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The intestine is the largest digestive organ in the human body and one of the largest 

organs in contact with the outside world. In addition to digesting food to facilitate the 
absorption of nutrients, it has a variety of other functions, including the transmission of 
information and regulation of the metabolism. Due to its unique structure, the intestine 

is constantly exposed to various antigens and microbes. To protect the body from 
pathogens, while also maintaining a stable environment, the human intestinal tract has 

evolved unique regional immune characteristics maintained by the mature intestinal 
mucosal immune system. This intricate system involves intestinal epithelial cells, and 

intestinal lymphoid tissue composed of Peyer’s patches, isolated lymphoid follicles, 
mesenteric lymph nodes, and so on. The congenital and adaptive immune mechanisms 

created by the unique structure, function, and microenvironment of the intestine differ 
from those of the central and peripheral immune organs forming the regional immunity 

of the intestine. Intestinal flora also plays an important role in maintaining intestinal 
homeostasis, altering the structure and function of the immune system, reshaping 

the immune microenvironment, and promoting interference with the development of 
specific diseases.In fact, the immune function of the intestinal region directly affects the 
development of many intestine-specific diseases. However, the integrity of this function 
depends on the expression of congenital genes and the regulation of the neuroendocrine 
system. The microenvironment created by intestinal flora and its products also affects 
the immunity of the intestinal region. In early life, appropriate intestinal colonization 
by specific microflora stimulates the maturation of the intestinal mucosa-associated 
lymphoid tissue. If the appropriate intestinal flora fails to form during this life stage, 

the function of the intestinal immune system becomes impaired, leading to increased 
incidence and/or morbidity of certain intestinal diseases, including ulcerative colitis, 

Crohn’s disease, and others.

Published in London, UK 

©  2022 IntechOpen 
©  Christoph Burgstedt / iStock

ISBN 978-1-80356-086-1

Im
m

unology of the G
I Tract - Recent A

dvances





Immunology of the GI 
Tract - Recent Advances

Edited by Luis Rodrigo

Published in London, United Kingdom



Immunology of the GI Tract - Recent Advances
http://dx.doi.org/10.5772/intechopen.101293
Edited by Luis Rodrigo

Contributors
Alireza Kazempour, Mwangala Nalisa, Thifhelimbilu E. Luvhengo, Jitendra Kumar, Sonia Sangwan, 
Murli Dhar Mitra, Haribrahma Singh, Priya Sharma, Somprakas Basu, Farhanul Huda, Sudhir Kumar 
Singh, Navin Kumar, Manisha Naithani, Jyoti Sharma, Isabel Comino, Ángela Ruiz-Carnicer, Verónica 
Segura, Carolina Sousa, Justus Reunanen, Surbhi Mishra, Juha Saarnio, Raffaella Canali, Marianna 
Roselli, Alberto Finamore, Andrea Ghiselli, Chiara Devirgiliis, Giacomo Rossi, Gratiela Gradisteanu 
Pircalabioru, Octavian Savu, Grigore Mihaescu, Corneliu Ovidiu Vrancianu, Mariana-Carmen Chifiriuc, 
Luis Rodrigo, Darmadi Darmadi, Riska Habriel Ruslie, Huseyin C. Yalcin, Mahmoud Khatib A. Al-Ruweidi, 
Nada Khater, Haya Rashid Alkaabi, Maram Hasan, Haya R. Al-Kaabi, Mohammed Murtaza

© The Editor(s) and the Author(s) 2022
The rights of the editor(s) and the author(s) have been asserted in accordance with the Copyright, 
Designs and Patents Act 1988. All rights to the book as a whole are reserved by INTECHOPEN LIMITED. 
The book as a whole (compilation) cannot be reproduced, distributed or used for commercial or 
non-commercial purposes without INTECHOPEN LIMITED’s written permission. Enquiries concerning 
the use of the book should be directed to INTECHOPEN LIMITED rights and permissions department 
(permissions@intechopen.com).
Violations are liable to prosecution under the governing Copyright Law.

Individual chapters of this publication are distributed under the terms of the Creative Commons 
Attribution 3.0 Unported License which permits commercial use, distribution and reproduction of 
the individual chapters, provided the original author(s) and source publication are appropriately 
acknowledged. If so indicated, certain images may not be included under the Creative Commons 
license. In such cases users will need to obtain permission from the license holder to reproduce 
the material. More details and guidelines concerning content reuse and adaptation can be found at 
http://www.intechopen.com/copyright-policy.html.

Notice
Statements and opinions expressed in the chapters are these of the individual contributors and not 
necessarily those of the editors or publisher. No responsibility is accepted for the accuracy of 
information contained in the published chapters. The publisher assumes no responsibility for any 
damage or injury to persons or property arising out of the use of any materials, instructions, methods 
or ideas contained in the book.

First published in London, United Kingdom, 2022 by IntechOpen
IntechOpen is the global imprint of INTECHOPEN LIMITED, registered in England and Wales, 
registration number: 11086078, 5 Princes Gate Court, London, SW7 2QJ, United Kingdom

British Library Cataloguing-in-Publication Data
A catalogue record for this book is available from the British Library

Additional hard and PDF copies can be obtained from orders@intechopen.com

Immunology of the GI Tract - Recent Advances
Edited by Luis Rodrigo
p. cm.
Print ISBN 978-1-80356-086-1
Online ISBN 978-1-80356-087-8
eBook (PDF) ISBN 978-1-80356-088-5



Selection of our books indexed in the Book Citation Index 
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us? 
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected. 
For more information visit www.intechopen.com

6,100+ 
Open access books available

156
Countries delivered to

12.2%
Contributors from top 500 universities

Our authors are among the

Top 1%
most cited scientists

167,000+
International  authors and editors

185M+ 
Downloads

We are IntechOpen,
the world’s leading publisher of 

Open Access books
Built by scientists, for scientists

BOOK
CITATION

INDEX

 

CL
AR

IVATE ANALYTICS

IN D E X E D





Meet the editor

Luis Rodrigo has been a Full Professor of Medicine at the Uni-
versity of Oviedo, Spain, since 2010, and Emeritus Professor 
since 2014. He has specialised in gastroenterology since 1972, 
achieving his Ph.D. in 1975 and being appointed Titular Pro-
fessor in Medicine at the University of Oviedo in 1983. He has 
been head of the Gastroenterology Service of HUCA in Oviedo 
since 1975. He is the author of eight books on the treatment 

of gastroenterological and other digestive and liver diseases, has contributed 58 
chapters to books on gastroenterology, and is the main author or co-author of 440 
scientific papers in English and 282 in Spanish.





XI

1

3

7

39

57

59

81

109

Contents

Preface

Section 1
Immune System - Structure and Function 

Chapter 1 
Introductory Chapter: Structure and Functions of the Small Intestine 
by Luis Rodrigo

Chapter 2 
New Acquisitions Regarding Structure and Function of Intestinal 
Mucosal Barrier
by Giacomo Rossi

Chapter 3 
Paneth Cells: The Gatekeepers of the Gut
by Thifhelimbilu E. Luvhengo and Mwangala Nalisa

Section 2
Dysbiosis, Helicobacter Pylori 

Chapter 4 
Dysbiosis, Tolerance, and Development of Autoimmune Diseases
by Gratiela Gradisteanu Pircalabioru, Octavian Savu, Grigore Mihaescu, 
Corneliu Ovidiu Vrancianu and Mariana-Carmen Chifiriuc

Chapter 5 
Immune System, Gut Microbiota and Diet: An Interesting and Emerging 
Trialogue
by Marianna Roselli, Raffaella Canali, Alberto Finamore, Andrea Ghiselli  
and Chiara Devirgiliis

Chapter 6 
Immunology of Helicobacter pylori Infection
by Darmadi Darmadi and Riska Habriel Ruslie



II

Section 3
Gut Microbiota and Associated Diseases 121

Chapter 7 123
Large Association of GI Tract Microbial Community with Immune  
and Nervous Systems
by Alireza Kazempour

Chapter 8 151
Role of Gut Microbiome and Enteric Bacteria in Gallbladder Cancer
by Jyoti Sharma, Farhanul Huda, Manisha Naithani,  
Sudhir Kumar Singh, Navin Kumar and Somprakas Basu

Chapter 9 173
Celiac Disease, Management, and Follow-Up
by Ángela Ruiz-Carnicer, Verónica Segura, Carolina Sousa  
and Isabel Comino

Chapter 10 197
Host-Microbiota Interplay in IBD: The Emerging Role of Extracellular  
Vesicles, Perinatal Immune Priming, and Gut-Resident Immune Cells
by Surbhi Mishra, Juha Saarnio and Justus Reunanen

Section 4
Autoimmune Diseases of the GI Tract 211

Chapter 11 213
Molecular Impact of Dietary Fibre Metabolites on Intestinal  
Immunity of Host
by Jitendra Kumar, Priya Sharma, Murli Dhar Mitra, Sonia Sangwan  
and Haribrahma Singh

Chapter 12 223
Autoimmune Diseases of the GI Tract Part I: Etiology  
and Pathophysiology
by Mahmoud Khatib A.A. Al-Ruweidi, Nada Khater,  
Haya Rashid Alkaabi, Maram Hasan and Huseyin C. Yalcin

Chapter 13 267
Autoimmune Diseases of the GI Tract Part II: Emergence of Diagnostic  
Tools and Treatments
by Mahmoud Khatib A.A. Al-Ruweidi, Nada Khater,  
Haya Rashid Alkaabi, Maram Hasan,  
Mohammed Murtaza and Huseyin C. Yalcin

X



Preface

I am delighted to present this book, Immunology of the GI Tract - Recent Advances, 
an interesting and relatively little-known topic in which notable advances have been 
made in recent decades.

The 13 chapters, written by experienced and knowledgeable international authors, 
are arranged in four sections. In Section 1, concerning structure and function, after 
the Introductory Chapter, Prof. Rossi in chapter 2 and Thifhelimbilu E. Luvhengo and 
Mwangala Nalisa in chapter 3 detail the cellular components and diverse functions of 
the GI tract.

Contributions to Section 2 by Dr. Pircalabiouru et al. and Dr. Canali et al. describe 
the composition of the human microbiome and the role of different types of diet 
in its maintenance. A chapter by Dr. Darmadi and Riska Habriel Ruslie is devoted 
to Helicobacter Pylori infection, which appears with great frequency worldwide, 
especially in developing countries and has important clinical implications such as 
the development of gastroduodenal ulcers and gastric cancer. Prevention and precise 
eradication with a combination of special antibiotics and IBPs in high doses are 
discussed. 

Section 3 examines the relationship of intestinal microbiota with various diseases. 
Ph.D. Student Kazempour deals with their influence on the development of autoim-
mune and neurological diseases, Dr. Basu et al. discuss their possible relationship with 
the development of malignant tumors of the gall bladder, Dr. Isabel Comino et al. look 
at the influence of microbiota on celiac disease and its treatment, and Dr. Reunanen 
et al. consider their importance in relation to the development of inflammatory bowel 
disease and its associated complications.

The three chapters of Section 4 develop the theme of the importance of immunology 
in relation to autoimmune diseases of the digestive system. Dr. Kumar et al. describe 
the role of molecular changes in the presentation and development of these dieseases. 
In the other two chapters, Dr. Yalcin et al. describe in detail the appearance, evolu-
tion, and complications of five autoimmune diseases of the digestive tract: achalasia, 
eosinophilic esophagitis, autoimmune atrophic gastritis, celiac disease and inflam-
matory bowel disease.I would like to cordially thank all the authors for their excellent 
and comprehensive contributions, without which the completion of this book would 
not have been possible.



IV

Finally, I want to express my sincere thanks to Ms. Karla Skuliber for her continuous 
collaboration and editorial assistance, and to IntechOpen Books for their excellent 
editorial work.

