluorobenzene 

(DNFB) (0.6% in acetone-olive oil, 4:1) on the shaved abdomen (50 L) and on paws 

(50 L divided between hind legs). On day 1, mice received a boost of DNFB only on 

the abdomen (50 L). On day 5, animals from both groups were challenged intrarectally 

with 0.6% dinitrosulphonic acid (DNS) dissolved in 10% ethanol. The challenge was 

conducted under light inhalation anesthesia (3% halothane). During the experiment 

animal body weight and occurrence of diarrhoea were recorded daily. Mice were killed 

on day 1 (DNFB 24 h, n=8) or day 3 (DNFB 72 h, n=8) after the DNS challenge. All the 

control groups of the model had been previously evaluated in a extensive manner  

(Bailon et al., 2012). 

   

2.5. Biochemical and immunological parameters 
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2.5.1. Myeloperoxidase activity 

 Myeloperoxidase (MPO) activity was measured according to the technique 

described by Krawisz et al (Krawisz et al., 1984). Colonic specimens where 

homogenized in 0.5% hexadecyltrimethylammonium bromide in 50 mM phosphate 

buffer (pH 6.0) and MPO activity in supernatant was measured and calculated from 

absorbance (at 460 nM) changes that resulted from decomposition of H2O2 in the 

presence of O-dianisidine; the results were expressed as MPO units per gram of wet 

tissue; one unit of MPO activity was defined as that degrading 1 mol H2O2/min at 

25ºC. 

 

2.5.2. Determination of immunoglobulin levels 

 Immunoglobulin (Ig) measurements were performed by ELISA, following the 

manufacturer’s recommendations. Colonic samples were re-suspended (1:5 w/v) in a 

lysis buffer containing 20 mM HEPES (4-(2-hydroxyethyl)-1-piperazineethanesulfonic 

acid) (pH 7.5), 10 mM ethylene glycol-bis(2-aminoethylether)-N,N,N’,N’-tetraacetic 

acid, 40 mM -glycerophosphate, 2,5 mM MgCl2, 1% Igepal, 1 mM dithiothreitol, 

500 M phenylmethanesulfonyl fluoride, 1 g/ml  aprotinin, 1 g/ml leupeptin, 1 g/ml 

iodacetamide, 2 mM sodium orthovanadate. The tubes were placed in an orbital rotor 

(4ºC) for 20 min and centrifuged at 9000 × g for 8 min at 4ºC; the supernatants were 

frozen at -80ºC until assay. Blood was centrifuged (3500 × g for 10 min at 4ºC), and 

plasma aliquots were collected and frozen at −80ºC. 1:10000 dilutions were performed 

for the determination of total IgG1, IgG2a and IgA in plasma, and 1:2 for IgE. In the 

colon determinations, dilutions used were 1:1000 (IgG1), 1:500 (IgG2a), 1:5000 (IgA) 

or no dilution for IgE determination. 
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2.6. Statistical analysis 

Statistical significance was calculated by Student’s t-test in the case of 

parametric parameters such as the ELISA results. All tests were performed with one tail 

following the 2-sample equal variance model (homoscedastic). For the hypersensitivity 

score, the Mann-Whitney U-test was used to determine statistical significance. Due to 

the different age of animals inside the control group (day 19 and day 35), the clinical 

and macroscopical parameters altered during allergy induction were presented as the 

mean percentage (%) of variation versus healthy animals sacrificed at the same day 

(similar body weight, length and age) ± standard error of the mean (SEM) with the 

exception of score index. The rest of the data are represented as the mean ± SEM, and 

figures correspond to representative data from one of at least three independent 

experiments. 
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3. Results 

 In order to be able to test our hypothesis regarding the potential increased risk to 

suffer from colitis in atopic individuals, the first objective of this study consisted in the 

generation of adulthood atopic mice from a CMPA model developed in just weaning 

mice. To do that, we used the optimized shorter CMPA protocol previously described 

with minor modifications (Bailon et al., 2012). This novel CMPA model requires only 2 

weeks of oral sensitization to CMP and an IP challenge at day 18 after the first oral 

sensitization. The optimization of this model with all specific controls was exhaustively 

evaluated previously (Bailon et al., 2012).  In this study, we focus on the analysis of the 

allergic response to CMP after 24 hours (acute allergic group) and 16 days after the 

allergy induction (atopic group) in order to obtain adulthood mice with atopic markers. 

 We intragastrically sensitized the mice (n=24) with CMP plus CT 5 times at 

three to four days interval. Then, the challenge was made by IP administration. After 30 

min of IP challenge, the hypersensitivity symptoms became evident as indicated with a 

score of 3.65±0.28 (Table 1). Then, the allergic mice were divided in two groups; one 

group (acute allergic) were killed 24 hours after (day 19) together with a healthy control 

group (n=8) and the rest of mice were maintained alive 16 days more (atopic mice) and 

compared with another age-matched healthy group (n=8). At day 35, as expected, any 

allergic symptom was observed in atopic animals and, obviously, neither in non-

sensitized animals. 

 All the mice corresponding to these active groups did not show any significant 

alteration in body weight evolution, food consumption or stool consistency during all 

the experiment compared with untreated mice (data not shown). Once mice were killed, 

the blood was collected and the small intestine, colon and spleen were obtained  to 
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evaluate the clinical and macroscopic parameters altered during allergy induction. In 

order to compare the macroscopic parameters between these two groups we presented 

the values as the mean of % of variation versus healthy animals sacrificed at the same 

day (similar weight and age) (Table 1). The potential alterations in gut morphology 

assayed mainly consisted in the evaluation of the weight/length ratio of intestines and 

the number of colonic patches in the colon (Table 1). Colonic patches are small 

lymphoid follicles consisting predominantly of B-cell zones (Bailon et al., 2011; 

Rijnierse et al., 2006) that appear on the mucosal site of the colon. An increase in the 

number of visible colonic patches is indicative of hypertrophy of these structures and 

therefore suggests an activation of the intestinal immune system (Bailon et al., 2011; 

Dohi et al., 1999; Rijnierse et al., 2006). 

 

Table 1: Clinical and macroscopic parameters altered during allergy induction  

 Score 

Colon 

weight/length 

Small intestine 

weight/length 

Nº colonic 

patches 

Spleen size 

Acute allergic
1
 3.65 ± 0.28

**
 129.92 ± 5.84

*
 99.69 ± 5.94 193.5 ± 27.5 95.9 ± 4.24 

Atopic
2
 ND 

73.68 ± 

4.15
*,

 

73.75 ± 5.28
*,

 140.0 ± 19.6 104.2 ± 3.15 

1
Acute allergic animals corresponds to mice sacrificed 24 h after CMP challenge (day 19); 

2
Atopic 

animals correspond to mice sacrificed two weeks after CMP challenge (day 35) previously to colitis 

induction. Values (except score) correspond to the mean  of variation versus healthy animals sacrificed 

at the same day (similar body weight and age) ± SEM (n=8 per group). 
*
 p<0.05, 

**
 p<0.01 versus healthy 

animals; 
 
p<0.05, 

 
p<0.01 versus acute allergic animals. ND, not determined. 

 

 In this regard, the weight/length ratio of colon, but not small intestine, increased 

a 29,92% after 24 h of allergy induction, suggesting an acute local inflammatory 

response produced by infiltrated cells with oedema (Table 1). In contrast, in atopic 

group (after 16 days) the weight/length ratio of both intestines showed distension 
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expressed as a reduction of about 27% in weight/length ratio of both intestines in 

comparison with the respective healthy control group (Table 1). As previously reported, 

the increase in intestine length in atopic animals has been attributed to the distension of 

intestine due to a previous inflammatory process (Bailon et al., 2011; Cueto-Sola et al., 

2013). In concordance to the alterations in the intestinal inflammatory state, an increase 

in the number of visible Peyer’s patches was seen in the colon of acute allergic animals 

(93.5% increase), while a weaker increase (40%) was still present in atopic animals 

(Table 1). None of these values reached statistical significance due to the high 

variability of the values obtained. Taken together these results suggested that the atopic 

state, although it could not be considered an active inflammatory process, retains some 

alterations on the gut physiology and intestinal immune response. 

 The allergic process was confirmed not only by the intestinal symptoms 

observed but also by the systemic effects induced. In this case, although it has been 

previously described an enlargement of spleen in the CMPA protocol used (Bailon et 

al., 2012), no differences were observed in spleen size after 24 hours nor after 16 days 

(Table 1) of allergy induction. However, systemic allergic response was further 

characterized by measuring Ig production in plasma. As expected, the IgE levels 

increased in both groups confirming the IgE-mediated hypersensibility involved in this 

model (Table 2).  

 

Table 2: Plasma immunoglobulin levels induced during allergic response  

 IgE (ng/ml) IgG1 (g/ml) IgG2a (g/ml) IgA (g/ml) 

Healthy
1
 19.84 ± 1.94 301.9 ± 28.5 201.5 ± 30.5 482.1 ± 57.3 

Acute allergic
2
 26.22 ± 2.33

*
 368.5 ± 29.6 286.9 ± 49.4 391.0 ± 43.9 
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Atopic
3
 27.96 ± 3.25

*
 293.3 ± 44.7 273.4± 78.9 363.3 ± 32.1

*
 

1
Healthy animals correspond to both control groups sacrificed at day 19 and 35; 

2
Acute allergic animals 

correspond to mice sacrificed 24 h after CMP challenge (day 19);
 2

Atopic animals correspond to mice 

sacrificed two weeks after CMP challenge (day 35) previously to colitis induction. Values correspond to 

the mean ± SEM (n=8 per group).  
*
 p<0.05, 

**
 p<0.01 versus healthy animals; 

 
p<0.05, 

 
p<0.01 versus 

acute allergic animals. ND, not determined. 

 

Similarly, IgG2a levels also increased in both groups (Table 2), although they 

did not reach statistical significance. Regarding other plasma Ig levels, the amounts of 

IgA decreased in both acute allergy and atopic mice although only reached significance 

in atopic group (Table 2), while IgG1 levels weakly increased during the acute allergic 

response but returned to basal levels in atopic mice (Table 1). In concordance with Ig 

plasma levels, acute allergic and atopic mice showed a similar altered profile of the Ig 

levels in the colon samples (Table 3). Finally, colonic inflammatory infiltrate was 

indirectly measured as colonic MPO activity, which although clearly increased in acute 

allergic animals did not reach significance, and the values returned to basal levels in 

atopic group (Table 3). 

 

Table 3: Colonic immunoglobulin levels and MPO activity induced during allergic response  

 MPO (mU/g) IgE (ng/ml) IgG1 (g/ml) IgG2a (g/ml) IgA (g/ml) 

Healthy
1
 39.45 ± 26.7 0.924 ± 0.26 1.528 ± 0.63 1.645 ± 0.32 247.6 ± 32.9 

Acute allergic
2
 111.5 ± 55.6 1.281 ± 0.23 2.293 ± 0.52 1.906 ± 0.19 154.5 ± 13.6

*
 

Atopic
3
 25.45± 10.5 1.297 ± 0.29 1.862 ± 0.46 1.878± 0.22 169.1 ± 16.5

*
 

1
Healthy animals correspond to both control groups sacrificed at day 19 and 35; 

2
Acute allergic animals 

correspond to mice sacrificed 24 h after CMP challenge (day 19);
 2

Atopic animals correspond to mice 

sacrificed two weeks after CMP challenge (day 35) previously to colitis induction. Values correspond to 

the mean ± SEM (n=8 per group).  
*
 p<0.05, 

**
 p<0.01 versus healthy animals; 

 
p<0.05, 

 
p<0.01 versus 

acute allergic animals. ND, not determined. 

 

 Taken together all of these results, here we report a suitable experimental model 

of adulthood atopic animals, which consists in the altered immunological state obtained 
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16 days after the induction of an acute allergy using the well described shorter protocol 

of CMPA. This model has some intestinal and immunological characteristics common 

to food-related atopic individuals (Da Silva et al., 2013; Lau 2013; Peters et al., 2013; 

Wisniewski et al., 2013) such as intestinal distension, probably responsible of an 

increased permeability, and an increase on plasmatic and colonic IgE levels but a 

reduced IgA levels in the intestinal mucosa. Moreover, no altered inflammatory markers 

such as MPO or IgG2a levels are increased in these individuals in a statistical 

significance manner. 

The second goal of the study consisted in explore if the altered intestinal 

condition observed in atopic animals can modify the severity or the risk of suffering a 

posterior intestinal inflammatory pathology, such as IBS or IBD. To do that, we initially 

selected the dextran sodium sulphate (DSS)-induced colitis in mice as colitis model, 

since is a well-established model to study human IBD (Cavalcanti et al., 2014; Garrido-

Mesa et al., 2011; Krause et al., 2014). In this regard, a group of healthy and atopic 

mice were further divided in three groups; non-treated group (Control) (n=8) and mice 

treated with DSS at concentrations of 1.5% (w/v) (moderate DSS group) or 3.5% (w/v) 

(severe DSS group). All DSS-treated animals developed diarrhoea and had weight loss 

associated with anorexia, which were evident from the first day after DSS 

administration and progressively increased during the course of the experiment. 

 As expected, the administration of 1.5% or 3.5% DSS dissolved in the drinking 

water for 5 days to healthy mice resulted in a progressive increase in DAI values, due to 

the body weight loss and the excretion of diarrheic/bleeding faeces (Fig. 1A). The 

disease severity depends on the concentration of DSS since at day 6 the DAI values 

were 3.0 and 1.5 in severe and moderate DSS groups respectively (Fig. 1A). 
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Interestingly, in atopic mice, a significant decrease of DAI, mainly associated with an 

improvement in the weight loss and faecal consistency, was observed in both DSS 

groups (Fig. 1A).  

 The reduced inflammatory process of DSS in atopic mice (moderate- and severe- 

DSS groups) in comparison with DSS in naive mice was also biochemically observed 

through the analysis of colonic MPO activity (a marker of neutrophils infiltration) (Fig. 

1B); suggesting a lower leukocyte infiltration into the inflamed tissue during the DSS-

induced colitis in atopic animals. This reduced effect in the DSS-induced inflammation 

in atopic animals was also macroscopically evidenced by a significant reduction in the 

colonic weight/length in severe DSS group ratio in comparison with naive mice (Fig. 

1C). As expected, the colonic oedema and inflammation was more evident in severe 

than moderate DSS colitis in both groups of animals (Fig. 1C). However, any 

significant difference was observed in small intestine weight/length ratio beyond the 

previously distension described in atopic animals (Fig. 1D).  
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Fig. 1. Clinical amelioration of colitis symptoms induced by DSS was observed in atopic 

animals A) Disease activity index (DAI) values over the 6-day experimental period, based on 

the criteria proposed (Bailon et al., 2007; Camuesco et al., 2006). B) Colonic myeloperoxidase 

(MPO) activity. Weight/length ratio of the colon (C) and small intestine (D), and spleen weight 

(E) were measured at day 6 after colitis induction as described in material and methods. F) For 

each colon sample and previous to its sectioning, colon patches were counted. All results are 

expressed as the mean ± SEM. The Student’s t-test was used to determine statistical 

significance.  * (p<0.05), ** (p<0.01) compared to healthy animals in each group; # (p<0.05),  

## (p<0.01) compared to naïve mice.  

 

The spleen size increased significantly with the severe DSS treatment in naïve 

mice in counterpart of the slight downward trend observed in severe DSS atopic animals 

(Fig. 1E). Interestingly, although the colitis model of DSS did not increase the number 

of visible colonic Peyer’s patches in naïve animals (Fig. 1F), the number of visible 

patches increased significantly in the severe DSS group in atopic animals (Fig. 1F). 