Luis Rodrigo, MD
Professor of Medicine,
University of Oviedo,

Oviedo, Asturias, Spain
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Chapter 1

Introductory Chapter: Structure 
and Functions of the Small 
Intestine
Luis Rodrigo

1. Introduction

The small intestine is a tubular structure that connects the stomach to the colon.  
The intestinal mucosa is the innermost layer that is in contact with the intestinal 
lumen.

It is constituted by a glandular epithelium supported on the lamina propria, below 
which, the muscular layer is located. The folds on its surface, called conniving valves 
or Kerckring folds, that are formed by mucosa and submucosa, while the villi that 
project on its surface, are covered only by the mucosal layer, being its height greater in 
the proximal sections of the duodenum and jejunum to decrease progressively toward 
the ileum. This design of the intestinal mucosa, forming folds alternating with villi, is 
aimed at obtaining the maximum possible nutrient absorption surface. At the base of 
the villi lie the crypts of Lieberkühn, which form glandular structures that extend to 
the muscularis mucosa [1].

2. Microscopic structure

In the intestinal epithelium, both at the level of the villi and in the crypts, five 
types of cells are identified, which are the following:

1. Enterocytes: These are the epithelial cells responsible for absorbing nutrients. 
Their surface is covered with microvilli, which further increase the absorption 
surface, containing numerous enzymes for their functions.

2. Goblet cells: They are responsible for the secretion of mucus that acts as a lubri-
cant and protector.

3. Paneth cells: They have phagocytic and lysozyme elimination capacity, playing 
an important role in the regulation of the microbiota and in the immune defense 
mechanisms.

4. Entero-endocrine cells: They secrete different hormones with important func-
tions on intestinal motility and secretion, such as cholecystokinin (CCK), secre-
tin, neurotensin, peptide YY, ghrelin, and gastric inhibitory peptide (GIP).
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5. M cells: They are located in the domes of the lymphoid aggregates and have a 
relevant function, which consists of transporting various tumors, both food and 
bacteria, toward the underlying lymphoid tissue.

The lamina propria on which the epithelial cells are located is made up of a 
connective component and gut-associated lymphoid tissue. Its main function is to 
participate in the defense against microorganisms and other pathogens.

3. Intestinal absorption

There are three main mechanisms that are carried out mainly through the apical 
membrane of the enterocytes.

a. Passive diffusion: It does not need carrier molecules and does not consume energy. 
It is produced by a concentration gradient from the intestinal lumen.

b. Facilitated diffusion: There is also a concentration gradient, but a specific carrier 
protein is also involved, which facilitates the passage of the nutrient through the 
membrane of the enterocyte.

c. Active transport: A carrier protein intervenes, which requires a cellular energy 
supply. In this way, the substance can be absorbed although there is no greater 
intraluminal gradient.

Prior to intestinal absorption, a process of chemical and mechanical digestion of 
foods takes place, which begins in the mouth, through chewing and salivary secre-
tion, and continues in the stomach, by mixing food with gastric juice rich in pepsin. 
In this way, food is converted into substances capable of crossing the epithelial barrier 
and passing into the blood and lymphatic circulation [2].

At the level of the brush border formed by the intestinal microvilli of the entero-
cytes, some enzymes are located, which are not released into the intestinal lumen, 
carrying out there, various specific hydrolytic functions against disaccharides, 
peptides, and other nutrients.

4. Microbiota

The organization of the small intestine is in the form of a model of strata formed 
through the creation of the intestinal barrier in which two layers are located, one 
“external” (consisting of the microbiota, the mucous layer, and the intestinal epi-
thelium) that acts as an anatomical and, therefore, physical barrier, preventing their 
adhesion and other more “internal,” mainly formed by the GALT (gut-associated lym-
phoid tissue), responsible for the production of the immune response and tolerance 
mechanisms. The correct interrelation between both layers contributes to maintaining 
proper functioning of the small intestine, actively ensuring its intestinal permeability.

The microbiota contributes to the digestion and recovery of energy from dietary 
waste and the production of vitamins and hormones. It prevents the growth of 
pathogenic bacteria, increasing its protection and local defense. It also contributes 
to trophism, favoring the production of mucin, as well as the proliferation and 
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differentiation of the intestinal epithelium. It also exerts immunological functions, 
participating in the development and maturation of the immune system [3].

5. Mucosal immune system

Peyer’s patches located at the level of the submucosa are sites of controlled uptake 
of antigens and activation of naive T and B lymphocytes. They are made up of several 
aggregates of B cells (lymphoid follicles) surrounded by rings of T cells, and also by 
antigen-presenting cells (APC), usually macrophages.

The epithelium that covers the dome of the lymphoid aggregates contains M cells, 
with the capacity to transport antigens from the intestinal lumen to the underlying 
lymphoid tissue, together with dendritic cells located in the lamina propria, whose 
formation is induced by various factors produced by the epithelial cells through 
stimulation of Toll-like receptors (TLR).

The products captured and processed by the APCs are presented to the naive T 
lymphocytes, initiating clonal expansion to collaborator or helper lymphocytes (Th1 
or Th2) or regulatory T lymphocytes (Th3, Tr1, or CD25+/CD4+).

Following the process of antigenic stimulation, lymphocytes migrate into the 
mesenteric lymph nodes where further antigenic exposure and clonal expansion 
occur, then passing into the systemic circulation, returning to other mucosal surfaces, 
forming the so-called associated lymphoid tissue to the mucous membranes [4].

The humoral response occurs with the binding of the antigen to the IgM mem-
brane of the B lymphocyte. The action signal generated by this binding stimulates a 
clonal expansion and as a consequence. The induction by antigen-specific T lympho-
cytes, or mediated by various factors, an additional differentiation takes place, which 
includes several processes of reorganization of the immunoglobulin chains, mainly of 
the IgA type. Activated B lymphocytes undergo a terminal differentiation process and 
become as plasma cells [5].

Secretory IgA (sIgA) is a powerful protector of the intestinal mucosa against 
bacterial invasions, constituting the first line of defense against multiple external 
infections including various viruses and other pathogens.

© 2022 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of 
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided 
the original work is properly cited. 
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Chapter 2

New Acquisitions Regarding 
Structure and Function of 
Intestinal Mucosal Barrier
Giacomo Rossi

Abstract

The purpose of this chapter is to illustrate the role of the intestinal barrier in keep-
ing separate, but also communicating, the “world above” represented by the resident 
microbial flora (microbiota) and the “world below” (the immune system associated 
with the gastrointestinal tract or GALT). Description will be given for how it is 
possible that the intestinal microbiota, in the course of dysbiosis, can alter the junc-
tional complex that unites the enterocytes, and how the probiotic bacteria (and their 
metabolites) to restore a homeostasis in the gastrointestinal tract. The fundamental 
role of enterocyte mitochondria will be highlighted, where being archaic methylo-
trophic bacteria have retained the ability to “interpret” the bacterial signals (eubiotic 
or dysbiotic) derived from the intestinal lumen. In this perspective, everything starts 
from an altered mitochondrial functioning, deriving from a condition of dysbiosis, 
which alters the tightness of the TJs, opening up to bacterial translocation and 
bacterial products. Probiotics and their metabolites act by restoring mitochondrial 
activity and function and the enteric barrier functionality. The author will exemplify 
this “story” with in vitro and in vivo tests, deriving from original studies on different 
animal models (mouse, dog, and cat) including humans (patients with IBD and with 
HIV-related enteropathy).

Keywords: tight junctions, mitochondria, microbiota, Toll-like receptors, innate 
immunity, oral tolerance, probiotics

1. Introduction

The gastrointestinal system is, together with the skin and the respiratory system, 
the habitat most exposed to the external environment. Every day, thousands of 
microorganisms and compounds derived from digestion come into contact with it. 
This condition requires a complex defense system capable of separating the intestinal 
contents from the host tissues, regulating the absorption of nutrients and allowing 
the interaction between the resident microbial flora and the mucosal immune system, 
inhibiting the translocation of pathogens in the underlying tissues. All these functions 
are performed by the intestinal barrier.
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The intestinal barrier is a functional unit, organized as a multi-layered system, in 
which it is possible to recognize two main parts: a physical surface barrier, which pre-
vents bacterial adhesion and regulates the paracellular diffusion towards the underly-
ing host tissues and a deeper functional barrier, which is able to discriminate between 
commensal and pathogenic microorganisms, organizing the immunological tolerance 
towards the commensal bacteria and the immune response towards the pathogens [1].

The intestinal epithelium is organized into a monolayer of cells with a thickness of 
only 20 μm and is composed of 5 different cell types: enterocytes (IECs), mucus-pro-
ducing goblet cells (GCs), endocrine cells, “M” cells, “G” cells, and defensin-produc-
ing Paneth cells, all of which differentiate from intestinal epithelial Lgr5+ stem cells 
[2–4]. Lgr5+ cells are crypt base columnar (CBCSs) stem cells, a population of rapidly 
dividing cells at the crypt base expressing leucine-rich-repeat containing G-protein 
coupled receptor 5 (Lgr5), giving rise to all terminally differentiated intestinal 
epithelial cell (IEC) types [5] CBCSs divide into progenitor cells which move upward 
within the crypt into the transit amplifying zone [6]. It is here that the cells differenti-
ate further and travel to the villus where their functions are required. At the villus tip, 
senescent IECs slough off through anoikis, a specific type of programmed cell death 
for anchorage-dependent cells, and make room for newly formed cells to take their 
place [6]. Paneth cells are the exception as these cells are long-lived secretory cells 
that migrate to the crypt base and reside between Lgr5+ CBCSs where they produce and 
secrete antimicrobial peptides and stem cell factors such as epidermal growth factor 
(EGF), and other factors that sustain the stem cell niche [7].

IECs are the most represented cell type. They act as a physical barrier that inhibits 
the translocation of the luminal content into the innermost tissues; IECs form a 
seamless structure. In fact, they are connected by particular inter-cellular binding 
structures called adherent junctions (AJs) and tight junctions (TJs), characterized 
by trans-membrane proteins that interact with adjacent cells and with intracellular 
proteins, intimately connected with the enterocyte cytoskeleton. The fundamental 
elements on which the integrity of the “intestinal barrier” depends are, therefore, the 
IECs and the intercellular junctions.

1.1 Intestinal epithelial cells (IECs) and their metabolism

The main function of enterocytes is the absorption of nutrients, and this func-
tion is performed by the mature or “absorptive” IECs, which are differentiated from 
the intestinal stem cells, CBCSs, residing at the bottom of the crypt. Nutrients such 
as glucose and amino acids are transported and absorbed by various transporters 
embedded on the membranes of these enterocytes. Metabolism occurs in each cell 
along the crypt-villus axis (CVA). The intestinal epithelial cells are the most vigorous, 
self-renewing cells, regenerating from the crypt bottom to the villus tip in only 3–5 
days. Intestinal epithelial cells continuously migrate and mature along the CVA; the 
energy metabolism in intestinal epithelial cells increases from the bottom of the crypt 
to the top of the villi. Moreover, the expression of proteins related to the metabolism 
of glucose, most amino acids, and fatty acids increases in intestinal epithelial cells dur-
ing maturation along the CVA, while the expression of proteins related to glutamine 
metabolism decreases from crypt to villus tip. The expression of proteins involved in 
the citrate cycle is also increased in IECs during maturation along CVA [8].

L-Glutamate is one of the most abundant amino acids in alimentary proteins, but 
its concentration in blood is among the lowest. This is largely because L-glutamate is 
extensively oxidized in small intestine epithelial cells during its transcellular journey 
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from the lumen to the bloodstream and after its uptake from the bloodstream. 
This oxidative capacity coincides with a high energy demand of the epithelium, 
which is in rapid renewal and responsible for the nutrient absorption process. 
L-Glutamate is a precursor for glutathione and N-acetylglutamate in enterocytes. 
Glutathione is involved in the enterocyte redox state and in the detoxification pro-
cess. N-acetylglutamate is an activator of carbamoyl phosphate synthetase 1, which 
is implicated in L-citrulline production by enterocytes. Furthermore, L-glutamate 
is a precursor in enterocytes for several other amino acids, including L-alanine, 
L-aspartate, L-ornithine, and L-proline. Thus, L-glutamate can serve both locally 
inside enterocytes and through the production of other amino acids in an inter-organ 
metabolic perspective. In colonocytes, L-glutamate also serves as a fuel but is pro-
vided from the bloodstream. Alimentary and endogenous proteins that escape diges-
tion enter the large intestine and are broken down by colonic bacterial flora, which 
then release L-glutamate into the lumen. L-Glutamate can then serve in the colon 
lumen as a precursor for butyrate and acetate in bacteria. L-Glutamate, in addition to 
fiber and digestion-resistant starch, can thus serve as a luminally derived fuel precur-
sor for colonocytes (Figure 1) [9].

Glutamine is the principal energy source for IECs, and during acute illnesses, 
patients experience nutritional depletion that is correlated to low plasma and low 
mucosal glutamine concentrations. Such deficiencies are common among hospital-
ized dogs and cats or human patients and are associated with an increased risk of 
developing infectious complications, organ failure, and death [10, 11]. A number 
of clinical studies reveal a significant benefit of glutamine use on mortality, length 
of hospital stay [12, 13], and infectious morbidity in critical illnesses, as well as in 
dog or cat parvovirus infection [11, 12, 14]. Patients receiving high-dose parenteral 
(rather than orally) glutamine presented the highest beneficial effects, and it is 
estimated that high doses of parenteral Gln (>0.50 g/kg/day) are the best treatment 
for humans and animals, demonstrating a greater potential to benefit [15]. However, 

Figure 1. 
Metabolic role of glutamine at the cellular level. In the catabolic phase, glutamine is transformed into glutamate 
and ammonium ions, thanks to the mitochondrial enzyme glutaminase (GA), while in the anabolic phase, at the 
level of most tissues, glutamine can be synthesized starting from glutamate and ammonia, in the presence of ATP, 
thanks to the enzyme glutamine synthetase (GS). Ammonia can be converted into Carbamoyl-phosphate, while 
Glutamate can form a-Ketoglutarate but also Glucose in the liver and kidney, while it is the basis for the synthesis 
of Glutathione in most cells, and of GABA (Gamma aminobutyric acid) at the neuronal level.
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the role of glutamine in the maintenance of normal gut and immune system func-
tion may be even more important for critically ill animals [16]. Glutamine is now 
considered by many investigators to be a conditionally essential nutrient during 
protein-calorie malnutrition, required in quantities that are greater than those that 
can be synthesized by the body. Based on this hypothesis and preclinical studies 
performed in dogs [17] the commercial veterinary critical care rations often recom-
mended for cats and dogs with some severe enteropathies and cancer are routinely 
supplemented with glutamine. Glutamine supplementation has also been suggested 
as a way to promote more rapid resolution of acute side effects of the oral mucosa in 
dogs receiving oronasal radiotherapy and to maintain gut immunity and integrity in 
patients receiving radiotherapy or chemotherapy [18].

Recently, glutamine parenteral supplementation evidenced restoration of inter-
digestive migrating contraction in an experimental canine model of postoperative 
ileus [19]; in this research is hypothesized that the benefit derives from glutamine’s 
ability to maintain glutathione concentration and thereby counteract the deleterious 
effects from surgical injury, inflammation, and oxidative stress. Similarly, parenteral 
administration of L-alanyl-L-glutamine [20] in dogs prevented the immune sup-
pression induced by high-dose methylprednisolone sodium succinate, and experi-
mental studies in the current literature indicate that glutamine use may prevent the 
occurrence of lung injury, tissue metabolic dysfunction, and reduce mortality after 
injury [21]. Glutamine’s beneficial effects on critical illnesses or during IBD, may 
result from two principal ways: (a) the direct effect on IECs metabolism that helps 
to maintain the integrity of the epithelial barrier, preventing bacteria translocation; 
and (b) enhanced heat shock proteins (HSP) expression [22, 23] by enterocytes, and 
leucocytes [10, 24]. Heat shock proteins are a group of proteins essential to cellular 
survival under stressful conditions. The stress-inducible HSP60, HSP70 and HSP72 
are inducible forms of the stress protein, which may confer cellular protection [10]. 
The cellular functions of intracellular HSP70 and HSP72 are responsible for limiting 
protein aggregation, facilitating protein refolding, and chaperoning proteins; an 
intra-mitochondrial concentration of these proteins is associated with an increase of 
mitochondria wellness, metabolic activity and ATP production for IECs (see below). 
IECs-specific deletion of the mitochondrial chaperone protein heat-shock protein 
60 (HSP60) led to mitochondrial dysfunction, impairment of cell proliferation and 
loss of stemness of intestinal stem cells [25]. Additionally, mitochondrial dysfunc-
tion impaired the ability of the CBCSs to produce ATP, leading to altered CBCSs 
self-renewal and differentiation. Furthermore, L-glutamine potentiation of HSP72 
is associated with increased gut epithelial resistance to apoptotic injury, and reduced 
HSP72 may be associated with increased caspase activity in glutamine-deficient 
[26]. In fact, glutamine induces autophagy under stressed conditions, and prevents 
apoptosis under heat stress through its regulation of the mTOR and p38 MAP kinase 
pathways [27]. Glutathione (GSH) metabolism is also closely related to the apoptotic 
processes of epithelial and immune cells. The increase of intracellular GSH is suf-
ficient to reduce Fas-triggered increase in apoptotic cells. Over expression of Bcl-2, 
an anti-apoptotic protein, causes redistribution of glutathione to the nucleus, thereby 
altering nuclear redox and blocking caspase activity [28, 29].

Also, the amount and type of dietary fiber influence the end-products of fermen-
tation and thus fuel availability to intestinal tissue in a specie depending manner. The 
metabolic fuel usage was studied in intestinal cells isolated from dogs consuming a 
commercial diet to examine preferential fuel usage and the effect of diet on canine 
enterocytes and canine colonocytes, respectively, indicating that glutamate/glutamine 
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is preferentially used by enterocytes, while butyrate (found in food and produced as 
an intestinal fermentation by-product of dietary fiber by gut bacteria) followed by 
glutamine is preferentially used by isolated canine colonocytes [30].

IBD has been suggested to involve a state of energy-deficiency, whereby oxidative 
metabolism is altered within IECs [31, 32]. Butyrate undergoes catabolic degrada-
tion through β-oxidation in the mitochondrial matrix of colonocytes, providing over 
70% of the energy demand of the colonic epithelium [33]. Butyrate metabolism was 
demonstrated to be impaired in an animal model of colitis [34], and numerous studies 
have reported impaired metabolism in the intestinal mucosa of patients with IBD 
[35, 36]. Similarly, intestinal mucosal inflammation results when butyrate oxida-
tion is inhibited in experimental animals [33]. Santhanam et al. [37] showed that 
the mitochondrial acetoacetyl CoA thiolase, which catalyzes the critical last step in 
butyrate oxidation, was significantly impaired in the colonic mucosa of patients with 
ulcerative colitis. Furthermore, they conclude that an increase in mitochondrial ROS 
may trigger this enzymatic defect [37]. Thus, defective β-oxidation in the mitochon-
dria has deleterious effects beyond energy requirements. Likewise, a dysfunctional 
gut microbiome or a poor diet may also result in a decrease of butyrate metabolism 
in the colonic epithelium. Enhanced production of butyrate may potentially benefit 
the colonic epithelial cells by stimulating an enhancement in cellular homeostasis, 
including antioxidant and anti-inflammatory roles as well as protective gut-barrier 
functions.

1.2 Role of mitochondria in IECs homeostasis and barrier integrity

The integrity of the intestinal epithelium, tight junction maintenance, and 
β-oxidation are key cellular processes within the intestinal epithelium that are not 
only dependent upon properly functioning mitochondria but are also known to be 
altered in animal models of intestinal inflammation and in humans with IBD.

Control of intestinal epithelial stemness is crucial for tissue homeostasis. 
Disturbances in epithelial function are implicated in inflammatory and neoplastic 
diseases of the gastrointestinal tract. Mitochondrial function plays a critical role 
in maintaining intestinal stemness and homeostasis. Using murine IECs, Berger 
et al. [25] demonstrated that loss of mitochondrial chaperone HSP60, activates the 
mitochondrial unfolded protein response (MT-UPR) and results in mitochondrial 
dysfunction [25].

During IBD, a destruction of the intestinal epithelial barrier, an increased gut per-
meability, and an influx of immune cells through the intestinal mucosa are observed. 
Given that, most cellular functions as well as maintenance of the epithelial barrier are 
energy-dependent, it is logical to assume that mitochondrial dysfunction may play a 
key role in both the onset and recurrence of disease. Indeed, several studies have dem-
onstrated evidence of mitochondrial stress and impaired functions, such as oxidative 
stress and impaired ATP production, within the intestinal epithelium of patients with 
IBD and mice undergoing experimental colitis [38].

Recently, we have observed that mitochondria dysfunction has a central role in 
human detrimental intestinal barrier effects of chronic HIV infection [39].

Mitochondria are membrane-bound organelles that maintain cellular energy 
production through oxidative phosphorylation [40], and contain a circular small 
genome that encodes only 13 proteins [41]. Despite the limited coding-capacity 
of the mtDNA, mitochondria regulate vital cellular functions aside from energy 
production, such as the generation of ROS and reactive nitrogen species (RNS), the 
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induction of programmed cell death, and the transduction of stress and metabolic 
signals [42]. The current literature would support a key correlation between mito-
chondrial function and intestinal barrier dysfunction/inflammation. Nonetheless, 
it is important to understand how any alteration in the multifaceted functionality of 
the mitochondrion may contribute to the initiation and propagation of an inflamma-
tory insult (Figure 2).

Supporting the importance of mitochondrial form and function, enterocytes 
isolated from patients with IBD have been reported to exhibit swollen mitochondria 
with irregular cristae [43, 44]. Abnormal mitochondrial structure is also seen in IECs 
from mice subjected to experimental models of colitis [45]. Similar observations are 
made on canine IECs during IBD or lymphangiectasia [46].

These morphological changes are suggestive of cellular stress and bioenergetic 
failure. Indeed, patients with IBD have reduced ATP levels within the intestine 
[33, 47]. As would be expected, morphological changes in mitochondria have been 
shown to result in deficiencies in the β-oxidation of short-chain fatty acids (SCFA) 
[48]. The intestinal mucosa of IBD patients has been demonstrated to be in a state of 
energy deficiency characterized by low ATP levels and low energy charge potential 
[33, 49], calling into question the functionality of this organelle during disease. To 
further prove this, in a recent study, it was demonstrated that mtDNA released into 
the serum in IBD patients was recognized as a damage-associated molecular pattern 
(DAMP) potentially by toll-like receptor 9 (TRL9), and could provide a biomarker of 
inflammation [50].