 Next, we also evaluated the humoral immune response in plasma and colon 

samples from the colitic animals in both groups (Fig. 2). The DSS treatment at 3.5%, 
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but not at 1.5% concentration, induced a significant reduction of IgE, IgG1, IgG2a and 

IgA levels in plasma of naïve animals (Fig. 2A). Similarly, in colon samples the IgE, 

IgG1 and IgGA levels were also significantly reduced in severe DSS group, although 

the IgG2a production was not modified or even significantly increased in moderate DSS 

group (Fig. 2B).    

  

 

 

 

 

 

 

 

 

 

Fig. 2. Analysis of plasma and colon immunoglobulin levels induced by DSS in atopic 

mice. Plasma (A) and colon (B) from all mice were collected after sacrifice and used to 

measure total IgE, IgG1, IgG2a and IgA levels by ELISA, as described in material and 

methods section. Results are expressed as the mean concentration ± SEM. The Student’s t-test 

was used to determine statistical significance.  *(p<0.05), **(p<0.01) compared to healthy 

animals in each group; #(p<0.05), ##(p<0.01) compared to naïve mice. 

 

In atopic animals although a reduction in IgE and IgG2a production in plasma 

was observed in severe DSS group in comparison with control group, no differences in 

IgG1 and IgA were observed compare to naïve mice (Fig. 2A). Moreover in colon, the 

atopic process induced a significant increase of IgG1 levels in severe DSS group 

without modifying the other immunoglobulins (Fig. 2B). Therefore, it could be 

concluded that a trend to reduce the inflammatory process induced by the DSS colitis 
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was clearly observed in atopic animals, a phenomenon that became more evident in the 

severe DSS group than in the animals with a moderate inflammation.   

 However, due to the complexity of the immune response in intestinal mucosa 

and based on our previous experiences with complex and simultaneous or consecutive 

experimental procedures, we decided to further confirm our results using a second 

model of intestinal inflammation and colitis. In this case, we selected the DNFB/DNS 

model that develops an inflammatory reaction in the colon which is evoked by skin 

sensitization of mice with DNFB, followed by a local intrarectal challenge with the 

hapten DNS. This model induces a mild and superficial inflammation of the mucosa, 

which reverts very fast (Bailon et al., 2011).  

In this model, intestinal inflammation measured as colon weight/length was 

significantly increased  72 h after colitis induction in naive mice (Fig. 3A). Similarly, an 

increased ratio in small intestine was observed (Fig. 3B). No significant differences in 

the size or morphology of the spleen were observed although tended to increase (Fig. 

3C). The intestinal inflammation was also evidenced by an increase in the number of 

colonic patches in these animals (Fig. 3D). On the other hand, the evaluation of the 

same macroscopic inflammatory parameters in the atopic mice suggested a faster onset 

of the inflammatory process and an increased severity. In this regard, an increased 

weight/length ration was observed in both intestines at 24 hours after DNFB treatment 

and also an increase on the number of visible Peyer’s patches (Fig. 3). Moreover, a 

significant increase versus the response observed in naïve animals was observed in most 

of the parameters assayed after 72 hours of DNFB treatment (Fig. 3), suggesting that the 

inflammation produced by DNFB/DNS model may be aggravated in atopic animals. 
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Fig. 3. Clinical exacerbation of macroscopic parameters was observed in atopic animals 

in the DNFB/DNS model Weight/length ratio of the colon (A) and small intestine (B), and 

spleen weight (C) were measured at 24 or 72 h after DNS administration in DNFB-sensitized 

mice as described in material and methods. F) For each colon sample and previous to its 

sectioning, colon patches were counted. All results are expressed as the mean ± SEM. The 

Student’s t-test was used to determine statistical significance.  * (p<0.05), ** (p<0.01) 

compared to healthy animals in each group; # (p<0.05),  ## (p<0.01) compared to naïve mice.  

 

 

Similarly, the colitis induced by DNS in DNFB-sensitized mice significantly 

increased the IgE levels in plasma at 72 h (Fig. 4), while did not significantly modify 

other Igs analysed at this time point (Fig. 4A). In contrast, a reduced IgG1 and IgA 

plasma levels were observed after 24 hours of the colitis induction in naïve animals. A 

similar response than that observed at the blood compartment could also be found in the 

inflammatory focus where the expression of IgE increased at 72 h time-point while a 

reduction of IgA was seen at 24 h (Fig. 4B). An exception was the levels of IgG2a that 

remained almost constant in the plasma compartment while in the colon initially 

reduced the levels at 24 hours but highly rose after 72 hours of colitis induction (Fig. 

4B).  In atopic animals the values obtained in Igs levels reached more significant 
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increased values than those obtained in naïve mice, especially on the plasma 

compartment and on colonic IgE (Fig. 4). The increased inflammation observed after 

DNFB/DNS treatment on atopic animals was also evident by a reduced colonic 

expression of IgA due to the tissue damage induced on the intestinal mucosa (Fig. 4B).  

 

 

 

Fig. 4. Analysis of plasma and colon immunoglobulin levels induced by DNFB/DNS model 

in atopic mice. Plasma (A) and colon (B) from all mice were collected after sacrifice and used 

to measure total IgE, IgG1, IgG2a and IgA levels by ELISA, as described in material and 

methods section. Results are expressed as the mean concentration ± SEM. The Student’s t-test 

was used to determine statistical significance.  *(p<0.05), **(p<0.01) compared to healthy 

animals in each group; #(p<0.05), ##(p<0.01) compared to naïve mice. 
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DISCUSSION 

 Food allergy, especially to CMP, is probably one of the most prevalent 

pathologies during infancy (Hill, 1996). Despite CMPA in infants could have severe 

consequences and even death in a reduced number of cases, the majority of them could 

be easily managed using exclusion diets or even without any treatment, allergic signs 

disappear around two years of age (Hill, 1996). However, most of the allergic infants 

develop an altered immune state known as atopy (Da Silva et al., 2013; Lau 2013; 

Peters et al., 2013; Wisniewski et al., 2013), which has been related to an increased risk 

to be sensitized to other allergens and to a skin prone to develop topical irritations and 

eczemas. Moreover, some epidemiologic studies relate an increased risk to suffer other 

pathologies during adult life on atopic individuals. These pathologies include asthma, 

diabetes, multiple sclerosis and intestinal inflammatory processes such as IBD or IBS 

(Broberg et al., 2000; Oehlling et al., 1998; Ozol and Mete, 2008; Skripak et al., 2007). 

This association must not be surprising, since perinatal defects in the induction of 

mucosal tolerance are associated with the later development of allergies, autoimmune 

diseases (such as rheumatoid arthritis, type 1 diabetes and systemic lupus 

erythematosus) and chronic inflammation of the gut and respiratory mucosa (Broberg et 

al., 2000; Oehlling et al., 1998; Ozol and Mete, 2008; Skripak et al., 2007). 

In this regard, abnormal immunologic reactions against endogenous or 

exogenous antigens, infectious agents, intestinal microbiota or environmental factors 

contribute to the pathogenesis of several intestinal conditions, including IBD or IBS 

(Bouma and Strober, 2003; Kaser et al., 2010; Renz et al., 2012; Scharl and Rogler, 

2012). Since 1961, when Truelove (Truelove, 1961) proposed that ulcerative colitis 

(UC) was due to an abnormal response towards food allergens such as milk, the 
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hypothesis that allergic reactions to diet antigens are involved in the etiology and 

pathogenesis of IBD has remained controversial (Farah et al., 1985; Jenkins et al., 1984; 

Knoflach et al., 1987; Pearson et al., 1993; Rosekrans et al., 1980; Zwetchkenbaum and 

Burakoff, 1988). In fact, practices based on the elimination of a particular food or the 

use of elemental diets is still common among many IBD and IBS patients (Borrelli et 

al., 2006; Farah et al., 1985; Pearson et al., 1993; Rajendran and Kumar, 2010). 

The objective of this work was to demonstrate the veracity of this hypothesis 

using animal models. Research into human pathology has been widely supported by 

laboratory data thanks to the use of diverse experimental animal models. Experimental 

animal models are commonly used to simplify and study complex human pathologies 

such as allergy or colitis (Bailon et al., 2011; 2012; Dearman and Kimber, 2009; 

Diesner et al., 2008; Galvez, 2009; Ganeshan et al., 2009; Gonipeta et al., 2010; Hsieh 

et al., 2003; Lara-Villoslada et al., 2004; 2005; Mizoguchi and Mizoguchi, 2010; Strid 

and Strobel, 2005; Takeda and Gelfand, 2009; Thang et al., 2011; Untersmayr et al., 

2010; Valeur et al., 2009), and they allow the discovery of interactions and common 

elements of particular signaling events and molecular pathways. Mouse and rat models 

have been used satisfactorily in studies of various allergic diseases and intestinal 

inflammatory pathologies. Although several models of food allergy have been 

described, they differ in the route of sensitization and challenge, the strain of mouse 

used, the use of adjuvant or co-administered drugs, the type of antigen or the doses 

required and the duration of the sensitization period (Diesner et al., 2008; Ganeshan et 

al., 2009; Gonipeta et al., 2010; Hsieh et al., 2003; Strid and Strobel, 2005; Thang et al., 

2011; Untersmayr et al., 2010; Valeur et al., 2009). Similarly, current experimental 

animal models for intestinal inflammatory conditions do not perfectly match the patho-
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physiological features observed in humans, and a myriad of them have been described 

both in mice and rats to expand the amount of human symptoms and pathological 

conditions available (Galvez, 2009). As a result, studies use distinct animal models, 

thereby hindering the comparison of results. Any experimental model should be 

characterized by the robustness and reproducibility of the symptoms, the selectivity and 

specificity of the response, and the easiness of the protocols, both regarding time and 

resources. With this aim we have optimized several allergy, IBD and IBS models in the 

last years (Bailon et al., 2011; 2012; Garrido-Mesa et al., 2011). 

In this work we have used some of these optimized experimental models, such 

as the CMP allergy model (Bailon et al., 2012) or the DNFB/DNS model resembling 

human IBS (Bailon et al., 2011). However, to demonstrate our hypothesis we required a 

new experimental model not described so far to our knowledge; an atopy experimental 

animal model. In this regard, data presented in this work support and validates the atopy 

model described since most of the alterations showed could be translationally correlated 

with the human condition. This is the case of the increased levels of IgE observed both 

in plasma and colon samples, the intestinal distension and the reduced IgA colonic 

levels, while no other signs of acute inflammation were seen, namely MPO colonic 

activity or alterations on the IgG2a levels (Da Silva et al., 2013; Lau 2013; Peters et al., 

2013; Wisniewski et al., 2013).  

IgA decrease could reflect an alteration of the correct intestinal homeostasis 

(Dong-Yan et al., 2011; Shimada et al., 1999) while intestinal distension has been 

associated with increased permeability (Ait-Belgnaoui et al., 2005; Gecse et al., 2007). 

Since recent evidence suggests a role for increased colonic permeability on the 

ethiology of IBS and other colitic process, and the presence of an allergic/atopic 



Atopic mice show an increased or reduced immune response during colitis depending 

on the animal model used 

 

 

133 

 

background correlates with a more severe colitic diseases and diarrhoea predominance, 

possibly by enhancing mucosal mast cell activation and paracellular permeability in 

those pathologies (Vivinus-Nebot et al., 2012), it is rational to suspect that an increased 

risk to suffer subsequent colitic processes will be easily observable in atopic 

individuals.   

The use of two different colitic models in this work points out the difficulties to 

demonstrate sometimes an easy hypothesis using consecutive experimental animal 

models. In this sense, we have observed opposite effects using two colitis models, 

namely DSS, a well-known model of IBD (Cavalcanti et al., 2014; Garrido-Mesa et al., 

2011; Krause et al., 2014) and DNFB/DNS model, more resembling the human IBS 

condition (Bailon et al., 2011). In our model, atopic animals present an exacerbated 

severity to subsequent DNFB/DNS colitis while remain protected to DSS colitis. 

Abnormal immunologic reactions against endogenous or exogenous antigens, intestinal 

microbiota or environmental factors contribute to the pathogenesis of both intestinal 

conditions (Broberg et al., 2000; Oehlling et al., 1998; Ozol and Mete, 2008; Skripak et 

al., 2007). However, while recent studies have indicated that the colonic mucosa in IBS 

shows an increase in inflammatory cells, this inflammation is quantitatively less than in 

IBD and of a different nature with a predominance of mast cells (Spiller, 2009). Since 

mast cell activation is also a hallmark of allergic responses (Fried and Akin, 2013; 

Kawakami et al., 2014; Siracusa et al., 2013), the reactivation of these mast cells during 

the DNFB/DNS model could further increase gut permeability, and may allow an 

increased activation of the systemic immune system and the severity of the colitis 

observed. Moreover, the expression of IL-5 and IL-13 was enhanced in IBS while IL-12 

and IL-10 were reduced (Kindt et al., 2009), showing a biased Th2 response in this 
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pathology that also correlates with the cytokine profile observed during allergy/atopy 

processes (Bailon et al., 2012; Lara-Villoslada et al., 2004; 2005).  

 In contrast, DSS model, although also involve humoral and Th2 cytokine 

components (Bailon et al., 2009), presents a clear inflammatory and Th1 immune 

response, especially in the mice models (Bailon et al., 2008; Mikami et al., 2014; 

Ustyogova et al., 2012). Moreover, since intestinal permeability is totally disrupted in 

this model a weak influential effect could be attributed to this condition. Based on that, 

it could be possible that the biased Th2 response observed in atopic individuals could 

diminish the Th1 cytokine response required to initiate the inflammatory state observed 

in the DSS model. 

 In conclusion, data presented in this work confirm that the intestinal and immune 

alterations observed in atopic individuals could modify the course of subsequent 

mucosal inflammatory conditions, but this modification could be in both directions 

depending on the main ethiological characteristics of each inflammatory condition. Due 

to that, the selection of adequate experimental models could facilitate or mislead the 

conclusions drawn.  
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CHAPTER 7: DISCUSSION 
 

 Since long time ago it is known that occidental style life is related with a higher 
incidence of several pathologies, mainly with inflammatory cause as IBD, allergy, IBS, 
and also cancer, autoimmune diseases, etc. The contribution of environment is critical 
not only in the beginning but also in the evolution of these pathologies. People of 
industrialized countries who live in a big city suffer more from these pathologies that 
those who live in a little village or in the countryside. The explanation of this fact is the 
presence of pollution, processed foods, conservatives in the foods and contact with 
others chemical substances with uncertain safety. However, multifactorial stimuli are 
necessary to develop an allergy or IBD including genes, microenvironment, age and 
concomitant triggering events (Guarner et al., 2006; Molodecky et al., 2012). 
 