Thus, defects in intestinal epithelial homeostasis result in an inadequate intestinal 
barrier defense, which may allow luminal antigens and/or microbes to interact with or 
violate the intestinal epithelium and consequently cause inflammation [51]. However, 
the role of mitochondrial dysfunction during IECs differentiation needs to be further 

Figure 2. 
A condition of eubiosis involves the correct synthesis/absorption of glutamine and glutathione by the enterocytes. 
Furthermore, the presence of “healthy” bacterial species producing NEFAs in the correct proportion, with an 
excess of butyrate, preserves the mitochondria from oxidative damage from ROS. A condition of dysbiosis increases 
mitochondrial damage, critically reducing the number of mitochondria but above all modifying their morphology 
and permeability. A critical reduction in mitochondria leads to a decrease in the production of ATP by the 
enterocyte (due to a reduction in the Krebs cycle and beta-oxidation). A reduction in energy leads to a lower 
“hold” of the intercellular junctional complexes and an increase in bacterial translocation through the intestinal 
epithelium, which becomes more permeable. At the submucosal level, this condition increases inflammation and 
the recall of leukocytes, further worsening the condition of the mucosal barrier.
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evaluated in order to understand the role it may play in the development of intestinal 
inflammation. Recently, Bär et al. [52] demonstrated that altered mitochondrial oxi-
dative phosphorylation activity influences intestinal inflammation in mice models of 
experimental colitis. The study suggests that increased regeneration of the intestinal 
epithelium (by means of increased mitochondrial function) is a key factor in combat-
ing intestinal inflammation. Mucosal healing also results in improved mitochondrial 
structure in the IECs of patients with ulcerative colitis [53].

1.3  Mitochondria cross-talking with intestinal microbiota maintaining intestinal 
barrier integrity

Maintenance of TJ integrity is an energy-dependent process, and it is not surpris-
ing that disruption of the barrier by toxins, pathogens, or noxious stimuli can be 
initiated by damaged mitochondria [39, 54, 55].

Mitochondria in animals, as well as chloroplasts in plant cells, are old- primi-
tive bacteria that have lost the ability to live a “free” life by entering into a complex 
system of cooperation, the eukaryotic cell, and leaving some fundamental functions 
to the nucleus and other cellular organelles. The fact that mitochondria are ancestral 
bacteria makes them particularly sensitive to metabolic “motifs” produced by other 
bacteria. New research shows bidirectional communication exists between the gut 
microbiota and mitochondria [56, 57].

Certain insults, such as NSAID exposure, are known to disrupt the structure 
and function of the mitochondria, and at least transiently, increase gut perme-
ability [58–60]. Additionally, it has been reported that some patients with Crohn’s 
disease develop immune reactivity against components of their gut microbiome 
[61]. Consistent with these reports, Nazli et al. [44] demonstrated that treating a cell 
monolayer with dinitrophenol (an oxidative phosphorylation uncoupler) resulted 
in cellular internalization of a non-invasive strain of Escherichia coli. From this, the 
authors hypothesized that under metabolic stress resulting from mitochondrial 
dysfunction, the enteric epithelium loses its ability to distinguish between commen-
sals and pathogens, and as a result, begins internalizing commensal organisms, which 
can lead to an exacerbated intestinal inflammatory response [44]. Studies do suggest 
that both mitochondrial dysfunction [62] and increased gut permeability [63] affect 
the overall competence of the intestinal epithelial barrier, but the stimuli that initiate 
either process are not known. Nonetheless, these studies reinforce the implication 
of epithelial mitochondrial dysfunction as a predisposing factor for an increase in 
gut epithelial permeability and a loss of gut barrier function, resulting in intestinal 
inflammation. The intestinal lumen and epithelium are continuously exposed to 
noxious stimuli, such as ingested nutrients, local microbes or infections, gastric acid 
production, and periods of ischemia/reperfusion that have the potential to stimulate 
the generation of oxygen and nitrogen radicals [64–66]. Additionally, the infiltration 
of leukocytes, monocytes, and neutrophils during inflammation can further enhance 
intestinal ROS production through both respiratory burst enzymes and prostaglandin 
and leukotriene metabolism [67]. Several studies have demonstrated increased ROS/
RNS levels within the intestinal epithelium of animals and patients with spontaneous 
and experimentally induced IBD [68–70].

Typical gut bacterial families found in healthy dogs and cats include 
Bacteroidaceae, Clostridiaceae, Prevotellaceae, Eubacteriaceae, Ruminococcaceae, 
Bifidobacteriaceae, Lactobacillaceae, Enterobacteriaceae, Saccharomycetaceae, and 
Methanobacteriaceae [71].
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The gut microbiota are key to host metabolism as they aid in the digestion and 
absorption of food, neutralize drugs and carcinogens, synthesize choline [72], 
secondary bile acids [73, 74], folate, vitamin K2 and short chain fatty acids (SCFA). 
Additionally, the gut microbiota protects the host against pathogenic infection, 
stimulating and maturing the immune system [75] and epithelial cells [76] and 
regulating oxidative stress [77].

Bacterial metabolites, including short-chain fatty acids (SCFAs) and hydrogen 
sulfide (H2S), serve as messengers to enteric/colonic epithelial and immune cells, 
impacting their metabolism, epigenetic modifications, and gene expression. SCFAs 
are currently the most studied bacterial metabolites and are beneficial to intestinal 
and colon homeostasis. The three major SCFAs, acetate, propionate, and butyrate, are 
produced in the colon by bacterial fermentation of carbohydrates and are an impor-
tant source of energy for colon epithelial cells. SCFAs are ligands for free fatty acid 
receptors 2 and 3, which modulate glucose metabolism and mitochondrial fatty acid 
β-oxidation (FAO). Additionally, SCFAs regulate PGC1α, a transcriptional coactivator 
that is a central inducer of mitochondrial biogenesis in cells [78]. These responses to 
SCFAs result, at the organelle level, in increased glucose uptake, FAO, oxidative phos-
phorylation, and mitochondrial biogenesis. In terms of intestinal homeostasis, these 
responses to SCFAs in colon epithelial cells facilitate the development of a tolerant 
mucosal immune system, promote epithelial barrier integrity, promote “physiologic 
hypoxia”, and suppress colitis [7]. In addition, steady-state inflammasome machinery 
activation in the colon is mediated by SCFAs, which produces basal IL-18 levels, 
regulates the microbiome composition, and dampens overt inflammatory responses.

Butyrate, a by-product of the microbial fermentation of SCFAs, is one of the 
key molecules of mitochondria/gut microbiota cross-talk; butyrate may influence 
mitochondrial-endoplasmic reticulum (ER) contact signaling pathways. A body of 
recent evidence reveals that the microbiome impacts the host by communicating 
with its intracellular relatives, the mitochondria. This perspective mode of chemical 
communication between bacteria and mitochondria may help us understand com-
plex and dynamic environment-microbiome-host interactions regarding their vital 
impacts on health and diseases. Communications between bacteria and mitochon-
drial are mediated by chemical signals from intestinal bacteria. In one case, a cluster 
of bacterial metabolites including betaine, methionine, and homocysteine initiate a 
signaling cascade that triggers the nuclear receptor 5A nuclear receptor and activates 
hedgehog signaling to regulate mitochondrial fission-fusion balance in intestinal 
cells [79]. This bacteria-mitochondria communication ultimately regulates fat storage 
homeostasis in the host [80]. Additionally, a slime polysaccharide named colanic acid, 
a major biofilm component of E. coli, secreted from intestinal bacteria, after enter-
ing the host cytoplasm via endocytosis, increases the fragmentation of intestinal 
mitochondria in a dependent fashion to the Dynamin Related protein-1 (Drp-1), 
a cytosolic guanosine triphosphate (GTPase) protein-key player of mitochondria 
fission, as well as enhances Mitochondrial Unfolded-Protein Response (UPRmt) in 
response to mitochondrial stress. These signaling effects of bacterial colanic acid 
on mitochondrial dynamics and UPRmt consequently lead to lifespan extension and 
protection against age-associated pathologies, like germline tumor progression and 
toxic amyloid-beta accumulation, in the host [81]. Besides SCFA, secondary bile acids 
produced by the gut microbiota also play an important role in regulating mitochon-
drial energy metabolism. Anaerobic bacteria of the genera Bacteroides, Eubacterium, 
and Clostridium hiranonis degrade 5–10% of the primary bile acids, forming sec-
ondary bile acids [71, 82, 83] Secondary bile acids interact with mitochondria by 
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modulating transcription factors related to lipid and carbohydrate metabolism, 
including farnesoid X receptor (FXR) and G-coupled membrane protein 5 (TGR5) 
[84]. FXR is a target of NAD-dependent protein deacetylase silent regulator 1 (SIRT1) 
[85] and regulates the steroid response element binding protein-1c, carbohydrate 
response element binding protein, and Peroxisome proliferator-activated receptor 
alpha (PPAR-α), which stimulates fatty acid uptake and oxidation [74]. There is 
increasing evidence that secondary bile acid metabolism might also directly modify 
SIRT1 expression as well as mitochondrial biogenesis, inflammation, and intestinal 
barrier function in different types of cells (Figure 3) [86, 87].

Together, these results consistently show that mitochondria undergo chemical 
communication with bacteria, a process modulating metabolic and senescent states 
of eukaryotic cells. The impact of microbiota on mitochondrial functions has been 
further supported by studies intending to manipulate gut microbiota through the 
use of probiotics. One example is the probiotic Escherichia coli Nissle 1917 (EcN) 
with proven effectiveness in the treatment of inflammatory intestinal disorders and 
acute diarrhea. Outer membrane vesicles (OMVs) released by the probiotic EcN and 
the commensal ECOR63 are taken up by intestinal epithelial cells, and modulate the 
epithelial barrier integrity through several mechanisms, mediated by the restoring 
of the mitochondria [88]. Administration of the probiotic Lactobacillus rhamnosus 
CNCMI–4317 induced a series of modulating factors that modified the oxidative 
phosphorylation (OXPHOS) capacity of mitochondria [89]. Certain intestinal bacte-
ria such as Eubacterium hallii and Anaerostipes caccae have the capacity to transform 
the byproduct of anaerobic glycolysis lactate into SCFA during glucose depletion thus 

Figure 3. 
Effect of mitochondrial morpho-functional alterations at the basis of the “leaky gut” as observed in the course of 
IBD. Dysbiosis, bacterial toxins and free radicals linked to a reduced intake of glutamine, involve the activation 
of signals of the extrinsic and intrinsic pathways of apoptosis, which pass through the structural and functional 
alterations of the mitochondria (i.e., increased permeability, translocation of HSPs and of the APAF-Cytochrome 
C complex, loss of Ca ++ etc.). A reduction in mitochondria, resulting in a reduction in ATP, causes a decreased 
activity of ETC complexes, accumulation of mtROS, accumulation of misfolded or unfolded proteins in the 
matrix, and ultrastructural changes such as cresting. Subsequent loss of epithelial barrier integrity, epithelial cell 
apoptosis, and bacterial invasion have been demonstrated following mitochondrial dysfunction in the epithelium. 
mtDNA is released in the serum of IBD patients and acts as a DAMP for the activation of immune cells. 
Furthermore, damaged mitochondria can signal the activation of the inflammasome, leading to the production of 
pro-inflammatory cytokines and increasing leukocyte infiltration of the intestinal mucosa.
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creating an alternative energy source for the host, while bypassing OXPHOS [90, 91]. 
Finally, probiotic mixture Slab51™ administration for a period of two or six months, 
restores mitochondria inducing HSP60 and 70 mitochondrial internalization and 
increasing number and size of mitochondria in intestinal cells of IBD, and suffering 
dogs, and HIV chronically affected patients [39, 92, 93].

Unlike the beneficial effects commensal bacteria and certain probiotics have on 
energy metabolism, pathogens such as Salmonella and E. coli [94] can produce nega-
tive effects on the host mitochondria energy metabolism by degrading sulfur amino 
acids to produce hydrogen sulfide (H2S) in the large intestines. H2S is an important 
mediator of many physiological and pathological processes. High amounts of H2S can 
inhibit a key component of the mitochondrial respiratory chain by penetrating cell 
membranes and inhibiting COX activity and energy production [56]. Pathobionts can 
also produce NO, which may affect host mitochondrial activity and favor bacterial 
infection [95]. Beaumont et al. [96] concluded that exposure of high levels of H2S 
to HT-29 human cells showed not only reduced mitochondrial oxygen consumption 
but also an increase in the expression of inflammatory genes such as IL-6, which was 
increased following a high protein diet. Mottawea et al. [56] recently demonstrated 
that a proliferation of pathobionts, many of which are known to be potent H2S pro-
ducers, down regulated mitochondrial proteins. Additionally, H2S induces genotoxic 
damage to the epithelium, inhibits metabolism of SCFAs, and induces breaks in the 
mucus barrier, allowing exposure of luminal contents to the underlying tissue [7, 97].