 Tolerance is the key to maintain a good relationship between external and 
internal environment without developing an excessive response against external or 
internal substances. However, excessive tolerance may lead to invasion by 
microorganisms or parasites, or to the development of cancer. Clearly, regulation of 
tolerance is essential for life. The precise balance between the frequency of Th2, Th1 
and Treg responses define a healthy or ill status. The observed increment of the 
incidence of allergic diseases is due to the loss of peripheral T-cell tolerance to 
allergens (Chehade & Mayer, 2005). 
 
 Allergic immune response is elicited by APCs which process and present 
allergenic epitopes to T-helper lymphocytes. In presence of IL-4 the response is switch 
to Th2, and if IL-13 is present, B cells produce IgE specific antibodies which activate 
mast cells and basophils releasing inflammatory mediators and cytokines, perpetuating 
the proinflammatory response. In delayed phases, IL-5 is responsible for the activation 
and tissue recruitment of eosinophils which perpetuate the allergic disease.  Treg cells 
keep an unresponsiveness state producing IL-10 and TGFβ which suppress the Th2 
response and IgE production in healthy people. The presence of Th1 lymphocytes has 
been described in some situations (Montero Vega, 2006). Others allergy participants 
have been described such different type of antibodies. For example, it has been 
noticed that an increase in production of allergen-specific-IgG1 often takes place in 
allergic situations. Regarding other immunoglublins, increased levels of IgG2a (more 
indicative of a Th1 response) or decreased IgA concentration have been observed in 
some circumstances (Berin, 2012; Liu et al., 2012).  
 
 Similarly, inflammatory response is initiated also with the interaction of APCs 
with naïve T lymphocytes, which evolve to Th1 cells in presence of IL-12 and IL-18. Th1 
activated cells produce IFNγ leading to the activation of macrophages and inhibition of 
plasma B cells. Accumulation of macrophages and its cytokines TNFα and IL-1, produce 
a chronic inflammation with the participation of B cells and antigen-specific antibodies. 
Regarding the role of antibodies, it has been found that about 60-80% of patients with 
an inflammatory disease, such as IBD, have specific-IgG antibodies against various 
antigens (for example anti-neutrophil cytoplasmic antibodies), suggesting an increased 
humoral response in these diseases (van Schaik et al., 2013). An overproduction of 
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IgG1 and IgG2 has been observed in UC and CD, respectively (Furrie, Macfarlane, 
Cummings, & Macfarlane, 2004). Furthermore it is known that human IgA 
immunodeficiency may be related to UC (Brandtzaeg, Carlsen, & Halstensen, 2006). 
Although any Th2 contribution is generally accepted in the inflammatory response, in 
some complex pathologies as IBD a participation of Th2 subset has been demonstrated 
with a Th1/Th2 balance controlled by Treg cells (Allez & Mayer, 2004). Same cells, but 
in a different cytokine scene, are the picture of allergy and inflammation. 
 
 In absence of experimental proofs, a lot of evidences in patient with IBD related 
the food allergy to CD, UC or IBS. Some studies have found that a big number of 
immunological cells like eosinophils, mast cells and IgE-positive cells are infiltrated in 
small bowel of patients with atopic eczema, rhinitis or asthma. Moreover, authors 
suggest that patients with atopic diseases have a gut barrier dysfunction as it is 
indicated by an increased intestinal permeability. In fact, it has been established the 
expression “atopic bowel” to name the patients with intestinal symptoms associated 
to an atopic disease as rhinitis or asthma. Their intestinal symptoms worsen when 
allergic signs are increased (Lillestol et al., 2010). 
 

The relationship between allergy and IBD has not been demonstrated in 
experimental conditions yet (see figure 4), although several retrospective analyses into 
paediatric populations have shown a strong connection between allergy suffered in 
childhood and IBD in adulthood. Virta et al. published some data from the Finnish 
health system that point out a preceding diagnosis of asthma in 12% of the paediatric 
patients with CD and this relation is stronger when asthma is diagnosed beyond 3 
years of age. Moreover, cow’s milk allergy (CMA) is related with CD as well as UC. 
Interestingly, the strongest association to contract CD was seen when CMA has 
predominantly abdominal symptoms and not skin symptoms (Virta, Ashorn, & Kolho, 
2013).   

Moreover, the experimental conditions of two different pathologies as allergy 
and IBD in the same animal have not being published by now. Reasons for this fact are 
numerous; first, the election of the animal model is a critical point. In both cases, 
pathophysiological conditions are complex and a big number of components 
(cytokines, immune cells, antibodies) play a role in the evolutions of symptoms. 
Secondly, interpretation of the results is more difficult if the experimental model is not 
good established. 
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Figure 4.- General mechanism of allergy development. The allergy development occurs 
in various stages. Firstly the allergen is internalized, 
 

   
 

We have attempted to find the best animal model of food allergy and colitis in 
mice to do a combined experimental assay to observe the repercussion of each other, 
and with that objective we studied separately both experimental conditions and after 
that we suggested two mixed allergy-colitis models. 

 
  Animal models of IBD try to mimic the human disease but they have some 
deficiencies because the complex scene that occurs in the pathophysiology of UC and 
CD. While CD is a Th1 biased pathology, UC is quite more complex with participation of 
lymphocytes Th1, Th2 but without any significant modification in IL-4 levels. For this 
reason, there are several animal models that match CD, but we have only found two 
hapten-induced experimental protocols for UC: the oxazolone one and the DNFB 
model, the last one with scarce information about biochemical characteristics.  
 
 We attempted to find an animal model of IBD which permits us to evaluate the 
relationship between allergy and IBD. To reach this objective we analyzed the 
immunological profile of the DNFB/DNS protocol proposed by Brkic et al in 1992 (Brkic 
et al., 1992) and redefined by Rijnierse et al in 2006 (Rijnierse, Koster, Nijkamp, & 
Kraneveld, 2006) in order to use a perfectly characterized protocol and find the best 
animal model. 
 
 An experimental protocol, based on the one proposed by Brkic, was designed 
with different groups of animals which were sacrificed at different times for 
monitoring the evolution of biochemical changes. In addition, the proposed model 
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included another group of animals with an additional challenge to observe the 
behaviour of pathology and confirm the observations that were seen with the first 
challenge. Moreover, we compared the DNFB/DNS model with the TNBS-induced 
colitis model, a very well-known protocol of CD (Bailon et al., 2011). 
 
 Although those mice had mild diarrhoea just after 24 hours of DNS colonic 
instillation any significant loss of weight was observed, and this effect gradually 
increase during the first 72 hours but disappeared at day 5. Inflammation associated 
with diarrhoea was also of medium intensity as we observed with the macroscopic 
examination of patches number. Microscopically, our results indicated that a big 
infiltration of mast cells was present but only a modest increasing of histamine levels 
was found in plasma samples, what indicated a moderate activation and degranulation 
of mast cells. Similar situation was observed in relation to lymphocytes; there was a 
big infiltration but a little cytokine expression. But it is important to emphasise the rise 
in IL-2 and IL-5, with a minimal participation of TNF-α which is according with the 
limited number of macrophages infiltrated. IL-5 can be produced by lymphocytes 
because few mast cells were found in the microscopic analysis of colonic samples, and 
its function consists, at least partially, in the regulation of B cells and antibodies 
production. Relative to humoral response to this inflammation, an increase of IgE and 
IgG1 was observed in both colon and plasma samples while IgA was increased in colon 
and reduced in plasma. This allowed us to think about a mainly atopic response 
mediated by B cells in this experimental model. 
 
 On the other hand, a second challenge in those mice did not exacerbate or 
accelerate the process occurred after first challenge. The absence of significant 
differences between groups of mice in the production of cytokines, except the higher 
expression of IL-10 and TNF-α, complicates the interpretation of the results obtained 
after the second challenge. Curiously, the Ig profile after the second challenge was 
very different from the one after the first challenge and there was not any clear biased 
immune response that let us to categorise the process as an atopic reaction.  
 
 Participation of IL-5 in this model could remember us an experimental model of 
IBD similar to Oxazolone-induced colitis and human UC, but when all results are 
observed together it is impossible to arrive at this conclusion, mainly because if there 
is not a disruption of mucosal integrity, there will not be any significant antigen 
recruitment and therefore, any inflammatory cells infiltration, a key point in the 
beginning and the evolution of every IBD illness. However, if this protocol is not useful 
as an experimental approximation to human IBD, it may be a good option for studying 
other diseases as allergic intestinal responses due to the Igs profile. We chose this 
model to carry out our objectives because its mild inflammatory reaction and its 
simple cytokines response.  
 

Animal models of allergy partially reflect the symptoms of human disease but 
they are closer to biochemical changes. Among the allergens used to mimic food 
allergy, OVA triggers a strong, reproducible and well characterized allergic reaction, 
while Cow’s milk protein allergy (CMPA) requires just-weaned mice and it unleashes a 
slow reaction with a peak at 6 weeks; moreover the results are not reproducible in a 
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high rate. In fact, a useful method in the study of the more and more frequent CMPA 
was published by Li et al. in 1999 and re-evaluated in BalbC mice by Lara-Villoslada et 
al in 2004 (Lara-Villoslada, Olivares, Jimenez, Boza, & Xaus, 2004; Li, Schofield, Huang, 
Kleiner, & Sampson, 1999). Three-week-old C3H/HeJ mice were sensitized by 
intragastric administration of cow's milk (CM) plus cholera toxin and boosted 5 times 
at weekly intervals. This method has a first problem which is the long time required to 
obtain the allergic response (6 weeks after the initial feeding). Although a Th2 biased 
response is evident and systemic symptoms are similar to human allergy with 
increased plasma histamine and increased intestinal permeability to casein, the results 
do not appear to be similar in different situations.  

 
 In a second step of this thesis, we improved the method proposed by Lara-
Villoslada et al (Lara-Villoslada et al., 2004) with a significant reduction in the time of 
induction of the allergic response together with an exacerbated immune response 
(Bailon et al., 2012). In the original protocol, a systemic sensitization and oral challenge 
with milk protein and cholera toxin as adjuvant was applied to obtain the allergic 
response. One innovation in our method was the use of intraperitoneal administration 
in the challenge moment which increase the immune response with a significant 
reduction in the time needed (2 weeks versus 6 weeks). 
 

Adjuvants in allergy animal methods are necessary for the innate tendency to 
develop oral tolerance in mice. We also analysed the effect of cholera toxin as 
adjuvant in the immune reaction in both long and short protocols, and we observed 
that cholera toxin led to a significant increase in several allergy response markers, such 
as diarrhoea, colon oedema, spleen enlargement, and colonic IgE and IgG2a 
production among others in animals without challenge. These results can be explained 
by the fact that this adjuvant possibly promotes an unspecific response against other 
food proteins different from milk casein and another possible option is the cross-
reaction between caseins and soy-derived proteins present in the diet. 

 
 Unquestionably, in our experiment, a good allergic response is found in the 
group of the original protocol, with significant differences in various parameters such 
as spleen size, plasma histamine and plasma and colon antibodies (IgE, IgG1, IgA, CMP-
specific IgG1) versus control group. However, the novel proposed protocol reduces the 
experimental time by two-thirds and triggers a more allergen-specific response since 
an increase in plasma and colon levels of CMP-specific IgG1 is observed. 
 
 Short protocol can be questionable in some aspects as the utilization of i.p. 
route for the challenge. While the sensitization is made usually by systemic 
administration, challenge is made by oral route in all experimental method of food 
allergies. Although this via of administration is not physiological for food allergy in 
human, it is better to give little concentration of allergen and guarantee the 
internalization of minimal amounts of intact protein and therefore to achieve a better 
specific response. Another matter in the proposed method is the behaviour of 
antibodies IgE and IgA. Regarding with the original protocol, the new short method 
does not increase levels of the hallmark of allergy, IgE, neither in plasma  nor in colon. 
This result can be explained by the fact that IgE production is highly dependent on the 
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allergen type and casein from cow’s milk protein is not always effective inducing IgE. 
On the other hand, absence of IgA in our short protocol may be due to its short 
duration. This fact can be considered an advantage since the main action of IgA is 
opposite to others Igs.  
 
  In our intention to study a double pathological condition, allergy-bowel 
inflammation, it is important to achieve a good correlated temporal evolution and a 
clearly established immune response with as minimal interferences as possible. 
Moreover, the experimental model should be reproducible and the data obtained not 
confused. 
 

In the combined protocol that we developed, OVA allergic response was 
evident 30 minutes after challenge, because animals felt an intense scratching and 
other allergic symptoms as piloerection and general reduced activity. After sacrifice, 
colonic macroscopic alterations did not show any difference between colitic groups, 
DNS and OVA+DNS, indicating a similar diarrheic status in both groups, but the results 
of immunological conditions demonstrated a robust allergic response to OVA and a 
bigger inflammatory response in the OVA+DNS group. This last group suffered a bigger 
spleen enlargement with an increased amount in splenocytes number. When these 
cells were stimulated with OVA “in vitro”, its proliferation was more intense that 
splenocytes proliferation in the others groups. Moreover in this experiment, any 
proliferation was observed using LPS or Concanavalin A (ConA) as activators what 
indicates a specific response to OVA and not against other antigens. Analysis of 
humoral response also evidence an exacerbated response since IgG1 plasma levels are 
increased in OVA group versus healthy group and in OVA+DNS group versus all other 
groups. Similar response was found in splenocytes stimulated with OVA “in vitro” 
showing that humoral response was specific against the allergen used. Finally, cytokine 
production observed in treated animals indicates a Th2 biased response with bigger 
intensity in allergic+colitic OVA stimulated splenocytes with an increased secretion of 
IL-2, IL-4 and IL-5.  

 
Altogether, results explain an important specific allergic response to OVA in two 

allergic groups and which is bigger in concomitant allergic and colitic animals, 
indicating a good design of the experimental model and no interference in the 
interpretation of results. Similarly to IBD patients, inflammation increases the allergic 
symptoms and this fact may be relevant to prevent the risk of anaphylaxis in allergic or 
IBD patients.  

In the last part of this thesis, we have studied the influence of atopy in the 
symptoms of two experimental protocols of IBD, DSS colitis, which mimics human IBD, 
and DNFB/DNS colitis which is similar to food allergy and also IBS. Innovations of this 
work are not only the establishment of a model of atopic adult mice, but also the 
combination with an experimental model of colitis, and interrelate both results to 
study how important is the atopic situation which is initiated in childhood, in the 
posterior colitis process developed in adulthood. 