1.4 The system of intercellular junctions

In the intestinal epithelium there are two main types of junctions: adherent 
 junctions (AJs) and tight junctions (TJs). Both types are formed from the proteins of 
the classes of cadherins, claudins and occludins, present in different concentrations 
and control the paracellular permeability through the intercellular spaces. In epithe-
lial barriers, TJs and AJs are well defined and distributed: the TJs are present in the 
apical part, while the AJs are located in the basolateral part, below the TJs (Figure 4). 
Both are connected to the actin cell cytoskeleton.

The tight junctions seal the paracellular space and for their assembly they need 
adherent joints. As can be seen in Figure 4, they are multi-protein complexes made up 
of integral membrane proteins (claudins, occludins and junctional adhesion mol-
ecules), peripheral membrane proteins (zonula occludens) and regulatory molecules 
such as kinases.

Claudins (18–27 kDa) are proteins with 2 extracellular loops and a C-terminal 
cytoplasmic domain. They constitute a large gene family in which 24 isoforms have 
been identified that determine the selectivity of the paracellular pathway in terms of 
tissue, charge and size. They are expressed in a tissue-specific way and a mutation 
or deletion of one of the members of this family can have significant effects on the 
function of the epithelial barrier [98, 99].

The data obtained in some in vitro studies indicate that the claudins -1, -3, -4, 
-5, -8, -11, -14, and -19 play a determining role in the selectivity of the paracellular 
barrier. The permeability of the ions through the TJs is regulated by the claudins -4, -8 
and -14 which are involved in the cationic barrier, while other claudins such as -2, -7 
and -13 form the paracellular pores for cations and anions. In the gastrointestinal tract 
claudins -2, -3, -4, -7, -8, -12, and -15 are expressed, but the levels of expression and 
their subcellular localization are different in the different intestinal segments [98].
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Occludins (65 kDa) are proteins with 4 transmembrane domains and 2 extracel-
lular loops and exist in 2 isoforms. The C-terminal domain, located in the cytoplasm, 
binds directly to ZO-1 (zonula occludens) which in turn binds the apical part of 
the actin. This portion of occludin is rich in sites of phosphorylation (thyroxine, 
serine and threonine) which can be modified by kinases and phosphatases. The 
non-phosphorylated occludin is distributed in the basolateral membrane and in the 
cytoplasmic vesicles, while the phosphorylated occludin is localized in the TJ and 
determines a reduced paracellular permeability [100]. Alterations (chronic inflam-
mations or hyperplasias) have been observed in occludin deficient mice in all those 
districts characterized by the presence of TJs, suggesting more complex functions 
to be attributed to occludin, whose role is not yet fully known [101]. The interaction 
of occludins, claudins, JAMs, and tricellulin between cells and with ZOs maintains 
the integrity of the tight junction and controls the passage of molecules through the 
paracellular space.

Junctional adhesion molecules (JAM) (32 kDa, 3 isoforms) contain a transmem-
brane segment and an extracellular domain. They are proteins involved in the adhe-
sion between the barrier cells and between the barrier and the blood cells and can 
form homophilic and heterophilic interactions with different ligands including inte-
grins. They can also interact with partners such as ZO-1 and the protease-activated 
receptor PAR-3 [98].

Peripheral membrane proteins associated with zonula occludens (ZO) are crucial 
for the assembly and maintenance of TJs because they have multiple domains for inter-
action with other proteins, including integral membrane proteins and actin. On the 

Figure 4. 
Molecular structure of tight junctions. When the intestinal barrier is intact, the paracellular space between 
two enterocytes is sealed by TJs which are made up of a series of transmembrane proteins that include occludin, 
claudins, and the junctional adhesion molecule-1 (JAM-1). Thanks to TJs, the intestinal barrier is perfectly able 
to keep the luminal environment separate from the underlying immune system. Claudins adhere to each other in a 
homotypic as well as a heterotypic manner. ZO-1, -2, and -3 bind the cytoplasmic tail of occludin and link the TJ 
to the actin cytoskeleton. Proteins of the ZO family can shuttle to the nucleus to influence transcriptional processes 
in cellular proliferation and differentiation. The ZO-proteins have also been shown to interact with claudins and 
provide molecular scaffolds for TJ assembly. In the composition of TJ we also find cingulin, a protein of 140 kDa, 
which is associated with the cell cytoskeleton of actomyosin. Tyrosine phosphorylated Par3 / 6 regulates tight 
junction assembly and promotes cell polarity via intracellular signaling. Localization of TJ-associated 7H6 antigen 
along the cell border of vascular endothelial cells has been shown to be related to paracellular barrier function. 
The ZO-1 and ZO-2 scaffold proteins form dimers and bind to claudins, thereby contributing to the targeting and 
polymerization of claudins at tight junctions. Dimerization involves the SH3/GUK domain of ZO-1 / ZO-2. Also, 
ZO-1 and ZO-2 interact with the underlying actin cytoskeleton and act as a scaffold at tight junctions. The apical 
polarity protein complexes, including the Crumbs and Par complexes, localize to tight junctions.
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intracellular side of the membrane, the carboxy-terminal ends of claudin, occludin and 
actin interact with the proteins ZO-1 (220 kDa), ZO-2 (160 kDa) and ZO-3 (130 kDa). 
These proteins belong to the membrane-associated guanylate kinase (MAGuK) 
superfamily and have an enzymatically inactive guanylate kinase domain. The TJ mul-
tiprotein complex, hitherto described, is linked to the actin cytoskeleton through the 
ZO proteins that bind to the integral membrane proteins with the N-terminal domain 
and to the actin cytoskeleton with the C-terminal domain. The protein that plays the 
central role is ZO-1 which directly and indirectly connects the integral membrane 
proteins (occludin and claudin) to the other cytoplasmic proteins of the TJs and to 
the actin cytoskeleton. It has been shown that, like occludins, ZO-2 and ZO-3 cannot 
interact directly with actin filaments since their C-terminal domains show similarities 
only towards ZO-1. Therefore, the binding to the actin cytoskeleton is limited to ZO-1 
which has the potential to organize the structural components and to modulate the 
paracellular pathway [102].

There are many other proteins involved in TJ: tricellulin, the coxsackie and adeno-
virus receptor (CAR), the selective adhesion molecule for endothelial cells (ESAM), 
JAM4, AF-6/afadine, PAR3, MUPP-1, cingulin, PILT (protein subsequently incorpo-
rated into TJ) and JEAP (junction-enriched and -associated protein). All this gives the 
idea of the complex organization of TJs [98].

Until a few years ago, tight junctions and adherent junctions were seen as discrete 
and independent complexes. However, new evidence has emerged that highlights 
their interdependence. From these studies, it is clear that there are both physical and 
biochemical connections between adherent and tight junctions. The ZO-1 complex 
physically connects the two junctional complexes through its interactions with the 
binding proteins of actin, α-catenin and afadin. These interactions promote the 
maturation of the AJs and the subsequent assembly of the TJs [103].

1.5  Mechanisms of passage of different molecules through the intestinal epithelial 
barrier

The intestinal epithelium is a single layer of cells that covers the intestinal mucosa, 
separating it from the lumen and has two critical functions: first, it acts as a barrier 
to prevent the passage of harmful intraluminal entities including antigens, foreign 
microorganisms and their toxins. Its second function is to act as a selective filter 
that allows the translocation of essential nutrients, electrolytes and water, from the 
intestinal lumen to the circulatory stream. Enterocytes have a high transport activity 
because they have ion channels, transporters and pumps in the apical and basolateral 
membranes. Net fluid absorption in the intestine is the result of the balance between 
absorption and secretion. This transport is carried out selectively via two routes: the 
paracellular route and the transcellular route. The paracellular pathway allows 85% 
of the total passive trans-epithelial flow of molecules through the space between two 
adjacent epithelial cells and is regulated by TJs, which have pores of different sizes, 
limiting and selecting the passage of the molecules. This pathway constitutes an 
effective barrier for the passage of luminal antigens and is decisive for establishing 
intestinal permeability [104].

Transcellular transport involves the transportation of solutes through the 
enterocyte membrane. There are several mechanisms that mediate the passage of 
molecules through the transcellular pathway. Small-sized lipophilic and hydrophilic 
compounds are spread, by passive transport, through the lipid double layer of the 
enterocyte membrane. Furthermore, epithelial permeability is conditioned by active 
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transport, mediated by transporters and by various mechanisms of endocytosis, 
transcytosis and exocytosis for ions, amino acids or some antigens. Large molecules, 
such as proteins and bacterial products, are captured by cells through the mechanism 
of endocytosis and are actively transported through the cytoplasm, by transcytosis 
process, for further processing and presentations, as part of the intestinal immune 
response (Figure 5) [105].

1.6 Mechanisms of damage and rupture of the intestinal epithelial barrier

The intestinal barrier is a dynamic system in which various factors intervene and 
the increase in the passage of substances due to the increased permeability does not 
necessarily imply its dysfunction. The progressive increase in intestinal permeability 
during the development of a pathological process implies an imbalance of the vari-
ous factors that maintain the barrier function; the immune system being the main 
candidate to exert a greater effect on it, given the association between inflammation 
and barrier dysfunction in various digestive diseases. Under normal conditions, the 
increase in permeability is insufficient to cause a state of “intestinal disease” since 
the epithelial barrier has the ability to restore itself once the inducer stimulus has 
ceased. However, in certain pathological conditions, this self-regulating ability can be 
lost and this condition can facilitate an increase in permeability, facilitating chronic 
intestinal inflammation. Although the etiology of inflammatory bowel disease (IBD) 
is unknown, it has been observed that IBD patients have greater intestinal perme-
ability than healthy subjects. It has been identified that this is due to the structural 
alterations of the TJ proteins, mainly due to the reduction of the expression of 
claudin-3, 4, 5 and 8 and of occludin, as well as an increased expression of claudin-2 
and the phosphorylation of the myosin-light-chain (MLC); this phosphorylation is 
catalyzed by the specific myosin-light-chain kinase (MLCK), which is activated when 

Figure 5. 
Schematic representation of epithelia and transport pathways across a monolayer, and prototypic arrangement 
of junctions in polarized epithelial cells. The apical junction complex is formed by the tight junction, adherens 
junction and the most apically located desmosome. Gap junctions and additional desmosomes associate beneath 
the apical junction complex along the remainder of the lateral cell membranes. Hemidesmosomes interact with 
the basal lamina at the base of the cells. Intermediate filaments dock into desmosomes and hemidesmosomes 
whereas actin filaments attach to both tight and adherens junctions. Transcellular permeability is associated 
with the movement of solutes or water through intestinal epithelial cells. Paracellular permeability is associated 
with movement in the intercellular space between epithelial cells and is regulated by tight junctions located at the 
junction of the apical-lateral membranes.
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it binds to calcium and calmodulin, forming a complex (Ca ++−calmodulin-MLCK) 
which facilitates the contraction of the cytoskeleton and the opening of the junctions 
[106–108]. The exaggerated inflammatory response would presumably be the cause 
of these alterations, given the increase in IFN-γ and TNF-α in these patients [109] 
and the in vitro effect that these cytokines have on the epithelial barrier. In the final 
analysis, as mentioned above, the alterations of the intercellular junctional complex 
during enteropathy are linked to an altered mitochondrial function with an energy 
deficit of the epithelium.