 
 “Atopic career” is the most usual way of earlier allergic children to develop 
other inflammatory diseases subsequently in their life. In this situation we 
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hypothesized that abnormalities in the intestinal mucosa produced by allergy, 
frequently subclinical, are responsible of a higher response to diverse inflammatory 
situation as IBD or IBS. 
 
 The animal model of atopic adult mice was based in the short CMPA model 
which was established and discussed previously in this chapter (Bailon et al., 2012). 
This model allowed us to reproduce an atopic status of animals 35 days after the first 
oral challenge with CMP plus cholera toxin as adjuvant and boosted 5 times. Atopic 
status was evident in internal organs as colon and small intestine with a diminished 
weight/length ratio and also bigger spleen size, whereas external aspect (weight, food 
consumption or stool consistency) was similar to healthy group. In addition, IgE plasma 
levels were elevated in atopic mice at day 35 but biochemical colonic determination of 
MPO and Igs showed normal levels after an elevation in acute allergic status. These 
results showed a classical humoral allergic response associated with an intestinal 
distention which is probably related with a subclinical increased intestinal 
permeability. Most of the alterations observed are similar to human atopic condition. 
 
 Once atopic adult mice group was obtained, we explored the possibility of 
combining this situation with an experimental model of colitis and observe the 
response of atopic individuals to this new aggression. We utilized two different 
hapten-induced colitis models: DSS and DNFB/DNS. 
 
  In the DSS induced colitis model, two doses were used (1.5% and 3.5%) with the 
aim to observe the different response to a weak or intense colitis. Differences in the 
seriousness of colitis between low and high doses were evident in DAI (disease activity 
index) at day 6 of administration of DSS in drink water and a significant decrease in this 
value was observed in atopic mice in both doses which was associated with an 
improvement in the weight loss and faecal consistency. Similarly, lower MPO values 
indicating less leukocytes infiltration was observed in atopic colitic mice versus naïve 
colitic mice, as well as colon weight/length ratio showed a recovery in the disease. 
When the humoral response in colitic animals is analysed, a complex response is 
observed, with a significant reduction of IgE, IgG1, IgG2a and IgA plasma levels in 
severe naïve and atopic colitic group, whereas in colonic samples the results are not 
correlated. Nevertheless, a clear reduction in inflammatory response to both doses of 
DSS is evident in atopic mice even though conclusion cannot be extracted about 
humoral behaviour in this combined experiment.  
 
 Finally, another colitis experimental model was analysed in atopic mice with the 
aim to clarify, as far as possible, the humoral response in this combined experimental 
protocol. Thus, we used DNFB/DNS, an hapten that induces a mild and superficial 
inflammation in the mucosa which reverts very fast and which may be useful to imitate 
several human conditions as food allergy or IBS as we have previously discussed 
(Bailon et al., 2011). Unlike DSS induced colitis, a more intense colitis developed in 
atopic mice in response to DNFB/DNS with intestinal inflammation in accordance with 
macroscopic features as colonic patches, weight/length ratio and spleen weight at 24 
hours after DNS administration. In the humoral response, quite more complex results 
were also observed in this experiment with an increment of IgE in both plasma and 
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colon significant at 72 hours after DNS administration. Moreover, a decrease in IgA 
colonic levels could add evidences to the bigger inflammation observed in atopic mice.  
 

The new experimental models developed have important features such as 
robustness, reproducibility and simplicity in the protocols and closeness to human 
illness. In this regard a new animal model of atopy to the allergen cow´s milk protein 
(CMP) has been characterized. The distension observed in both small and large 
intestine may indicate an increase in intestinal permeability which allows the 
activation of immune cells. Also, lower levels of IgA in colon samples may contribute to 
moderate inflammation status which remains subclinically. DSS induced colitis is 
characterized by a Th1/Th17 biased response in Balb/c mice and for that, an allergic 
reaction characterized by a Th2 biased response could be the origin of a lower colitic 
response due to competition between Th1 and Th2 cells which inhibit each other by 
the cytokines released by them. Unlike that, DNFB/DNS colitis model induce a 
hypersensitivity reaction in the colon with lymphocytic infiltration and IL-5 production 
typical of Th2 immune reaction. Mast cells activation in this colitic model and the 
increase in intestinal permeability caused by atopy could be added and they could also 
explain the bigger colitic response observed in this combined experimental method. 

 
Therefore, as a conclusion of our work we must emphasize the importance of 

the selection of the animal model when conducting a project. To achieve this objective 
it is vitally important the model optimization considering the mice strain, the 
parameters to be analysed, etc., because a lack of rigor at this point can lead to hasty 
conclusions as occurred with the model of DNFB/DNS which was considered as a 
model of IBD instead of an IBS model. 

 
In this thesis we have extended the analysis and optimization of two animals 

models, a food allergy one (CMPA) and an intestinal inflammation model (DNFB/DNS). 
We have also made clear the importance of model selection for the demonstration of 
one hypothesis since in function of the chosen model it is possible to have an answer 
or another. That was confirmed when we studied how IBD affects allergy, because DSS 
improve the allergy condition whereas DNFB worsens it. Also, it is important to 
highlight that this was not an easy task for various reasons such as having to comply 
with the ethical standards of animal studies because we used several protocols 
simultaneously. 

 
And finally, for the first time we have demonstrated, through the simultaneous 

use of different animal models, that it is possible to answer the kind of questions that 
we made to us at the beginning of this thesis.  
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CHAPTER 8: CONCLUSIONS 
 

 The main objective of this thesis has consisted in answer the question of 
whether alterations in the immune system in early life, for example as a result of a 
food allergy, may pose a greater risk of experiment other diseases of immunological 
character in adulthood as inflammatory bowel disease. Also we wanted to figure out if 
an allergic process is modified in individuals which also suffer from bowel 
inflammation. Using various animal models we have tried to answer these questions. 
Thus, the conclusions we have drawn from this dissertation are:  
 
CONCLUSION I: Optimization of various experimental models: 
 

A) It has been developed a shorter CMPA mouse model based on oral sensitization 
to cow´s milk protein which the following advantages: 

o It triggers a more intense, specific and targeted immune response to the 
antigen, favouring the consistency of the results. 

o It allows reducing the number of animals in each experimental group, 
and this together with the reduction of the sensitization period required 
(from 6 weeks to 2 weeks) also means a decrease in the cost of the 
experiment. 

o With the reduction of the experimental time, the exposure to the 
adjuvant (cholera toxin, CT) has also decreased, therefore, CT control 
groups do not interfere with the data interpretation. 

 
B) It has been optimized the DNFB/DNS mouse model, originally described as a 

model of intestinal bowel disease (IBD). In this model the main conclusions we 
have reached are:  

o It should not been consider as an IBD model because it features 
resemble more the immune response detected during irritable bowel 
syndrome, so it could be a good model for this pathology where the 
experimental models are scarce. 

o T and B cell responses are involved and the humoral response also plays 
a key role, in contrast with the modest participation of macrophages. 

o It is an acute inflammation model where the humoral response does not 
experiment a significant increase after a second exposure to the 
antigen. The fast return to basal levels let to use a posterior model in 
the same animals without interferences. 

 

CONCLUSION II: The possible influence of intestinal inflammation on allergic 
individuals has been analysed through the DNFB/DNS and the OVA model respectively. 
We have demonstrated that: 

o There is an exacerbated antigen-specific allergic response in animals 
with colitis, mainly due to the immune modulation resulting during the 
DNFB/DNS model. 
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CONCLUSION III: The modulatory effect of CMPA on others intestinal pathologies with 
a immune component has been evaluated. Using the CMPA, DSS and DNFB/DNS 
models we have proved that: 

o Atopic process of the CMPA model attenuates the response observed in 
DSS model. 

o Atopic process of the CMPA model increases the response observed in 
DNFB/DNS model. 
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RESUMEN DE LA TESIS DOCTORAL EN 
ESPAÑOL 

INTRODUCCIÓN 

1. Antedecentes 

  
La mucosa intestinal es uno de los principales órganos de defensa del 

organismo debido a su constante contacto con el exterior a través de los alimentos y 
de los alérgenos, microorganismos y carcinógenos que los acompañan. Dicha función 
defensora se  lleva a cabo de una forma inespecífica con su especial estructura 
anatómica (capa mucosa, células epiteliales, lámina propia y capa submucosa) y, de 
una forma específica, con la ayuda de múltiples componentes externos e internos 
especializados, donde la microbiota y el sistema inmune juegan un papel clave. 
 
 La homeostasis intestinal se alcanza no solo a través de la regulación de la 
función de barrera de la mucosa intestinal, sino también reduciendo la respuesta 
inmune frente a bacterias y antígenos presentes en los alimentos sobre todo gracias a 
células como las células epiteliales intestinales. Uno de los principales dilemas del 
sistema inmune es la identificación de las sustancias extrañas al organismo, 
reconociendo claramente los componentes propios y diferenciando las sustancias 
peligrosas de aquéllas que no lo son. En condiciones normales, esta tarea se realiza 
eficazmente en el proceso denominado tolerancia con una participación importante 
del aparato digestivo (tolerancia oral) donde la vía oral es la principal ruta de entrada 
de sustancias ajenas y potencialmente peligrosas como alérgenos y carcinógenos. Se 
puede definir la tolerancia oral como el estado de inhibición activa de la respuesta 
inmune frente a un antígeno, por medio de la exposición previa a ese antígeno por vía 
oral, que confiere una tolerancia al antígeno tanto local como sistémica. 
 
 Durante los primeros años de vida el sistema inmune va entrando en contacto 
con antígenos ajenos y por tanto, se va desarrollando la tolerancia oral a ellos. Un 
sistema inmune inmaduro puede llevar a que se altere la tolerancia oral u homeostasis 
intestinal de forma que no se diferencie de forma adecuada lo propio de lo ajeno. Esto 
conducirá a la aparición de enfermedades inflamatorias como por ejemplo la IBD o 
alérgicas como la alergia alimentaria,  la celiaquía o el asma. Cuando se rompe la 
tolerancia u homeostasis intestinal se produce la inflamación. La inflamación es una 
respuesta fisiológica de defensa frente a agentes extraños y se puede clasificar en 
aguda y crónica. En la inflamación aguda se produce una activación de células del 
sistema inmune como macrófagos, mastocitos y células dendríticas (DC), las cuales son 
activadas por los antígenos liberando  mediadores proinflamatorios como TNFα, IL-8, 
IL-6, IL-1, Prostaglandina E2 (PGE2) y Óxido nítrico (NO). Cuando este sistema 
(inmunidad innata) no es capaz de eliminar el agente patógeno, se pone en marcha la 
respuesta de células especializadas como los linfocitos B productores de anticuerpos, 
linfocitos T colaboradores (helper) CD4+ y linfocitos T citotóxicos CD8+. En función de 
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cómo se activen las células T CD4+ generarán distintos tipos de respuesta y secreción 
de citocinas.  Así los linfocitos T activados por el antígeno y otras señales co-
estimuladores como la presencia de IL-12 generarán linfocitos Th1 que secretaran 
IFNγ, la co-estimulación con IL-4 (producida por células NK, mastocitos, basófilos y 
linfocitos CD4+maduros) generará un tipo de linfocito Th2  secretor de IL-4, IL-10 e IL-
13 y, por último, la presencia de IL-23 (producida por macrófagos y células dendríticas) 
favorecerá un fenotipo Th17 que secretará IL-17 principalmente.  
 
   Cuando no sea posible finalizar la inflamación aguda o bien se vayan 
produciendo procesos inflamatorios recurrentes aparecerá la inflamación crónica. En 
ella se detecta una infiltración continua en el foco dañado de células como 
macrófagos, linfocitos y células plasmáticas que conducen a la formación de tejido 
fibroso característico de la cronicidad del proceso. Esta inflamación crónica conduce a 
distintas patologías como por ejemplo la IBD. 
 
  La IBD, engloba la colitis ulcerosa (Ulcerative colitis, UC) y la enfermedad de 
Crohn (Crohn’s Disease, CD), caracterizadas por su comportamiento cíclico con 
periodos de remisión y periodos de agudización y con diarrea, dolor abdominal, 
pérdida de peso, hemorragia intestinal, fiebre, fatiga y malestar general como signos 
más importantes. A veces aparecen síntomas extra-intestinales como artralgias. 
Aunque existen similitudes entre ambas enfermedades, las diferencias son notables en 
cuanto a la distribución de la inflamación, la afectación de la mucosa intestinal y la 
consistencia de las heces. Al igual que las alergias, son enfermedades relacionadas 
directamente con el estilo de vida occidental, con una incidencia creciente en todos los 
países industrializados.  
 

Aunque la causa de la enfermedad inflamatoria intestinal no se conoce, se 
supone una ruptura de la tolerancia oral como consecuencia de factores genéticos y 
medioambientales. En los pacientes con la enfermedad activa o en fase de remisión, se 
produce un incremento de la permeabilidad intestinal que permite la llegada de 
sustancias hasta el sistema inmune de la lámina propia, desencadenando la respuesta 
inflamatoria. Hasta hace poco se pensaba que la enfermedad de Crohn se 
caracterizaba por una reacción de tipo Th1 asociada a un exceso de IFNγ, TNFα e IL-12, 
mientras que la colitis ulcerosa era una respuesta Th1/Th2 atípica con una producción 
de TNFα, IL1β e IL-6. Pero en la actualidad se dibuja un escenario más complejo con la 
participación de linfocitos Th17 e IL-17 en ambas patologías. 

 
El tratamiento de estas patologías es sintomático y se basa en la disminución de 

la inflamación y los síntomas con la utilización de glucocorticoides, aminosalicilatos, 
inmunosupresores, anticuerpos monoclonales, antibióticos y probióticos. 

 
 Por otro lado, la alergia es una respuesta inflamatoria de tipo Th2 en la que 
individuos susceptibles responden a antígenos inocuos. Brevemente, la alergia se inicia 
con la participación de linfocitos Th2 que producen IL4 e IL-13, responsables del 
cambio en los linfocitos B para la producción de Inmunoglobulina E (IgE). Ésta activa a 
mastocitos y basófilos liberadores, entre otras sustancias, de aminas biógenas 
(histamina, serotonina) responsables de los síntomas de la alergia. También se liberan 
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mediadores como TNFα, IL-3, IL-5 y GM-CSF responsables de las fases temprana y 
tardía de la alergia y de la activación de linfocitos Th2. La participación de los 
eosinófilos es activada por los linfocitos Th2 y resulta crucial para el desarrollo de las 
reacciones alérgicas como el asma alérgica, gastroenteropatías eosinofílicas e incluso 
en las alergias IgE independientes. 
 
 La participación de los linfocitos T reguladores (Treg) en la alergia es importante 
ya que pueden disminuir la producción de IgE por parte de las células plasmáticas, 
pero no son capaces de anular una respuesta alérgica ya establecida.  
 