IECs culture and enteroid models have provided important mechanistic insight, 
suggesting that decreased mitochondrial function in epithelial cells drives a loss 
in barrier integrity and subsequent bacterial invasion of the underlying intestinal 
tissue. Loss of barrier function can manifest from epithelial cell death or leakiness 
of paracellular epithelial cell-cell junctions. DSS-induced colitis is associated with 
epithelial barrier dysfunction and mechanistic studies using Caco-2 cell monolayers 
demonstrated that mitochondrial reactive oxygen species (mtROS) play a key role in 
the loss of barrier integrity during DSS via stimulating the redistribution of Occludin 
and ZO-1 from intercellular junctions into intracellular compartments, causing 
leakiness of the tight junctions without altering cell viability [110]. Many forms of 
ROS have been implicated in disrupting tight junctions through the rearrangement of 
the actin cytoskeleton to decrease its interaction with tight junction proteins Occludin 
and ZO-1 and interaction with myosin heavy chain [111]. Additionally, hydrogen 
peroxide alters phosphorylation of Occludin, disrupting the tight junction, and 
phosphorylation of β-catenin, disrupting the adherens junction due to the redistribu-
tion of E-cadherin preventing interaction with β-catenin [111]. Indeed, dysfunctional 
mitochondria and accumulation of mtROS during deficiency of the autophagy 
mechanism induced epithelial barrier defects and the transcellular passage of bacteria 
that perpetuated intestinal inflammation [112].

In healthy dogs, similarly to the results of Ohta et al. [113], we describe a char-
acteristical pattern of expression of AJ proteins along the small and large intestine 
[106]. Occludin-specific labeling is uniformly expressed throughout the epithelium 
of the small and large intestine, with the most intense labeling at the epithelial cell 
AJC, with fainter labeling observed along the basolateral membranes. Concerning the 
overall intensity of E-cadherin expression, we observe a decrease from the luminal 
epithelium to the distal crypts. At the luminal epithelium, E-cadherin labeling is 
uniform along the length of the intercellular junction, while the expression becomes 
polarized toward the AJC in the distal glands/crypts. At cellular levels, E-cadherin-
specific labeling is restricted to the AJC and basolateral membranes of intestinal 
epithelial cells. Moreover, there is little evidence of specific labeling outside the 
epithelium. Claudin-2 readily detectable in the duodenal epithelium and glands and 
in the colonic crypt epithelium, decreasing in intensity from the distal to the proxi-
mal crypt, and remaining minimally detectable at the luminal surface of the colon. 
Interestingly, the expression pattern of AJC proteins in healthy dogs of our study, is 
very similar to the AJC proteins distribution, associated with clinical improvement, 
in IBD suffering dogs, after an oral probiotic treatment of 60 days [106] instead, a 
different pattern of AJC protein expression was observed in a homogeneous group of 
IBD affected dogs, apparently improved after a canonical association of metronida-
zole and prednisone therapy. In this classically treated group, claudin-2 expression 
was severely increased in the large intestine, particularly at the level of the proximal 
crypt and luminal epithelium. On the contrary, in the same group of dogs occludin 
was significantly lower, with a weak to absent expression in the luminal epithelium 
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and in the small intestinal glands. No discernible difference in the distribution or 
staining intensity of E-cadherin was observed between normal and all IBD affected 
dogs. This greater deviation from the physiological conditions in the expression of 
Occludin in the small intestine and Claudin-2 in the colon of IBD suffering dogs, 
treated with a classical therapeutic protocol, resembles that previously described in 
samples from the colon of dogs with colitis [114]. In our experience, the effects of a 
multi strain, live and highly concentrated probiotic association, restored the epithe-
lial barrier integrity, also from a morphological point of view, increasing the number 
and average size of IECs mitochondria [92]. In our studies, this restoration suggests a 
potential anti-inflammatory effect of probiotics, on the moment that in treated dogs, 
decreased mucosal CD3+ T-lymphocytes, and increased FoxP3+ and TGF-β+ posi-
tive cells were observed 30 days after the end of probiotic administration. More 
specifically, the probiotic treated dogs showed increases in CD3+/FoxP3+ cells in the 
intestinal mucosa, while dogs treated with prednisone and metronidazole displayed 
an overall decrease in all inflammatory cell populations that was accompanied by a 
decrease of FoxP3+ lymphocytes and TGF-β expressing cells.

The combination of different factors, genetic, environmental and defects in the 
barrier function, it is what ultimately predisposes the patient to an abnormal immune 
response and a greater susceptibility to developing intestinal inflammation. In fact, 
the appearance of IBD has been linked to the presence of mutated proteins such as 
X-box binding protein 1 (XBP1) or mutations in the NOD-2 gene related to lower 
IL-10 production or inadequate immune tolerance to antigens and luminal microbial 
products [115, 116].

TNF-α and IFN-γ have been extensively studied for their effects on the tight junc-
tion barrier in the gut. The effect of TNF-α on the intestinal barrier has been associ-
ated with IBD [117]; graft-versus-host disease [118], and celiac disease (CD) [119]. 
In patients with Crohn’s disease (CrD) anti-TNF-α treatment is able to correct barrier 
disruption seen in the colon [117].

The mechanism of TNF-α barrier disruption has been shown to be mediated by 
MLCK. MLCK activation alone has been shown to decrease tight junction perme-
ability both in vitro and in vivo [120, 121]. IFN-γ increases intestinal permeability 
through changes in expression and localization of tight junction proteins as well as 
rearrangement of the cytoskeleton [122].

Toll-like receptors (TLRs) are a class of transmembrane PRRs that are important 
for microbial recognition and control of immune responses. TLR2 is one member of 
the TLR family, which recognizes conserved patterns on both Gram-negative and 
Gram-positive bacteria. TLR2 is expressed on many cell types through the intestine 
including epithelial cells [123]. Stimulation of TLR2 in vitro increased trans epithelial 
electrical resistance through protein kinase C (PKC = a group of enzymes activated 
by signals such as increases in the concentration of diacylglycerol or calcium ions, 
and involved in several signal transduction cascades) activation and translocation 
of ZO-1 to the tight junction complex [123]. Proteinase activated receptors (PARs) 
are a family of g-protein-couple-receptors that are activated by proteolytic cleavage 
of their N-terminus revealing a tether ligand. PAR2 is found on both the apical and 
baso-lateral sides of enterocytes [124]. Stimulation of basolateral PAR2 results in 
increased permeability through redistribution of ZO-1, occludins, and F-actin [125]. 
Stimulation of PAR1 has also been shown to increase intestinal permeability [126].

In humans, a large number of chronic inflammatory diseases (CID) have been 
described to have alterations in intestinal permeability, including IBD [127], IBS 
[128], type-1-diabetes (T1D) [129], etc. Under normal physiological conditions, 
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the majority (∼90%) of antigens that pass through the intestinal epithelium travel 
through the transcellular pathway. The transcellular pathway is regulated and leads 
to lysosomal degradation of antigens into small non-immunogenic peptides. The 
remaining ∼10% of proteins cross the epithelium through the paracellular pathway 
as full intact proteins or partially digested peptides as tightly regulated antigen 
trafficking through intestinal tight junction modulation, which leads to antigenic 
tolerance [130].

Zonula occludens toxins (Zot), is an enterotoxin which is able to reversibly open 
intracellular tight junctions [131]. Zot causes polymerization of actin of targeted 
cells leading to disassembly of tight junction complexes through a protein kinase C 
(PKC) dependent mechanism [132]. Immunofluorescent studies have shown that 
Zot is able to interact with epithelial cells along the GI tract with the highest binding 
in the jejunum and distal ileum and also decreasing along the villous to crypt axis 
[133]. Anti-Zot antibodies led to the identification of a ∼47 kDa human analog to 
Zot, named zonulin [134]. Ex vivo studies show endogenous human zonulin is able to 
increase permeability in both the jejunum and ileum [135].

Studies on human sera from CD patients, who have increased zonulin levels [134] 
as determined by ELISA measurement using polyclonal zonulin cross reacting anti-
Zot antibodies [136], revealed that zonulin is pre-haptoglobin (Hp)-2, the pro-protein 
of Hp2 before enzymatic cleavage into its mature form. After this discovery, an 
analogue of human zonulin (Hp2) has been evidenced in dogs. Dog and human Hp2 
are proteins with a 98% similarity.

It was therefore hypothesized that zonulin may disassemble TJ through epidermal 
growth factor (EGF) activation, since it has been described that EGF can modulate 
the actin cytoskeleton, similar to the effects seen with zonulin [134, 135]. In vitro 
studies in Caco-2 cells showed zonulin caused EGF receptor (EGFR) phosphorylation 
and subsequent increases in permeability, which were blocked by an EGFR inhibitor. 
To confirm the effect was due to zonulin and not mature Hp2, trypsin digested zonu-
lin was tested and showed no EGFR activation. Additionally, it was shown that EGFR 
activation was dependent on PAR2 as demonstrated both in Caco2 cells in which the 
receptor was silenced, and in PAR2−/− mice [136]. Zonulin contains a PAR2 activat-
ing peptide-like sequence in its β-chain, and it had been reported previously that 
PAR2 is able to transactivate EGFR [137].

The signaling pathways triggered by Zot and zonulin leading to tight junction 
disassembly have been extensively studied and resulted being similar, passing by 
PAR2 binding, and increasing permeability through displacement of ZO-1 and 
occludin from the cell junctions [138]. The displacement of ZO-1 and occludin 
was shown to be secondary to PCKα-dependent phosphorylation of ZO-1, caus-
ing decreased tight junction protein-protein interactions, and of myosin-1C that, 
together with the cytoskeletal rearrangement, temporarily removes ZO-1 and occlu-
din from the junctional complex. While ZO-1 displacement per se is not sufficient 
to cause a barrier defect [139], the combination with other intracellular signaling 
events affecting TJ, including occludin displacement, actin polymerization, and 
myosin-1C phosphorylation [132] may contribute to a more profound rearrange-
ment of the junctional complex that ultimately causes transient TJ disassembly 
(Figure 6).

High alteration in intestinal barrier permeability was observed also during IBS 
syndrome in man and, recently, in dogs [140]. In both species, IBS is associated with 
low grade inflammatory infiltration, often rich in mast cells, in both the small and 
large bowel. The close association of mast cells with major intestinal functions, such 
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as epithelial secretion and permeability, neuroimmune interactions, visceral sensa-
tion, and peristalsis, makes it necessary to focus attention on the key roles of mast 
cells in the pathogenesis of IBS. Numerous evidence showed a positive relationship 
between the number of mucosal MCs and intestinal permeability [141], and the 
MC-derived tryptase was well identified as a key factor disrupts the intestinal barrier 
[142]. MC tryptase cleaves PAR2 on colonocytes to increase paracellular permeability 
by acting, as previously described, on the intercellular apical junction complex, which 
mainly consists of the tight junctions such as claudins, occludin, zonula occludens, 
junctional adhesion molecule, and the adherens junction such as E-cadherin [143]. 
Furthermore, PAR2 may induce the activation of extracellular signal-related kinase 
1/2 (ERK1/2) and phosphorylation of MLCK, which regulates reorganization of 
F-actin and cytoskeleton and redistribution of tight junction, to increase epithelial 
permeability [105]. Other MC mediators such as interferon-γ, tumor necrosis factor-α 
(TNF-α), interleukin (IL)-1β, IL-4, IL-13, and prostaglandin E2 also have destructive 
effects on both trans- and paracellular permeability.