 Una alergia alimentaria se puede definir como “un efecto adverso para la salud 
derivado de una respuesta inmune específica que ocurre de forma repetida tras la 
exposición a un determinado alimento”. El creciente número de alergias en los países 
desarrollados se puede explicar por la “hipótesis de la higiene” que justifica los fallos 
en la respuesta inmunológica en base a un déficit en el contacto con sustancias 
extrañas durante los primeros años de la vida. En la actualidad se sospecha que 
cualquier tipo de respuesta inmune (Th1 y/o Th2) durante la infancia ayuda a la 
maduración del sistema inmune y el desarrollo de la tolerancia. 
 
 El incremento de la permeabilidad intestinal es una constante en los pacientes 
que sufren de alergia alimentaria, pero no se puede afirmar con certeza si se trata de 
la causa o la consecuencia de la misma. Además de los síntomas intestinales como 
diarrea y dolor abdominal, la alergia alimentaria puede afectar a otros órganos como la 
cavidad oral, la piel o el tracto respiratorio. Aunque la alergia alimentaria se caracteriza 
por la presencia de anticuerpos IgE, también existe una alergia independiente de esta 
inmunoglobulina, con una respuesta intestinal retardada debido a la producción de 
TNFα. 

Los alimentos que más frecuentemente provocan alergia son la leche de vaca, 
los frutos secos y las frutas, siendo la alergia a las proteínas de la leche de vaca la que 
afecta a un mayor número de niños (2-3 % de la población infantil). En el caso de 
identificar el agente alergógeno, el principal tratamiento de la alergia alimentaria es la 
supresión total del consumo del alimento. En caso de no haber identificado al agente 
causal, la principal estrategia farmacológica consiste en el empleo de glucocorticoides 
y antihistamínicos administrados de forma sistémica. Algunos tratamientos específicos 
del alérgeno consisten en la exposición al mismo por vía oral, sublingual o cutánea 
para conseguir la desensibilización del individuo. Otras terapias incluyen la utilización 
de probióticos, proteínas modificadas, terapia anti-IgE, y otras técnicas experimentales 
que obligan a una investigación constante en la búsqueda de soluciones a una de las 
más frecuentes enfermedades de hoy en día. 

 
 La alergia a la leche de vaca durante la infancia parece estar relacionada con la 
lactancia artificial, ya que la mayor incidencia se encuentra entre niños que no han 
sido alimentados mediante lactancia materna. Un tema importante es la relación entre 
la alergia infantil y el desarrollo posterior de otras enfermedades en la edad adulta; la 
denominada “carrera atópica” que parece justificar el dato de que entre 30-80% de los 
niños que han padecido alergia a la leche de vaca en la infancia y/o dermatitis atópica, 
desarrollan asma u otras alergias respiratorias en la edad adulta.  



Resumen de la tesis doctoral en español (Spanish summary of the doctoral thesis) 

 

166 

 

2. MODELOS ANIMALES 

  
La utilización de modelos experimentales en animales persigue la observación 

de los cambios bioquímicos básicos característicos de las patologías humanas. Debido 
a las diferencias anatómicas, fisiológicas e inmunológicas entre los animales y el 
hombre, la interpretación y extrapolación de los resultados debe hacerse con 
precaución. 
 

2.1 Modelos animales de alergia 
 

La mayor parte de la investigación en alergia se hace utilizando ratones como 
animal de experimentación debido a la disponibilidad de reactivos inmunológicos y de 
biología molecular, incluyendo animales modificados genéticamente. Otros animales 
como cobayas, ratas, perros, etc., son poco útiles por la dificultad de manejo. 

 
Es importante que el modelo animal sea lo más parecido posible a lo que 

ocurre en el humano en cuanto a vía de administración del alérgeno, respuesta 
inmune, reactividad de proteínas (carácter alérgico), ausencia de adyuvantes y 
propiedades reproducibles. 

 
La cepa de ratones Balb/c se usa frecuentemente por su capacidad para 

desarrollar una respuesta de tipo Th2 frente a numerosos antígenos como 
ovoalbúmina (OVA), aspergillus, huevo o el polvo doméstico. También son capaces de 
desarrollar síntomas como diarrea y signos de anafilaxis, además de las respuestas 
típicas mediadas por mastocitos y eosinófilos, así como la producción de IgE e IgG1. 

 
Los protocolos incluyen una fase de sensibilización seguida de otra de re-

sensibilización para establecer definitivamente la respuesta alérgica. En las primeras 
24 horas tras el segundo contacto, los ratones producen anticuerpos específicos tipo 
IgE e IgG1 característicos de la respuesta Th2. Se ha investigado la influencia de la vía 
de administración del antígeno alimentario en la aparición de anticuerpos específicos, 
encontrándose que la administración intraperitoneal (i.p.) produce una respuesta más 
intensa que la vía oral, sin embargo, esta vía requiere menor cantidad de alérgeno con 
un contacto intermitente. Por otra parte, la gran capacidad para desarrollar tolerancia 
oral en los roedores puede interferir en la respuesta obtenida. Para solventar el 
problema de la tolerancia oral se suelen utilizar coadyuvantes como el hidróxido de 
aluminio, la toxina colérica o el adyuvante de Freund, todos ellos destinados a mejorar 
la respuesta inmunológica de los animales frente al alérgeno administrado. Se  
observan síntomas generales como la bajada de temperatura, pérdida de peso o 
diarrea, así como una respuesta Th2 caracterizada por la aparición de IgE e IL-4. 
También se aprecia la participación de linfocitos Treg en su papel de control de la 
tolerancia oral y de otras citocinas supresoras de la respuesta inmune como IFNγ, IL-10 
e IgA. 

La mayor limitación de los modelos animales de alergia alimentaria viene de la 
incapacidad para detectar alérgenos en los alimentos, predecir el poder de nuevas 
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proteínas de alimentos para producir alergia o imitar la sensibilización y respuestas 
alérgicas en humanos. 

 
Dentro de los modelos de alergia alimentaria existen dos muy interesantes 

como son la alergia inducida por la Ovoalbúmina (OVA) y la alergia a las proteínas de la 
leche de vaca (APLV). En el caso del modelo de la OVA, se utiliza la proteína del huevo, 
la OVA, que es uno de los alérgenos mejor conocidos en experimentación animal. Se 
suele administrar i.p. con un coadyuvante para obtener una buena respuesta alérgica 
ya que la vía oral da lugar a una reacción menos intensa. El adyuvante suele ser el 
hidróxido de aluminio (AlOH3) que facilita la respuesta de tipo Th2. Se puede apreciar 
claramente una elevación de IL-4, IL-5, IL-13 e IL-10 así como la producción de IgE y 
eosinofilía. Además la elevación de IL-17 demuestra la participación de linfocitos Th17 
y Th1 al igual que ocurre en pacientes con alergia. 

 
En el caso de la APLV, se administra leche de vaca a ratones con toxina colérica 

como coadyuvante que estimula la respuesta Th2, incrementa la permeabilidad 
intestinal y la producción de IgG1.  Los  ratones recién destetados (Balb/c o C3H/HeJ) 
se sensibilizan con leche de vaca administrada vía oral semanalmente. A partir de la 3ª 
semana desarrollan la alergia y a la 6ª semana se obtiene la máxima respuesta. Tras 
una dosis de carga, este modelo reproduce síntomas generales como el picor, diarrea, 
pilo-erección, dificultad respiratoria, cianosis, temblor, convulsiones y muerte. 

 

2.2 MODELOS ANIMALES DE INFLAMACIÓN INTESTINAL 
 

 La mayoría de los modelos animales reproducen una respuesta Th1, por lo que 
permiten un adecuado estudio de la enfermedad de Crohn. Sin embargo, los modelos 
con respuesta Th2 para el estudio de la colitis ulcerosa son limitados. 
 
 Uno de los modelos de IBD más utilizados en ratón es el de la colitis inducida 
por sulfato de dextrano sódico (DSS). El DSS (2-5%) se administra en el agua de bebida 
durante 4-9 días produciendo inflamación en el colon que puede ser aguda o bien 
crónica dependiendo del tipo de tratamiento del DSS y de la cepa de ratón. Los 
síntomas son similares a la enfermedad humana con presencia de sangre en heces, 
pérdida de peso, acortamiento del intestino, úlceras en la mucosa e infiltración de 
neutrófilos. El perfil inmunológico de la inflamación intestinal obtenida es típico de la 
respuesta Th1/Th17 correspondiente a una inflamación aguda. En el caso de la colitis 
crónica se puede apreciar una respuesta de tipo Th2.   
 

Existe otro modelo de tipo Th1, el modelo de colitis inducida por ácido 
trinitrobencenosulfónico (TNBS) que ha sido ampliamente utilizado en ratas durante 
años. Este modelo consiste en la administración intracolónica de TNBS disuelto en 
alcohol que origina una inflamación aguda en el intestino grueso de los animales con 
una gran infiltración de linfocitos T y macrófagos, debido a una respuesta típica Th1. 
Este modelo posee una gran similitud con la enfermedad de Crohn humana como así lo 
refleja la participación parcial de los linfocitos Th2 observada en ratones IL12-/-. Así 
mismo, los linfocitos Th17 juegan un importante papel en este modelo experimental. 
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La administración crónica de TNBS puede originar una colitis crónica con presencia de 
fibrosis intestinal. 

 
Por último, en el año 2006, Rijnierse y colaboradores describieron un modelo 

de colitis con dinitrofluorobenceno/ácido dinitrosulfónico (dnfb/dns) en ratones que 
presentaba un perfil Th1 especial. El modelo consiste en la sensibilización cutánea de 
los ratones Balb/c con DNFB, seguida de una dosis intrarrectal de DNS. La respuesta 
encontrada en los animales entre las 6-72 horas tras el segundo contacto se 
caracteriza por la activación de mastocitos, acompañada de una producción de TNFα 
en el colon producido por estas células y de la participación de la población de 
linfocitos T reguladores CD8+CD28-. El problema de este modelo es que no ha sido del 
todo caracterizado y por tanto no se sabe si reproduce la IBD en humanos ni si puede 
ser de utilidad. 
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OBJETIVOS 

Para intentar contestar a los interrogantes que se nos plantearon en un inicio 
se tuvieron que optimizar modelos animales de distintas patologías y sobretodo 
optimizar distintos parámetros que nos interesaban para contestar el objetivo general 
del proyecto.  
 
 El grupo de Investigación ya disponía de experiencia en varios modelos 
experimentales en ratón como el del DSS o TNBS de colitis experimental o bien el de la 
OVA o APLV como modelos de alergia alimentaria. No obstante, se introdujeron 
adaptaciones en el modelo de la APLV ya descrito y se optimizó un nuevo modelo de 
colitis experimental. 
 
 El proyecto se dividió en los siguientes objetivos concretos: 
 

OBJETIVO I: Selección de los modelos experimentales  a estudiar:  
 

A) Establecimiento del modelo experimental de la APLV en ratón con un 
protocolo más corto.  
B) Optimización y análisis del modelo de DNFB/DNS en ratón como 
modelo de inflamación intestinal.  
 

OBJETIVO II: Análisis del posible efecto de una inflamación intestinal sobre 
individuos alérgicos. Así, se analizará el efecto del modelo de DNFB/DNS sobre 
la incidencia y gravedad de la alergia a la OVA. 
 
OBJETIVO III: Evaluación del posible efecto modulador de la APLV sobre 
segundas patologías. Así, se analizará el efecto de la APLV sobre la incidencia y 
gravedad de enfermedades como la enfermedad inflamatoria intestinal.  

 

RESULTADOS 

Los resultados de la presente tesis doctoral se han organizado en cuatro 
apartados, siendo cada uno de estos un artículo original que han sido publicados en 
diversas revistas científicas o como en el caso del último artículo, se encuentra enviado  
pero aún no se ha publicado. 
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1. LA COLITIS INDUCIDA EN RATONES POR DNFB-DNS NO DEBERÍA 
SER CONSIDERADA UN MODELO DE ENFERMEDAD INFLAMATORIA 
INTESTINAL. 

(Bailón E, Cueto-Sola M, Utrilla P, Nieto A, Garrido-Mesa N, Celada A, Zarzuelo A, Xaus 
J, Gálvez J, Comalada M. DNFB-DNS hapten-induced colitis in mice should not be 
considered a model of inflammatory bowel disease. Inflamm Bowel Dis. 2011; 17:2087-
101.)  
 Ante la ausencia de modelos aceptables para el estudio preclínico de la UC, se 
investigó el perfil de respuesta inmunológica en el modelo experimental de colitis que 
emplea DNFB y DNS, propuesto recientemente como modificación de otro ya existente 
en el que se utilizaba exclusivamente el DNFB como hapteno productor de colitis.  
  

Rijnierse y col. describieron en el año 2006 el modelo del DNFB/DNS como un 
modelo de colitis colónica que estaba asociado con la activación de mastocitos sin 
participación de macrófagos y donde se demostraba que la expresión de TNFα 
derivada de mastocitos cumplía un papel clave.  En nuestro caso nos interesaba 
encontrar un modelo Th2 para el desarrollo de la presente tesis doctoral con una 
mayor similitud a la UC, puesto que el modelo del TNBS en ratón era un modelo Th1 y 
el DSS era un modelo Th1-atípico. Por tanto, decidimos profundizar y optimizar más 
este modelo. 

 
Aunque el modelo experimental original de colitis inducida por DNFB permite el 

estudio de algunos aspectos de la UC humana, el principal problema que entraña es la 
dificultad de encontrar una respuesta homogénea entre experimentos. En la mayor 
parte de los casos se observa una inflamación moderada de la mucosa intestinal, 
mientras que en otras ocasiones aparece una rápida implantación de la inflamación 
con intensa hemorragia intestinal y la muerte de muchos animales. El modelo del 
DNFB/DNS parece permitir una evolución más lenta de la inflamación intestinal y la 
obtención de resultados más consistentes. Sin embargo, en los animales tratados 
aparece una alta respuesta de mastocitos sin la participación de macrófagos con un 
papel predominante de TNFα. Debido a la escasez de datos aportados por Rijnierse y 
col. que profundizaran en dicho modelo experimental, llevamos a cabo una 
exploración del perfil inmunológico de esta propuesta con el fin de afianzar su utilidad 
en el estudio de la UC. 

 
Para llevar a cabo el estudio se desarrollaron distintos  experimentos con 

ratones machos Balb/c. En el primer experimento se valoró la colitis inducida tras la 
sensibilización de los animales en el día 0 por la administración de forma tópica de 
DNFB en el abdomen rasurado y en las patas, un segundo contacto con DNFB el día 1 
en el abdomen y el día 5 se realizó la re-sensibilización vía rectal con DNS. Los grupos 
experimentales fueron: i) sano, ii) DNFB/DNS, iii) DNFB, iv) DNS. Los ratones se 
sacrificaron los días 1, 2, 3, 5 y 7 tras la re-sensibilización.  

 
 En un segundo experimento se estudió la colitis que se desarrollaba al 
administrar una segunda re-sensibilización rectal con DNS el día 15. Los animales se 
sacrificaron tras 24-72 horas de esta segunda administración intrarrectal. Finalmente, 
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se realizó un tercer experimento en el que se provocaba la colitis con la administración 
rectal de TNBS, modelo típico de respuesta Th1 y que lo utilizamos como control para 
comentar ambos modelos.  
 
 Los cambios observados por el modelo del DNFB/DNS en ratones Balb/c en el 
tejido del colon se corresponden con una inflamación moderada del intestino si lo 
comparamos con la inflamación provocada por el TNBS, y que se resuelve 
espontáneamente en menos de 5 días. Además, de forma similar a lo publicado para el 
modelo de DNFB, el inicio de la colitis es poco homogéneo, siendo inexistente en el 
10% de los animales y letal para el 30-40%. El análisis microscópico confirma una 
escasa infiltración de macrófagos, sugiriendo una mayor participación de los linfocitos 
T y B en el proceso inflamatorio, como lo indica el mayor número de lesiones 
observadas en el intestino grueso en comparación con el protocolo del TNBS y 
confirmado por la inmunohistoquímica. La contribución de los mastocitos en este 
modelo es muy modesta, a pesar de lo publicado con anterioridad. Estos resultados 
son acordes con la mínima presencia de histamina en el plasma durante la fase 
inflamatoria. Al contrario de lo que ocurre en otras especies animales (hombre, rata, 
etc.), en las que los mastocitos juegan un importante papel durante la inflamación, en 
el ratón se ha descrito una mínima contribución en distintos modelos animales a 
menos que exista una infección por nematodos. La presencia de TNFα es insignificante 
después de la re-sensibilización con DNS, mientras que IL-2 e IL-5 están muy 
aumentadas, un escenario muy diferente al expuesto por los autores que desarrollaron 
el modelo experimental, algo de difícil explicación. La escasa presencia de macrófagos 
puede justificar la ausencia de TNFα, aunque los niveles de esta citocina no se 
correlacionan con el grado de la enfermedad, ni siquiera en humanos. Los altos niveles 
de IL-5 pueden tener un origen linfocitario y, aunque su papel no está completamente 
dilucidado en la inflamación intestinal, parece que cumple funciones reguladoras de 
linfocitos B y la producción de anticuerpos, aunque la ausencia de esta citocina no 
altera la evolución de la enfermedad. La evaluación de la respuesta humoral del 
modelo tampoco coincide con la expuesta por los autores avalistas, ya que fue 
expuesto como IgE independiente, mientras que se han encontrado  niveles elevados 
de IgE tanto en plasma como en colon, y una expresión retardada de IgA. 
 
 Debido a todo lo anterior, este modelo experimental no debe ser considerado 
válido para el estudio de la enfermedad inflamatoria intestinal, teniendo en cuenta 
que la inflamación moderada que produce la presencia del hapteno no es suficiente 
para provocar la pérdida de la integridad de la mucosa intestinal que permita la 
infiltración de antígenos luminales y ponga en marcha la respuesta de la inmunidad 
adquirida. Además, la inflamación se resuelve espontáneamente en los primeros 5 días 
sin capacidad para agudizarse tras una segunda re-sensibilización con el antígeno. A 
pesar de ello, este modelo aporta una respuesta inflamatoria similar a la 
hipersensibilidad retardada de contacto, con la participación de linfocitos T y B y la 
respuesta humoral en un papel predominante, como se ha demostrado en modelos de 
dermatitis de contacto provocada por DNFB. Debido a la complejidad de la respuesta 
encontrada en este modelo experimental, se puede deducir que se asemeja más a 
situaciones de alergia alimentaria con respuestas IgE-dependientes e independientes, 
así como a la respuesta del síndrome de intestino irritable (IBS), una patología que 
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también requiere de nuevos modelos experimentales para su estudio. La optimización 
que hemos llevado a cabo de este modelo nos ha servido de base para posteriores 
estudios de la presente tesis doctoral. Es el caso de la evaluación de cómo la colitis 
influye en la alergia alimentaria (ver artículo 3) o del papel que tiene la alergia 
alimentaria a la leche de vaca en ratones sanos sobre la inflamación intestinal (ver 
artículo 4). 
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2. MODELO EXPERIMENTAL BASADO EN LA SENSIBILIZACIÓN ORAL, 
MÁS CORTO Y ESPECÍFICO,  DE ALERGIA ALIMENTARIA EN RATONES. 
(Bailón E, Cueto-Sola M, Utrilla P, Rodríguez-Ruiz J, Garrido-Mesa N, Zarzuelo A, Xaus J, 
Gálvez J, Comalada M. A shorter and more specific oral sensitization-based 
experimental model of food allergy in mice J Immunol Methods. 2012; 381:41-9.) 
 
 Los modelos animales de alergia en ratas o ratones nos permiten estudiar 
nuevos abordajes terapéuticos y los mecanismos moleculares involucrados en la 
enfermedad. Sin embargo, en los modelos establecidos hasta hoy día, la sensibilización 
oral de alimentos en ratones requiere varias semanas y están asociados habitualmente 
a respuestas inmunológicas inespecíficas, por lo que ningún modelo animal en ratones 
resulta aceptable completamente, ya sea para la alergia a la leche de vaca u otras 
alergias alimentarias. Los modelos descritos utilizan varias vías de administración, 
diferentes coadyuvantes, tipos de antígenos, dosis y duración del periodo de 
sensibilización. El principal obstáculo en todos ellos es la capacidad innata de los 
ratones para desarrollar tolerancia oral a antígenos digestivos y por tanto se necesitan 
largos periodos de sensibilización. 
 

Por ello, el principal objetivo que nos planteamos fue optimizar un protocolo de 
alergia alimentaria a la leche de vaca (CMPA) que fuera más corto que el descrito 
previamente en la literatura pero que presentara características similares. Para ello se 
emplearon ratones hembra Balb/c y comparamos 2 protocolos, uno que llamamos 
“protocolo largo” que consiste en un modelo convencional de alergia a la leche ya 
descrito previamente y que consta de 6 semanas de sensibilización oral y de una re-
sensibilización también por vía oral. Y un segundo esquema, propuesto por nosotros, 
que llamamos “protocolo corto” donde el periodo de sensibilización constaba sólo de 2 
semanas aunque la re-sensibilización debía hacerse por vía i.p.  

 
El estudio se ha llevado a cabo con varios grupos experimentales: i) sano, ii) 

sensibilizado 6 semanas + re-sensibilización, iii) toxina colérica 6 semanas, iv) no 
sensibilizado 6 semanas + re-sensibilización, v) sensibilizado 2 semanas + re-
sensibilización, vi) toxina colérica 2 semanas, vii) no sensibilizado 2 semanas + re-
sensibilización. En el protocolo original largo se realiza una sensibilización oral con 
proteína de leche de vaca más toxina colérica como coadyuvante durante 6 semanas 
(una vez por semana) y una re-sensibilización oral el día 48, mientras que en el 
protocolo corto se hace una sensibilización vía oral cada 3 días durante 2 semanas y 
una re-sensibilización i.p. el día 18. Los grupos no sensibilizados pero que reciben la re-
sensibilización así como los que reciben solo toxina colérica sirven de control. 

 
 Según nuestros resultados, la administración de toxina colérica a los animales 
de experimentación, en ausencia de proteína de leche de vaca, provoca una respuesta 
inmune no selectiva caracterizada por diarrea, edema de colon, agrandamiento del 
bazo, aumento de histamina plasmática, producción de IL-4 y aparición de IgG1, IgE o 
IgG2a. El mecanismo de esta inducción inmunológica de tipo Th2 todavía no está 
completamente dilucidado y así, se han encontrado resultados contradictorios, con 
una supresión de la respuesta inmune en lugar de inducción cuando se promueve la 
secreción de IgA o una respuesta de IgG2a asociada a Th1. 
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 La observación de una respuesta inmune reducida en los animales tratados 
exclusivamente con toxina colérica podría deberse, no a un efecto directo sino a la 
elevación de una respuesta alérgica a otros antígenos alimentarios presentes en la 
dieta, un proceso que probablemente necesitará más de 2 semanas para llevarse a 
cabo. En este aspecto, la proteína de la leche de vaca sola, necesita de al menos 5 
semanas para inducir una reacción alérgica, según otros autores. También se ha 
publicado una reactividad cruzada entre las proteínas de soja y la de la leche de vaca 
en animales de experimentación, lo cual puede justificar algunos de los resultados 
encontrados en este experimento. 
 
 Los datos encontrados demuestran que el nuevo protocolo presenta algunas 
ventajas respecto a los otros métodos publicados. En resumen, se reduce el tiempo de 
experimentación en dos tercios, el grupo control con toxina colérica sola no interfiere 
en la interpretación de los resultados, permitiendo alcanzar significación en 
parámetros cruciales de la alergia como el score clínico o los niveles de IL-4. Por 
último, la respuesta obtenida es más específica de antígeno que la encontrada en el 
protocolo original ya que no se incrementa la cantidad de inmunoglobulinas totales en 
plasma o colon, mientras que se produce un incremento claro en la cantidad de IgG1 
específica de la proteína de la leche de vaca, un hecho característico de la respuesta 
alérgica. 
 
 Un posible argumento en contra de este nuevo método sería la utilización de 
una re-sensibilización i.p. para conseguir una respuesta óptima. Aunque esta vía de 
administración no es la más fisiológica para el estudio de la alergia a la leche de vaca, 
es la mejor opción para poner mínimas cantidades de antígeno en los animales, 
consiguiendo el mantenimiento de una respuesta específica de antígeno. Si se utilizara 
la vía oral para la re-sensibilización se necesitarían grandes cantidades de proteína 
para asegurar la absorción de una cantidad suficiente de proteína intacta. Algunos 
autores proponen la utilización de inhibidores de la secreción gástrica para conseguir 
el mismo objetivo, sin embargo se puede perder la selectividad del antígeno. 
 
 También se observa una ausencia en las diferencias de IgE producida tanto en 
plasma como en colon, siendo esta inmunoglobulina de vital importancia en la alergia. 
Sin embargo ya se ha comunicado una pérdida de la respuesta dependiente de IgE en 
la  alergia a la leche de vaca y otros antígenos alimentarios, puesto que la aparición de 
IgE depende del tipo de antígeno utilizado. Por ello, el resultado encontrado en el 
protocolo convencional puede deberse a la presencia de otros antígenos en la 
alimentación. Por último, la ausencia de IgA en el protocolo corto puede explicarse por 
la brevedad del mismo, sin embargo este hecho puede resultar beneficioso ya que esta 
inmunoglobulina podría bloquear el efecto de las otras. 
 
 En conclusión, el nuevo modelo desarrollado para el estudio de la alergia a la 
proteína de la leche de vaca que requiere solo 2 semanas de sensibilización, produce 
una respuesta inmune más intensa, específica y selectiva frente al antígeno utilizado. 
Por tanto favorece la consistencia de los resultados y permite la reducción del número 
de animales utilizados. Este modelo fue empleado para evaluar la respuesta 
inflamatoria en animales que presentaban atopia a la CMP (ver artículo 4). 
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3. LA COLITIS ACTIVA INCREMENTA LA RESPUESTA INMUNE A 
ANTÍGENOS ALIMENTARIOS EN RATONES. 

(Cueto-Sola M, Bailon E, Utrilla P, Rodríguez-Ruiz J, Garrido-Mesa N, Zarzuelo A, Xaus J, 
Gálvez J, Comalada M. Active colitis exacerbates immune response to internalized food 
antigen in mice. Int Arch Allergy Immunol. 2013; 162:214-24.) 
 

Debido a las condiciones particulares que genera la enfermedad inflamatoria 
intestinal (IBD) en el aparato digestivo, se sospecha que se puede ver agravada una 
respuesta alérgica a alimentos. Sin embargo, la diferente especialización de la 
respuesta inmune en ambas patologías, Th1 en IBD y Th2 en alergia, pone en 
entredicho la posibilidad de que exista una interrelación entre ambas. Hasta el 
momento no se conoce cómo la sensibilización a antígenos alimentarios puede estar 
relacionada con la inflamación intestinal, sin embargo, en casi un tercio de los 
pacientes con IBD aparecen síntomas de la enfermedad como consecuencia del 
consumo de algún alimento. Así, la eliminación de la dieta de algunos alimentos como 
leche, huevos o pescado resulta en un beneficio evidente para el paciente. 

 
Por tanto, el objetivo fundamental que nos propusimos fue analizar la posible 

relación existente entre la respuesta alérgica alimentaria y la inflamación intestinal 
usando métodos experimentales sencillos. Para ello, utilizamos un modelo de colitis 
(DNFB/DNS) y un modelo de alergia basado en la sensibilización y re-sensibilización 
con OVA i.p. y los combinamos (ver Figura 1). En ambos modelos la respuesta 
inmunológica es simple y reproducible, además, la administración i.p. del alérgeno 
permite conocer exactamente la cantidad que llega al interior del animal.  

 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 

   

 

Figura 1. Esquema del protocolo empleado. (i.p.: intraperitoneal; IR: 
intrarrectal) 
 
A modo de resumen (ver Figura 1) se planteó un estudio con diversos grupos 

experimentales: i) sano, ii) OVA, iii) DNS y iv) OVA + DNS. Se emplearon ratones 

 OVA sensibilización (i.p.) DNFB sensibilización (Abdomen y patas traseras) 

DNFB sensibilización (Abdomen) 

DNFB re-sensibilización (IR) 

OVA re-sensibilización 
(i.p.) 

Sacrificio 

Día 

Sanos 

OVA 

DNS 

OVA + DNS 
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hembra Balb/c. Para la inducción de la alergia se utilizó OVA administrada vía i.p. con 
hidróxido de aluminio como coadyuvante. Cinco días después de la sensibilización con 
OVA se realizó la sensibilización con DNFB por vía tópica en el abdomen rasurado y las 
patas; el día 6 se administró sólo DNFB en el abdomen y el día 10 se realizó la re-
sensibilización intrarrectal (IR) con DNS. Finalmente, el día 14 se procedió a la re-
sensibilización con OVA administrada i.p.  

 
La relación entre ambas patologías puede explicarse por tres factores 

principalmente. El primero son las alteraciones de la mucosa intestinal y la mayor 
permeabilidad que ocurre durante la inflamación intestinal que facilita la entrada de 
antígenos y el desencadenamiento de los síntomas, fundamentalmente en sujetos 
sensibilizados por factores ambientales. Sin embargo, esta hipótesis no solo no ha sido 
confirmada en ningún estudio,  sino que se ha refutado en otros. Además, la 
variabilidad en la ruptura de la barrera intestinal de los distintos modelos 
experimentales hace que la interpretación de los resultados sea difícil. Por ello, se usó 
el modelo del DNFB/DNS en el cual se provoca una inflamación moderada que no 
altera la integridad de la mucosa.  

 
En segundo lugar, se ha postulado como punto de relación entre las patologías, 

una posible reactividad cruzada entre los anticuerpos específicos de antígeno de la 
alergia y los anticuerpos generados durante la inflamación intestinal. Dicha relación se 
ha encontrado, por ejemplo, en la diabetes tipo I. La probabilidad de que se origine 
dicha interacción en nuestros modelos experimentales es mínima debido a la 
naturaleza de los agentes causantes de la enfermedad DNFB y OVA. Además, 
observando los resultados obtenidos del estudio “in vitro”, la respuesta que 
desencadenan los linfocitos tras la estimulación con OVA denota que es específica para 
este antígeno y no como consecuencia de una reacción cruzada con el DNFB/DNS.  