The most important triggers of zonulin release that have been described are bacte-
ria, gliadin, and intestinal mast cells (MCs) tryptase. Enterotoxins and several enteric 
pathogens such as E. coli, and Salmonella typhi have been shown to cause a release of 
zonulin from the intestine when applied to the apical surface of IECs. Following the 
release of zonulin, that may be find and quantified in intestinal lumen (in fecal mate-
rial) or in plasma, intestine showed increased permeability and disassembly of ZO-1 
from the tight junction complex, permitting antigen and bacteria translocation and/
or inflammatory cells passage throughout the epithelial layer. As we described in the 
previous paragraphs, conditions of dysbiosis, IECs absorption of bacterial/alimentary 
toxins, and other substances can induce IEC mitochondrial dysfunction with an 

Figure 6. 
Schematic representation of the gliadin and bacteria-induced release mechanism of zonulin, with the consequent 
increase in intestinal mucosal permeability, alteration of the barrier and increase in paracellular permeability. 
In phase 1, some specific peptides, such as gliadin, or deriving from other food sources or from bacteria, induce 
the release of zonulin mediated by the activation of the C-X-C Motif Chemokine Receptor 3 (CXCR-3 receptor 
or IFN-gamma induced G protein-coupled chemokines receptor 3—CD183) and dependent on MyD88 (or 
Myeloid differentiation primary response 88—a innate immune signal transduction adaptor) (phase 2). Zonulin 
transactivates EGFR (Epidermal Growth factor Receptor) via the PAR2 receptor leads to disassembly of the 
PCK-α-dependent (Protein kinase alfa) tight junction (phase 3). There is therefore an increase in intestinal 
permeability due to the opening of the intercellular junctions and the paracellular passage of “non–self-” antigens 
(phase 4) which diffuse into the lamina propria where they are able to interact with the immune system.
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increase of intracellular mitochondrial reactive oxygen species. MtROS, mostly from 
complex III, provides a pathway through which PAR1 and PAR2 are activated. Other 
sources of ROS do not participate in this induction. While PAR1 signaling ultimately 
involves NF-kappaB activation, inducing nuclear transcription for many pro-
inflammatory molecules, PAR2 induces the activation of ERK1/2 and phosphorylation 
of MLCK, which regulates reorganization of F-actin and cytoskeleton and redistribu-
tion of tight junction, particularly of ZO-1 and occluding that break the integrity of 
the TJ complex [144], increasing the epithelial permeability [145]. This pathogenic 
mechanism is proposed for IBD pathogenesis. Gliadin is the other trigger that has 
been described to release zonulin; only when applied to the IECs apical surface, 
gliadin causes a release of zonulin and a subsequent increase in permeability, in both 
cell culture models and ex vivo studies of intestinal tissue. Lammers et al. described 
that specific non-digestible gliadin peptides are able to bind the CXCR3 receptor on 
the apical surface of enterocytes with subsequent MyD88-dependent zonulin release 
[146, 147]. The CXCR3 receptor is also overexpressed on the apical IECs surface of 
biopsies from celiac disease suffering patients (CD), which may explain the increased 
levels of zonulin detected in intestinal explants obtained from CD patients when 
exposed to gliadin [148].

CD suffering patients have a reorganization of actin filaments and an altered 
expression of occludin, claudin-3 and claudin-4, as well as ZO-1 and the adhesion 
protein E-cadherin [149, 150]. Generally, under physiological circumstances, there is 
a tight control of mucosal antigen trafficking (antigen sampling) that, in concert with 
specific immune cells and chemokine and cytokine mediators, leads to anergy and, 
therefore, to mucosal tolerance. In the pathological conditions above expressed, the 
inappropriate production of an increased amount of zonulin causes a functional loss 
of barrier function, with subsequent inappropriate and uncontrolled antigen traffick-
ing instigating an innate immune response by the submucosal immune compartment, 
with production of pro-inflammatory cytokines, including IFN-γ and TNF-α that 
cause further opening of the paracellular pathway to the passage of antigens, creating 
a vicious cycle.

In conclusion, the loss of gut barrier function, through increased zonulin 
release from of both epithelial and endothelial barriers, as an essential step to 
initiate the intestinal inflammatory process. In many human and canine chronic 
intestinal diseases, whole bacteria or bacteria toxins, as well as gliadin or MCs 
tryptase are the triggers of zonulin release, leading to gut barrier dysfunction. 
Similar results, with increase plasma and fecal levels of Zonulin, plasma LPS and 
cleaved C18 cytokeratin [93] were recently described in sera of dogs with lymphan-
giectasia, and in cats with enteritis associated T cell lymphoma type II (EATCL II) 
[151] by the author [46].

An imbalanced microbiome or its inappropriate distribution along the gastro-
intestinal tract causes dysbiosis, mitochondrial dysfunction with an increase of 
intracellular mitochondrial reactive oxygen species (MtROS), and the induction 
of the release of zonulin leading to the passage of luminal contents across the 
epithelial barrier, causing the release of pro-inflammatory cytokines. The pres-
ence of cytokines eventually sustains the ulterior increased permeability, causing a 
massive influx of dietary and microbial antigens, leading to the activation of T-cells. 
Depending on the genetic background of the host, these T-cells can remain within 
the GI tract, causing chronic inflammation restricted to the intestinal mucosa (IBD, 
IBS, CD), or migrate to several different organs to cause a systemic chronic disease. 
Generally the main alterations in the expression of TJ proteins are the decrease in ZO 
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and occludin, as well as an increase in claudin-2 and myosin light chain MLC phos-
phorylation (Figure 7) [152].

2. Conclusions

The gastrointestinal system is, together with the skin and the respiratory system, 
the habitat most exposed to the external environment, microorganisms and com-
pounds derived from digestion. This condition requires a complex defense system 
capable of separating the intestinal contents from the host tissues, regulating the 
absorption of nutrients and allowing interaction between the resident microbial 
flora and the mucosal immune system, inhibiting the translocation of pathogens 
into the underlying tissues. All these functions are performed by the intestinal 
barrier, a functional unit, organized as a multi-layered system: The barrier is more 
superficially composed of a physical surface barrier, which prevents bacterial adhe-
sion and regulates the paracellular diffusion towards the underlying host tissues. 
More in depth, we find a deeper functional barrier, which is able to discriminate 
between commensal and pathogenic microorganisms, organizing the immunological 
tolerance towards the commensal bacteria and the immune response towards the 

Figure 7. 
Pathogenic mechanism of chronic intestinal diseases (CID), linked to the loss of impermeability and selectivity 
of the intestinal barrier induced by the action of TJs-released zonulin. In phase 1 it is observed that, thanks 
to the barrier effect, the condition of eubiosis, and the physiological traffic through the barrier of non–self-
antigens, which are suitably presented to the leukocyte cells of the lamina propria (Th3, Tregs, etc.), there is the 
establishment of “oral tolerance” with the homeostasis of the mucosa. In phase 2 it is observed how environmental 
stimuli cause an imbalance of the microbiota, triggering the release of zonulin, loss of paracellular permeability, 
and an increase in the flow of antigens from the intestinal lumen to the lamina propria. In phase 4, the antigens 
in the lamina propria activate the immune system in a “pro-inflammatory” manner by causing the release of 
IFN-γ and TNF-α. This inflammation further exacerbates the increase in intestinal permeability and immune 
response, worsening and chronicizing the inflammation. This vicious circle, even more serious in genetically 
predisposed individuals, causes the interruption of oral tolerance to food antigens and causes the aggravation of 
chronic enteropathies.
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pathogens. The fundamental elements on which the integrity and functionality of 
the “intestinal barrier” depends are therefore the IECs and the intercellular junc-
tions. Glutamine plays a fundamental role in the metabolism of IECs. A condition of 
eubiosis involves the correct synthesis/absorption of glutamine and glutathione by 
the IECs. Furthermore, the presence of “healthy” bacterial species producing NEFAs 
in the correct proportion, with an excess of butyrate, preserves the IEC’s mitochon-
dria from ROS oxidative damage. A condition of dysbiosis increases mitochondrial 
damage, critically reducing the number of mitochondria but, above all modifying 
their morphology and permeability. A critical reduction in mitochondria leads to a 
decrease in the production of ATP by the IECs. A reduction in energy leads to a lower 
“hold” of the intercellular junctional complexes and an increase in bacterial trans-
location through the intestinal epithelium, which becomes more permeable. At the 
submucosal level, this condition increases inflammation and the recall of leukocytes, 
further worsening the condition of the mucosal barrier. Pathogenic mechanism of 
chronic intestinal diseases (CID), linked to the loss of impermeability and selectivity 
of the intestinal barrier, are induced by the action of TJs-released zonulin. Zonulin is 
a protein that modulates the permeability of TJs between cells of the intestinal barrier. 
Zonulin has been implicated in the pathogenesis of important GI diseases (i.e. coeliac 
disease and diabetes), and some glycoproteins, such as the gluten protein gliadin, 
activate zonulin signaling, increasing intestinal barrier permeability of macromol-
ecules and contributing to “leaky gut” conditions. Thanks to the barrier effect, the 
condition of eubiosis, and the physiological traffic through the barrier of non-self-
antigens, which are suitably presented to the leukocyte cells of the lamina propria 
(Th3, Tregs, etc.), there is the establishment of “oral tolerance” with the homeostasis 
of the GI mucosa. When environmental stimuli cause an imbalance of the microbiota, 
triggering the release of zonulin, loss of paracellular permeability, and an increase in 
the flow of antigens from the intestinal lumen to the lamina propria, antigens activate 
the immune system in a “pro-inflammatory” manner by causing the release of IFN-γ 
and TNF-α. This inflammation further exacerbates the increase in intestinal perme-
ability and immune response, worsening and chronicizing the inflammation. This 
vicious circle, even more serious in genetically predisposed individuals, causes the 
interruption of oral tolerance to food antigens and causes the aggravation of chronic 
enteropathies.
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Chapter 3

Paneth Cells: The Gatekeepers of 
the Gut
Thifhelimbilu E. Luvhengo and Mwangala Nalisa

Abstract

Although its most well-written functions are digestion and absorption of nutrients, 
the gastrointestinal tract (GIT) is the most significant player in the human immune 
system. The GIT is home to more than 60% of the active immune cells in the entire body. 
Notwithstanding, the human gut is continuously exposed to antigens ingested with 
food and resident microorganisms. The density of microorganisms in the lumen of GIT 
increases aborad and is much higher in the colon. Despite a relatively low bacterial load 
in the small intestine, the environment is more precarious because it is nutritious and 
exposed to digestive enzymes. Its lining is made up of a single layer of epithelial cells 
covered by a thin and attenuated layer of mucus. Despite the continual exposure to the 
luminal antigens, the gut’s immune system is kept in a state of relative immunosuppres-
sion. The pathogenesis of some of the common non-communicable diseases includes 
a systemic inflammatory state initiated by dysbiosis in the gut, increased permeability 
of the intestinal epithelium, translocation of microbiomes or their products, and then a 
persistent pro-inflammatory state. Paneth cells are the key players in the innate immunity 
of the gut and are responsible for maintaining its integrity.

Keywords: Paneth cells, microbiome, dysbiosis, antimicrobial peptides, defensins, 
innate immunity, systemic inflammation

1. Introduction

The gastrointestinal tract (GIT) is the largest organ in the body and is constantly 
exposed. At least 60% of active immune cells reside in the tissues of the GIT. An 
everyday healthy lifestyle requires a structurally intact and normal functioning GIT. 
The integrity of the GIT is maintained through continuous replacement of surface 
epithelial cells, which exfoliate and have to be replaced every 4–5 days [1]. Other key 
factors which are important for the physical integrity of the epithelium throughout 
the GIT are tight intercellular junctions, fine-tuning of the gut microbiome and 
active dampening down of the immune response. Dysbiosis followed by an ongoing 
systemic inflammatory state is involved in the pathogenesis of several gastrointestinal 
and extra-gastrointestinal conditions [2]. Medical conditions linked with a sustained 
pro-inflammatory state are inflammatory bowel disease (IBD), obesity, malignancies, 
arthritis, diabetes mellitus and acute or chronic organ-system dysfunction [1–3].