 
Por último, se ha sugerido que la especialización de la respuesta inmune de la 

alergia y la inflamación intestinal pueden ser responsables de la interrelación. Las 
citocinas y factores de crecimiento originados como IL-3, IL-5 y GM-CSF de eosinófilos 
e IL-4 de mastocitos que se generan durante la UC contribuyen de forma crucial en los 
síntomas de la alergia ya que son claves para el desarrollo y el reclutamiento de las 
células efectoras de la alergia así como de su funcionalidad y la liberación de 
mediadores. Así, los pacientes con UC sufren con más frecuencia alergia alimentaria 
que los enfermos de CD debido a su comportamiento mayoritariamente Th2. A este 
respecto, el modelo de colitis empleado tiene una respuesta Th2 atípica y genera 
también mecanismos Th1 reflejando la complejidad de la enfermedad humana. 

 
Sin embargo, el modelo empleado no es completamente satisfactorio. Así, la 

inyección i.p. de OVA provoca una sintomatología alérgica tan intensa que no se 
observan diferencias clínicas entre los grupos colíticos y no colíticos. Además, se 
aprecia una distensión en el intestino delgado, en ambos grupos tratados, de etiología 
desconocida y por último, hay una pobre respuesta sistémica no relacionada con la 
producción de IgE, algo que, por otra parte, ha sido descrito en algunos modelos de 
alergia alimentaria. 
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A pesar de las pequeñas sombras de los modelos experimentales usados, los 
resultados obtenidos demuestran que la especialización en la respuesta inmune es el 
principal punto de conexión entre la alergia y la inflamación intestinal. El proceso 
colítico y la particular respuesta originada durante la sensibilización con DNFB/DNS 
producen factores que estimulan y refuerzan el mantenimiento y prolongación de las 
células generadas durante la inducción de la alergia a OVA. El incremento de la 
respuesta linfocitaria observado “in vitro” tras la estimulación por OVA en los grupos 
OVA + DNS en comparación con los otros grupos experimentales apoya esta hipótesis. 
Además, la participación de la inmunidad adquirida en la respuesta exagerada se puso 
en evidencia también por el agrandamiento del bazo y la mayor producción de IL-2.  

 
En conclusión, los resultados encontrados sugieren que se produce una mayor 

respuesta alérgica específica de antígeno en los animales con colitis. Esta observación 
es importante para reducir el riesgo de anafilaxis en los pacientes co-diagnosticados de 
IBD y alergia alimentaria en los cuales aparece alta reactividad inmunológica y 
permeabilidad intestinal elevada. 
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4. LOS RATONES ATÓPICOS MUESTRAN UNA RESPUESTA INMUNE 
AUMENTADA O REDUCIDA DURANTE LA COLITIS, DEPENDIENDO 
DEL MODELO ANIMAL USADO. 

(Cueto-Sola M, Utrilla P, Bailon E, Garrido-Mesa N, Rodriguez-Ruiz J, Vidald JM, 
Zarzuelo A, Xaus J, Galvez J, Comalada M. Atopic mice show an increased or reduced 
immune response during colitis depending on the animal model used. Pendiente de 
publicación) 
 
 La alergia alimentaria originada en la infancia, sobre todo la alergia a la 
proteína de la leche de vaca, se relaciona frecuentemente con el riesgo de sufrir otras 
enfermedades alérgicas en la edad adulta como asma, rinitis o dermatitis atópica. Esta 
evolución se ha denominado “carrera atópica”. El incremento en la permeabilidad 
intestinal que se origina en la alergia alimentaria y que perduraría durante toda la vida, 
podría considerarse relacionada con el origen de patologías como la IBD o el IBS. De 
hecho, la coexistencia de ambas enfermedades es cada vez más frecuente en los 
últimos años. 
 
 La relación entre IBD y alergia en humanos ha sido ya demostrada, pero 
respecto al IBS, los enfermos relatan una cierta intolerancia a algunos alimentos 
aunque no se ha podido constatar dicha relación. A pesar de los numerosos estudios 
realizados, todavía no se ha puesto en evidencia experimentalmente una mayor 
tendencia a sufrir colitis en individuos atópicos. 
 
  En estudios anteriores, utilizamos un modelo combinado de alergia alimentaria 
y colitis para demostrar que los síntomas de la alergia eran más notables cuando se 
sufría una colitis activa (ver artículo 3). En este trabajo los objetivos eran, en primer 
lugar establecer un modelo animal que se asemejara a la atopia en adultos y 
posteriormente observar como esta condición puede alterar la respuesta a la 
inflamación intestinal provocada por haptenos como DSS y DNFB/DNS.  
 
 Se utilizaron ratones hembra Balb/c para establecer el modelo de atopia en 
ratones. Para ello se inició la alergia a la proteína de la leche de vaca a las tres semanas 
de edad con ratones recién destetados siguiendo el ”protocolo corto” que se puso a 
punto en nuestro laboratorio y que se ha discutido anteriormente (ver artículo 2) 
aunque con algunas pequeñas modificaciones. La re-sensibilización fue realizada el día 
18 y 24 horas más tarde  un grupo de animales (grupo de “alergia aguda”) fue 
sacrificado para constatar el estado de alergia deseado. Otro grupo de animales (grupo 
de ratones “atópicos”) se sacrificaron el día 34 con el fin de demostrar que el estado 
de alergia se mantenía, asemejándose  a la atopia en humanos. Tras esto, con ratones 
atópicos se inició el experimento de colitis con dos modelos experimentales: colitis 
inducida por DNFB/DNS, modelo caracterizado por una diarrea con escasa influencia 
en la permeabilidad intestinal que podría relacionarse con IBS en humanos, y colitis 
inducida por DSS, modelo experimental para IBD. En este último caso se provocó una 
colitis moderada utilizando DSS al 1,5% y una colitis severa con la utilización de DSS al 
3,0%, en ambos casos incorporado al agua de bebida durante 5 días. 
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 Los resultados obtenidos en el caso del modelo de atopia adulta en ratones han 
permitido constatar la presencia de IgE plasmática que se acompaña de una ligera 
alteración intestinal como se demuestra con la disminución de la relación 
peso/longitud tanto del intestino delgado como del colon, a pesar de la ausencia de 
síntomas de alergia y otras alteraciones macroscópicas como el peso de los animales, 
consumo de comida o consistencia de las heces. Todo ello refleja que la alergia 
originada en la infancia produce un daño permanente en el intestino que se prolonga 
hasta la edad adulta. 
 
 En el caso de la colitis inducida a los animales atópicos, la respuesta encontrada 
en los dos modelos experimentales utilizados es diferente. En la colitis por DSS, los 
animales atópicos han demostrado una sintomatología mucho menos aguda que los no 
atópicos, tanto en la colitis moderada como en la severa. Sin embargo, el modelo de 
colitis inducida por DNFB/DNS provoca una mayor respuesta diarreica en los animales 
atópicos que en los sanos. 
 
 La diferente respuesta encontrada puede deberse al distinto mecanismo 
inmune que acompaña a los haptenos empleados en su proceso inflamatorio. Así, el 
DSS es capaz de provocar una respuesta preferentemente Th1, por tanto la respuesta 
Th2 observada en el proceso atópico podría atenuar la expresión de citocinas de tipo 
Th1 requeridas para el inicio del estado inflamatorio en este modelo DSS, debido a la 
competencia existente entre ambas derivaciones de la respuesta inmune. Mientras, la 
colitis inducida por DNFB/DNS se caracteriza por una inflamación mediada por 
linfocitos Th2 que podría sumarse a la respuesta alérgica que sigue el mismo modelo 
de respuesta. 
 
 Como conclusión, puede afirmarse que las alteraciones intestinales e inmunes 
observadas en el modelo de atopia desarrollado, pueden modificar la respuesta de 
inflamación intestinal, en un sentido u otro, según el modelo experimental utilizado, 
por ello, es muy importante la elección del modelo animal y se debe ser cauto a la hora 
de extraer conclusiones y de extrapolar los resultados a la especie humana.  
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DISCUSIÓN 

Desde hace tiempo se viene observando que en los países más industrializados 
cada vez hay una mayor prevalencia de enfermedades sobre todo de tipo inflamatorio 
y aunque la causa no está clara, parece que hay diversos factores implicados. Uno de 
los aspectos que podrían participar en el desarrollo de estas enfermedades es la 
pérdida de la tolerancia. La tolerancia es clave para mantener una relación adecuada 
entre el exterior (o lo ajeno) y el interior (o lo propio) sin que se desencadene una 
respuesta inmune excesiva, por falta de tolerancia, ni haya una infección, por exceso 
de tolerancia. 

 
Tanto en la respuesta inmune como en la alergia están implicadas la respuesta 

celular y la humoral, pudiendo diferenciarse dentro de esta última la presencia de 
anticuerpos específicos de antígeno. Aunque aún no se ha podido demostrar de 
manera experimental, hay muchas evidencias y estudios retrospectivos donde se ha 
visto una relación entre pacientes que han sufrido una alergia en la edad temprana y 
que luego en la etapa adulta han desarrollado IBD. Sin embargo en el caso de la CD y 
UC no está tan clara esta relación como en el caso de la dermatitis atópica y la alergia.  

 
Por otra parte, no se ha publicado hasta ahora la recreación de las condiciones 

de dos patologías diferentes como la alergia y la IBD en un mismo animal de 
experimentación. Esto puede deberse a varias complicaciones como la elección del 
modelo animal y la compleja interpretación de resultados. Con este fin en mente, 
llevamos a cabo la optimización de un modelo de alergia alimentaria y un modelo de 
inflamación intestinal por separado para luego estudiar estas condiciones de forma 
conjunta en dos modelos mixtos. 

 
En primer lugar, pretendíamos encontrar un modelo animal de IBD que nos 

permitiera evaluar la relación entre la alergia y la IBD. Para alcanzar este objetivo, 
analizamos el perfil inmunológico del modelo del DNFB/DNS descrito por Rijnierse en 
2006. Además comparamos este modelo con el modelo del TNBS que es un protocolo 
ampliamente estudiado de CD. 

 
En el modelo del DNFB/DNS observamos que tanto la diarrea como la 

inflamación asociada a esta eran de intensidad media y prácticamente desaparecían en 
el día 5. Por otro lado la activación y desgranulación de mastocitos y la expresión de 
citocinas fue moderada. Sin embargo sí que se vio un aumento en IL-2 e IL-5 con una 
mínima participación de TNF-α. En cuanto a la respuesta humoral, observamos un 
aumento tanto en colon como en plasma de IgE e IgG1 mientras que IgA estaba 
aumentada en colon y disminuida en plasma. Esto nos hace pensar que la respuesta 
inmune en este modelo está mediada principalmente por células B. La participación de 
IL-5 podría hacernos pensar que se trata de un modelo que se asemeja a la UC humana 
pero observando todos los resultados en conjunto la conclusión es diferente. Aunque 
no sea un modelo adecuado para el estudio de la IBD sí podría serlo para otras 
enfermedades con respuestas intestinales alérgicas. Elegimos este modelo para llevar 
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a cabo alguno de nuestros objetivos por su reacción inflamatoria moderada y su 
respuesta simple de citocinas.   

 
Por otro lado buscábamos un modelo adecuado de alergia alimentaria. Hay 

modelos con diferentes alergenos, entre los que destaca la ovoalbúmina (OVA) que 
desencadena una respuesta fuerte, reproducible y bien caracterizada; y la proteína de 
leche de vaca (CMP) que requiere ratones recién destetados, los resultados no tienen 
una tasa muy alta de reproducibilidad y desarrolla una respuesta lenta con un pico a 
las 6 semanas. Sin embargo este modelo que había sido reevaluado por Lara-Villoslada 
y col. en 2004 tenía como ventajas que los síntomas sistémicos eran similares a la 
alergia humana. Así que nos propusimos mejorar este modelo con una reducción 
significativa en el tiempo necesario (2 semanas versus 6 semanas) para que se obtenga 
la respuesta alérgica junto con una respuesta incrementada. Una de las innovaciones 
fue la administración intraperitoneal de CMP en el momento de la re-sensibilización 
que aunque podría considerarse que no es una opción muy fisiológica sí que permite la 
administración de  cantidades mínimas de la proteína intacta consiguiendo una 
respuesta más específica. También comprobamos el papel que tenía la toxina colérica 
tanto en el modelo de 6 como en el de 2 semanas, viendo que incrementa 
significativamente algunos de los marcadores de respuesta alérgica. En cuanto a la 
respuesta humoral, vimos  que en nuestro protocolo no se veían aumentados los 
niveles de IgE (CMP no siempre es efectiva aumentando IgE) y tampoco los de IgA 
(podría ser una ventaja ya que la acción de IgA es contraria a la del resto de Igs). 

 
Una vez llegados a este punto, nuestro objetivo era estudiar de forma 

combinada ambas patologías y para conseguir esto había que conseguir una buena 
correlación temporal y una respuesta inmune claramente establecida con las mínimas 
interferencias posibles. 

 
En el modelo combinado de OVA y DNFB/DNS, se vio un aumento de la 

respuesta humoral en los grupos que combinaban alergia alimentaria y modelo de 
inflamación intestinal. Esto también ocurrió con la respuesta celular, principalmente 
Th2, donde se vio el aumento de IL-2, IL-4 e IL-5. 

 
En la última parte de la tesis, estudiamos la influencia que podría tener la 

atopia en los síntomas de dos modelos: DSS (modelo que se asemeja a IBD humana) y 
DNFB/DNS (similar a IBS). La importancia de esto no solo fue el establecimiento de un 
modelo animal atópico adulto sino también la combinación con un modelo 
experimental de colitis y la interrelación de ambos resultados para estudiar la 
importancia de la situación atópica desarrollada en la infancia con el posterior 
desarrollo de procesos colíticos en el adulto.  

 
El modelo de ratón atópico adulto empleado fue el protocolo corto de CMPA 

comentado anteriormente que nos permitía reproducir un estado atópico 35 días 
después de la primera sensibilización con CMP junto con toxina colérica. Los resultados 
obtenidos indicaban una condición muy parecida a la situación atópica en humanos. 
Una vez adoptado este modelo, para ver la respuesta de individuos atópicos a una 
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nueva agresión de tipo inflamatorio utilizamos en estos mismos ratones  dos modelos 
diferentes de colitis inducida por haptenos (DSS y DNFB/DNS). 

 
En el modelo del DSS se observó una clara reducción de la respuesta inmune en 

ratones atópicos (CMPA) tanto en la concentración de DSS al 1,5% como al 3,5% 
aunque en cuanto al comportamiento humoral no se pudo extraer ninguna conclusión 
clara en este modelo combinado. Para clarificar esta respuesta inmune se diseñó otro 
experimento combinado con CMPA y DNFB/DNS. En este caso, al contrario de lo que 
ocurría con el DSS, se vio una potenciación de la colitis en ratones atópicos. En la 
respuesta humoral se vio un aumento de IgE en colon y en plasma y una disminución 
de IgA en colon.  

 
La posible explicación para estos comportamientos opuestos es que el modelo 

del DSS se caracteriza por una respuesta Th1/Th17 que podría competir con la 
respuesta Th2 característica de la atopia. Sin embargo el modelo DNFB/DNS induce 
una reacción de hipersensibilidad en el colon con un patrón de citocinas típico de una 
respuesta Th2 que se potenciaría con la respuesta de la atopia. 

 
Por tanto y como conclusión, en la presente tesis doctoral hemos ampliado el 

análisis y la optimización de dos modelos animales, uno de alergia alimentaria (CMPA) 
y otro de inflamación intestinal (DNFB/DNS). Además hemos dejado patente la 
importancia de la selección del modelo para la demostración de la hipótesis de estudio 
puesto que en función del modelo elegido se puede tener una respuesta u otra. Es 
importante destacar que no ha sido una tarea fácil por cuestiones diversas como tener 
que cumplir con las normas éticas de experimentación animal al utilizar varios 
protocolos simultáneamente. Y finalmente, por primera vez hemos demostrado, 
mediante la utilización simultanea de distintos modelos animales, que se pueden 
contestar preguntas como las que nos hacíamos inicialmente en esta tesis. 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Resumen de la tesis doctoral en español (Spanish summary of the doctoral thesis) 

 

183 

 

CONCLUSIONES 

  

Las conclusiones que hemos podido extraer de este trabajo de tesis doctoral 
son: 

 
CONCLUSIÓN I: Optimización de varios modelos de experimentación animal: 
 

C) Se ha desarrollado un modelo más corto de CMPA con las siguientes ventajas: 
 

o Se consigue una respuesta inmune más intensa, más específica y más 
dirigida al antígeno, lo que favorece la consistencia de los resultados.  

o Permite conseguir una disminución del coste del experimento al reducir 
el tiempo y el número de animales necesarios. 

o Al reducirse el tiempo de sensibilización también disminuye la 
exposición al adyuvante (toxina colérica) con lo que la respuesta de los 
grupos control no interfiere en la interpretación de los datos.  
 

D) Se ha optimizado el modelo del DNFB/DNS, que originalmente se había descrito 
como un modelo de enfermedad inflamatoria intestinal. Las principales 
conclusiones son:  
 

o Este modelo no debería ser considerado como un modelo de IBD, sino 
más bien como un modelo del síndrome del intestino irritable, donde 
los modelos animales escasean. 

o Las respuestas T y B y la humoral tienen un papel clave en este modelo. 
o Que sea un modelo de inflamación aguda que vuelve rápidamente a 

valores basales permite usar otro modelo a continuación en el mismo 
animal sin que haya interferencias.  

 

CONCLUSIÓN II: Mediante el estudio de la posible influencia de la inflamación 
intestinal (modelo DNFB/DNS) en individuos alérgicos (modelo OVA) hemos 
demostrado que:  
 

o Hay una respuesta específica de antígeno incrementada en animales con 
colitis. 

 
CONCLUSIÓN III: Se ha evaluado el efecto modulador de la CMPA en otras patologías 
intestinales con un componente inmune, utilizando los modelos CMPA, DSS y 
DNFB/DNS probándose que:  
 

o El proceso atópico de CMPA atenúa la respuesta observada en el 
modelo del DSS.  

o El proceso atópico de CMPA aumenta la respuesta observada en el 
modelo del DNFB/DNS.  
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LIST OF ABBREVIATIONS 

ABBREVIATION MEANING 
APCs Antigen presenting cells 
CD Crohn´s disease 

CMP Cow’s milk protein 

CMPA Cow’s milk protein allergy 

ConA Concanavalin A 

CT Cholera toxin 

CTGF Connective tissue growth factor 
DCs Dendritic cells 

DNFB Dinitrofluorobenzene 

DSS Dextran Sulfate Sodium  
Foxp3 Forkhead box protein 3 

GALT Gut associated lymphoid tissue 

GI Gastrointestinal 
GM-CSF Granulocyte-macrophage colony-stimulating factor  

GWAS Genome-wide association studies  

HLA Human leukocyte antigen 
IBD Inflammatory bowel disease 
IBS Irritable bowel syndrome 

ICAM-1 Intercellular adhesion molecule class I 

IELs Intraepithelial lymphocytes 
IFNγ Interferon gamma 

Ig Immunoglobulin 
IL Interleukin 

ILCs Innate lymphoid cells 

ILFs Isolated lymphoid follicles 

i.p. Intraperitoneal 

IR Intrarectal 

kDa Kilo Dalton 

KO Knockout 

LFA-1 Leukocyte function antigen-1 

LPLs Lamina propria lymphocytes 

LPS Lipopolysaccharide 

MCP-1 Mast cell protease-1 
M cells Microfold cells 
MHC Major histocompatibility complex 

NK cells Natural killler cells 

NO Nitric oxide 

NOD2 Nucleotide-binding oligomerization domain containing 2 

OVA Ovalbumin 

PAMPs pathogen associated molecular patterns  

PDGF Platelet derived growth factor 
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PGE2 Prostaglandin E2 

PRR Pattern recognition receptors 
sIgA Secretory Immunoglobulin A 

SCF Stem cell factor 

TCR T cell receptor 

TGF Transforming growth factor 
TLR Toll-like receptor 

TNBS Trinitrobenzene sulfonic acid  

TNFα Tumor necrosis factor alpha 

Treg cells Regulatory T cells 

UC Ulcerative colitis 

VCAM-1 Vascular adhesion molecule class I 
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Jóvenes Farmacólogos de Andalucía. Granada (Spain). 2009. 

16. N. Garrido, D Camuesco, B Arribas, M Comalada, E Bailón, M Cueto, A Zarzuelo, 

A. Nieto, ME Rodríguez-Cabezas, J Gálvez. Intestinal anti-inflammatory effects 

of tetracycline and minocycline in the TNBS model of rat colitis. I Reunión de 

Jóvenes Farmacólogos de Andalucía. Granada (Spain). 2009. 
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17. B. Arribas, E. Bailón, M Cueto, N Garrido, M Comalada, ME Rodríguez-Cabezas, 

A Zarzuelo, J Gálvez, P Utrilla. Probiotic Pretreatment Diminishes T Cell 

Cytokine Production In An Experimental Model Of Rheumatoid Arthritis. I 

Reunión de Jóvenes Farmacólogos de Andalucía. Granada (Spain). 2009. 

18. Bailón E, Rodríguez-Cabezas ME, Salcedo I, Cueto M, Zarzuelo A, Xaus J, Gálvez 

J, Comalada M. El efecto antiinflamatorio intestinal del butirato in vitro está 

mediado por una inducción de la apoptosis dependiente del estado 

proliferativo de las células inflamatorias. LXVII Congreso Anual de la Sociedad 

Española de Patología digestiva. Publicación: Revista Española de 

Enfermedades Digestivas; 100(1): 47-48. Sitges, Barcelona (Spain). 2008. 

Ganador de la mejor comunicación en forma de póster en dicho Congreso. 

Cursos: 
 

1. “Formación a distancia en Protección y experimentación animal para 

experimentadores en ciencias biomédicas. Categoría C. V edición”. (Curso 

acreditado por la Dirección General de la Producción Agrícola y Ganadera. 

Consejería de Agricultura y Pesca. Junta de Andalucía, en virtud del RD 

1201/2005). 

Organizado por: Fundación Empresa Universidad de Granada y el Centro de 
Enseñanzas Virtuales de la Universidad de Granada. 
Duración: 80 horas teórico-prácticas (60 horas virtuales y 20 horas 
presenciales). 
Fechas: 18 de mayo 2009 – 14 de julio 2009. 
 

2. “Young Investigator Workshop”. 

Organizado por: ASNEMGE (Association des Sociétés Nacionales Européennes 
et Méditerranéennes de Gastroenterology) 
Lugar de realización: Viena (Austria) 
Fechas: 23 al 25 de enero de 2009 
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Por otra parte, desde mayo de 2011 realizo la residencia de Farmacia 
Hospitalaria en el Hospital Universitario y Politécnico La Fe de Valencia como 
farmacéutica interna residente. En este contexto, también he tenido la opción de 
acudir a varios congresos y cursos. 
 

Publicaciones científicas: 
Artículos: 
 

1. Cueto Sola M, Belda Furió M, Borrell García C, Escobar Cava P, López Briz E, 
Poveda Andrés JL. Incompatibility of undiluted busulfan with a needle-free 
valve. Am J Health Syst Pharm. 2014. Pendiente de publicación. 

2. Ruiz Ramos J, Lorente Fernández L, Gil Gómez I, Cueto Sola M, Monte Boquet E, 
Poveda Andrés, JL. Análisis de las causas de suspensión de tratamiento con 
triple terapia antiviral en pacientes con hepatitis C. Farm Hosp. 2014. Vol. 38, 
núm. nº3. Pendiente de publicación. 

 

Congresos: 
Comunicaciones orales: 
 

1. Gil Gómez I, Lorente Fernández L, Monte Boquet E, Cueto Sola M, Ruiz Ramos J, 

Poveda Andrés JL. Estimación de la carga de trabajo de una unidad de pacientes 

externos ante los nuevos procedimientos de autorización de la triple terapia 

para el tratamiento de la Hepatitis C crónica. 58° Congreso Nacional de la 

Sociedad Española de Farmacia Hospitalaria y Encuentro Iberoamericano de 

Farmacéuticos de Hospital, Málaga (Spain), 23-25 oct, 2013. 

Póster: 
 

1. García Robles A, Bosó Ribelles V, Cueto Sola M, Ruiz Ramos J, Company Albir 

MJ, Herrero Cervera MJ, Aliño Pellicer SF, Poveda Andrés JL. Adverse events 

associated with Single Nucleotide Polymorphisms in breast cancer patients 

treated with docetaxel-based chemotherapy. EAHP 19th Annual Congress 

(Congreso Europeo de Farmacia Hospitalaria, Barcelona (Spain), 26-28 mar, 

2014. 

2. Cueto Sola M, Monte Boquet E, Gil Gomez I, Ruiz Ramos J, Roman Ivorra JA, 

Poveda Andrés JL. Impacto presupuestario del ajuste en el día de 

administración de adalimumab, certolizumab y golimumab en pacientes 

reumatológicos. 58° Congreso Nacional de la Sociedad Española de Farmacia 

Hospitalaria y Encuentro Iberoamericano de Farmacéuticos de Hospital, Málaga 

(Spain), 23-25 oct, 2013. 

3. Lorente Fernández L, Arocas Gomariz L, Cueto Sola M, Monte Boquet E, Ruiz 

Ramos J, Poveda Andrés JL. Análisis de la adherencia al tratamiento con 

adalimumab en pacientes con enfermedad de Crohn. 58° Congreso Nacional de 
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la Sociedad Española de Farmacia Hospitalaria y Encuentro Iberoamericano de 

Farmacéuticos de Hospital, Málaga (Spain), 23-25 oct, 2013. 

4. Gil Gómez I, Ruiz Ramos J, Lorente Fernández L, Monte Boquet E, Cueto Sola M, 

Poveda Andrés JL. Estudio de utilización de aztreonam inhalado en un hospital 

terciario”. 58° Congreso Nacional de la Sociedad Española de Farmacia 

Hospitalaria y Encuentro Iberoamericano de Farmacéuticos de Hospital, Málaga 

(Spain), 23-25 oct, 2013. 

5. Ruiz Ramos J, García Robles A, Pérez Huertas P, Cueto Sola M, Marqués Miñana 

MR, Poveda Andrés JL. Blood levels of immunosuppressant drugs in patients 

with cystic fibrosis after lung transplantation. EAHP 18th Annual Congress 

(Congreso Europeo de Farmacia Hospitalaria, París (France), 13-15 mar, 2013. 

6. Cueto Sola M, Marrero Álvarez P, Ruiz Ramos J,  Martínez Cercos L, García 

Pellicer J,  Poveda Andrés JL. Medicamentos extranjeros: evolución del gasto en 

un hospital de tercer nivel. 57 Congreso Español de Farmacia Hospitalaria, 

Bilbao (Spain), 2-5 oct, 2012. 

7. Reig Aguado J, Ruiz Ramos J, Megías Vericat JE, Cueto Sola M, Tordera Baviera 

M,  Poveda Andrés JL. Impacto económico de los ensayos de Mieloma Múltiple 

en un hospital terciario. 57 Congreso Español de Farmacia Hospitalaria, Bilbao 

(Spain), 2-5 oct, 2012. 

Cursos: 
 

- “VI curso sobre calidad y seguridad del medicamento”. H.U.P. La Fe, Valencia, 
4-15 de noviembre de 2013.  
- “Xª Jornadas de Patología Infecciosa Multidisciplinar para Facultativos Internos 
Residentes”. Calpe (Alicante), 8-9 de noviembre de 2013. 
- “Jornadas de Medicamentos Huérfanos y Enfermedades Raras: Sumando 
esfuerzos, multiplicando resultados en salud”. Valencia, 11-13 de abril de 2013. 
- "Iniciación a la investigación en Farmacia Hospitalaria" (1ª Edición). Curso pre-
congreso. 57° Congreso Nacional de la Sociedad Española de Farmacia Hospitalaria y 
Encuentro Iberoamericano de Farmacéuticos de Hospital. Bilbao, 2 de Octubre de 
2012. 
- Jornada: “Formación en los aspectos más importantes de la Buena Práctica 
Clínica (BPC)”. H.U.P. La Fe. Valencia, 22 de octubre de 2012. 
- “IV Curso de Metodología en Gestión Farmacoterapéutica”.Valencia-Denia, 22-
25 de Mayo de 2012. 
- “Curso de Protección Radiológica para dirigir instalaciones de Rayos X con fines 
de diagnóstico médico (IRD)”. Valencia, 2011. 
 

Participación como ponente: 
 

1. “XI curso de atención farmacéutica al paciente trasplantado”. Valencia, 4-7 de 

marzo de 2014. Sesión impartida: “Seminario práctico: casos clínicos” con una 
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duración de 180 min. Actividad acreditada por la Comisión de Formación 

Continuada del Sistema Nacional de Salud con 9,3 créditos, por la sociedad 

española de farmacia hospitalaria y por la sociedad valencia de farmacia 

hospitalaria.  

2. “X curso de atención farmacéutica al paciente trasplantado”. Valencia, 4-8 de 

marzo de 2013. Sesión impartida: “Seminario práctico: casos clínicos” con una 

duración de 180 min. Actividad acreditada por la Comisión de Formación 

Continuada del Sistema Nacional de Salud con 9,3 créditos, por la sociedad 

española de farmacia hospitalaria y por la sociedad valencia de farmacia 

hospitalaria. 

 

 