Dysbiosis is a prelude in the pathogenesis of inflammatory bowel disease (IBD), 
obesity, and other diseases associated with the prolonged systemic inflammatory 
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state. It is defined as a change in the number or type of luminal microorganisms. 
Dysbiosis leads to the appearance of allochthonous organisms at various niches in the 
GIT, especially in the lumen of the small intestine and or the colon [3]. Dysbiosis leads 
to translocation of luminal microorganism and their products such as endotoxins, 
immune activation, and initiation of systemic inflammation. This chronic systemic 
inflammatory state is resistant to insulin and is obesogenic, diabetogenic, carcino-
genic, and thrombogenic [1]. Dysbiosis and systemic inflammation also play a role 
in the pathophysiology of some of the complications associated with chronic human 
immunodeficiency virus (HIV) infection before or during treatment with antiretrovi-
ral (ARV) drugs [2]. Dysbiosis and chronic stimulation of gut immunity and subse-
quently systemic inflammation are purported to be among the factors which induce 
progressive deterioration of systemic immunity and depletion of CD4 T-lymphocytes 
count, and why HIV is currently not curable.

The integrity of the epithelium throughout the GIT, especially at the small intes-
tine region, has to remain intact to ensure a healthy life. The gut immune system can 
defend the body from a state of perpetual systemic pro-inflammation because of a 
robust innate immunity that functions in liaison with elements of adaptive immunity. 
Every plant and animal species has a built-in mechanism to secrete antimicrobials 
(defensins) that prevent invasion by pathogenic organisms. Neutrophils are respon-
sible for the secretion of defensins throughout the entire body in mammals, including 
the skin and parts of the GIT. Human alpha defensins are only produced by Paneth 
cells in the small intestine. Paneth cells are the key player in the innate immunity of 
the small intestine and are responsible for the robustness of gut immunity [1, 3–9].

2. Origin, structure and function of the Paneth cell

Paneth cells are found in the small intestine of humans and other vertebrates, 
including horses, sheep and rodents. Paneth cells are one of the four main derivatives 
of the intestinal stem cell [10, 11]. The other cells derived from the intestinal stem 
cells are enterocytes, goblet cells and neuroendocrine cells. These cells are found 
towards the luminal surface of the epithelium of the small intestine, whilst Paneth 
cells are located at the base of the intestinal crypt. They mingle with the crypt-based, 
Leucine-rich repeat-containing G-protein coupled receptor 5 (Lgr5+) intestinal 
stem cells in a 1:1 ratio [4, 12, 13]. Refer to Figure 1 for more detail on the position of 
Paneth cells. Paneth cells are distinguishable from the Lgr5+ stem cells and other cells 
in the epithelium of the small intestine, which are found at the base of the intestinal 
crypt because they are secretory and have eosinophilic apical cytoplasmic granules 
and an extensive network of endoplasmic retinaculi [1, 12, 14, 15].

Paneth cells appear in utero from the 13th week of gestation [6, 16]. The number 
of Paneth cells progressively increase with a much more rapid expansion after the 
29th week of pregnancy. A sufficient number of matured and functional Paneth cells 
is only attained at term [16]. Although Paneth cells are found in the entire colon of 
human embryos, they disappear soon after birth and are only found in the caecum 
and the ascending colon [17]. However, the location of Paneth cells in the epithelium 
of the small intestine is initially haphazard and more towards the luminal surface of 
the epithelium. Unlike the other derivatives of the intestinal stem cell, the Paneth cells 
later migrate downwards and end up at the base of the intestinal crypts. The stable 
number of Paneth cells in the crypt of a particular individual gets established in early 
adulthood. The overall number of Paneth cells in the intestinal crypt of the small 
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intestine is influenced by factors such as the gestational age at birth, the mode of 
delivery, breastfeeding [6], weaning diet and period, dietary preference and disease 
states [17, 18]. The timing of colonization and the type of organisms involved play a 
role in both the development and number of Paneth cells [9, 19].

Once they are fully established, the Paneth cells are found at the base of the 
intestinal crypt, and in a healthy person, the number and distribution of Paneth cells 
remain relatively constant for up to 20 years [20]. Each intestinal crypt contains five 
to fifteen Paneth cells. The terminal ileum, which is the small intestine area with the 
highest load of microorganisms, contains the most Paneth cells. The overall number 
of Paneth cells in the small intestine may increase following a viral infection or a 
course of nutritional supplementation. Paneth cells may appear in ectopic sites due to 
metaplasia in certain diseased states, such as chronic inflammation [7, 21]. Similarly, 
the number of Paneth cells may be reduced due to malnutrition, the infestation of the 
GIT by parasites, chronic HIV disease, radiation enteritis, smoking, high fat diet, and 
aging [1–3].

There are three tiers of intestinal stem cells. The 1st tier of intestinal stem cells are 
found at the base of the crypt and are the so-called crypt base columnar cells (CBC 
cells) or Lgr5+ cells. The 1st tier stem cells are found in the most protected environ-
ment in the region where the most mature and furnished Paneth cells are. They are 
paired with Paneth cells on a 1:1 basis for intimate contact and direct communication. 
These Lgr5+ stem cells are the most vulnerable to radiation injury and require the most 
protection [22, 23]. It is the reason why they are closely associated with the Paneth 

Figure 1. 
A schematic showing the structure and position of Paneth cells in the villus.
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cells. They rely on the Paneth cells for both protection and nourishment. The Lgr5+ 
intestinal stem cells also have the least capacity to repair any damage to their DNA. The 
second tier of the intestinal stem cells is found high up along the crypt-villous axis at 
around cell position 4. The 3rd tier of cells with stem cell capability is higher up and 
closer to the crypt-villous transition zone and are also called intermediate cells. The 
2nd and 3rd tiers are normally quiescent and only become activated on-demand, such 
as following an injury to the intestinal epithelium.

Other cells found in the epithelium of the small intestine are enterocytes and goblet 
cells. The enterocytes are the most populous derivatives of the intestinal stem cells and 
are found on the luminal surface of the small intestine. The small intestine has micro-
villi to increase the surface area to absorb nutrients. The function of the enterocytes 
is not limited to digestion and absorption of nutrients, as they also participate in the 
innate immunity of the small intestine. Combined with junctional proteins, enterocytes 
provide an uninterrupted physical barrier [10, 16, 22]. The enterocytes also secrete 
cytokines and chemokines, which recruit immune response elements. The lifespan of 
enterocytes is around five days, and they are being replaced continuously. Apoptotic 
enterocytes remain structurally intact until they are replaced to prevent the creation of 
defects on the surface of the epithelium and thus increased permeability. The entero-
cytes can de-differentiate into the stem cells following the destruction of the intestinal 
stem cells and Paneth cells. The enterocytes and goblet cells can de-differentiate into 
stem cells if they have not yet undergone terminal division. However, the plasticity of 
Paneth cells is far greater as they can be de-differentiating and acquire stemness even 
after they have been terminally divided [22]. The responsibility of de-differentiating 
to stem cells is first reserved for the Paneth cells afferent task. The intermediate cells, 
i.e. intermediaries of the other derivatives, only get involved and regain stemness if the 
Paneth cells have been irreversibly damaged and cannot play the role [23, 24].

The goblet cells are the second most populous cell type in the epithelium of the 
small intestine. They are interspersed among the enterocytes on the luminal surface 
of the epithelium. The lifespan of goblet cells is around five days and thus similar to 
that of enterocytes. Goblet cells are also found in the colon, where they play a role 
similar to that performed by Paneth cells in the small intestine [14, 16, 17]. Goblet 
cells secrete various types of mucins. The mucins produced by the goblet cells are the 
main constituent of the mucus, which coats the mucosal surface of the epithelium of 
the small intestine and colon. Even though the layer of mucus which lines the luminal 
surface of the small intestine is thin and attenuated, it can assist in maintaining a high 
concentration of antimicrobial peptides and protein in the area adjacent to the surface 
epithelial cells—the other function of the goblet cells secretion of trophic factors such 
as the trefoil factor. The goblet cells can de-differentiate and acquire stemness if the 
stem cells and Paneth cells have been damaged [10, 17, 22].

Paneth cells are tall columnar cells that are pyramidal in shape because of a broader 
base, have supra-nuclear Golgi apparatus, and zinc-rich apical orientated cytoplasmic 
granules [6]. The granules contain more than 50 constituents, including antimicrobial 
peptides like human alpha defensin 5 and 6 (HD5 and HD6), lysozyme, secretory 
phospholipase A2, osteopontin, and associated pancreatitis peptide, trypsinogen, IgA, 
TNF-alpha and alpha 1-antitrypsin and catecholamines [6]. The predominant con-
stituent which is contained in the granules of Paneth cell is HD5, which make up about 
90% of the components. The HD5 is the main antimicrobial peptide that is secreted by 
the Paneth cells of the small intestine, which is responsible for the control of luminal 
microbiota [6]. Degranulation of Paneth cells is induced following stimulation, and 
the granules are replenished expeditiously, usually within 24 hours.
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Paneth cells have autocrine, paracrine and endocrine functions. Similarly, Paneth 
cells respond to autocrine, paracrine or endocrine signals. Paneth cells also play a key 
role in innate and adaptive immunity by providing a direct line of communication 
between the two subsystems. They protect and regulate the functioning of the Lgr5+ 
intestinal stem cell and its derivatives, ensuring that exfoliating surface epithelial 
cells are regularly and timeously replaced [23]. Secretions from Paneth cells in the 
proximal parts of the small intestine influence the growth and function of distally 
situated small intestine stem cells and their derivatives [9]. The area at the base of 
the intestinal crypt (stem cell niche) is among the most active region in the body. The 
proliferation and differentiation of the Lgr5+ intestinal stem cells in the niche area is 
tightly regulated by secretions of Paneth cells and the cells situated in the connective 
tissue of the lamina propria around the base of the intestinal crypt [23]. The niche 
factors predominantly released by the Paneth cells influence the timing and type of 
division the intestinal stem cells should undergo while balancing the maintenance of 
the stemness and production of their progenies. The intestinal stem cell division may 
be symmetrical or asymmetrical [6, 10, 17].

A symmetrical division of the intestinal stem cells leads to the proliferation and pro-
duction of daughter stem cells to expand the pool, whereas differentiation is prioritized 
during asymmetric division. The derivatives of the intestinal stem cell are generated 
following an asymmetric division. Both symmetrical and asymmetrical divisions are 
initiated and regulated by the niche factors which are produced by the Paneth cells and 
cells in the adjacent mesenchyme of the lamina propria in the peri-crypt space region. 
These niche factors, which include Wnt and Notch act as signals for the intestinal stem 
cells [23]. Even though they are in intimate physical contact, Paneth cells also have 
ligands for engagement with factors produced by the intestinal stem cells for cross-talk 
[23]. As indicated previously, When conditions are extremely hostile, and the stem cells 
have been destroyed, paneth cells can de-differentiate and acquire stem-ness.

Paneth cells have pattern recognition receptors that include nucleotide-binding 
oligomerization domain-like (NOD) and toll-like (TLR) receptors which they use 
to continuously sample the microbiome’s composition in the lumen of the gut to 
prevent dysbiosis and or invasion by pathogenic organisms [24]. Paneth cells in the 
terminal ileum where Peyer’s patches jointly sample the luminal contents and directly 
communicate with the M-cells. Paneth cells communicate remotely with the active 
immune cells and mesenchymal tissue in the lamina propria of the gut epithelium. 
Secretion from the Paneth cells is continuous with augmentation following a stimulus. 
The net effect of the Paneth cells’ secretions depends on both their composition and 
volume. The secretions from the Paneth cells help to regulate and fine-tune the gut 
microbiome [9, 13, 24, 25]. The antimicrobial peptides secreted by the Paneth cells 
selectively kill pathogenic organisms while sparing the commensals. Ultimately, sev-
eral microbial niches are created along the entire length of the small intestines where 
the microorganisms are naturalized and live in a symbiotic relationship with the host. 
Some of the organisms in the established niches assist during the digestion of food. 
Additionally, the composition of the flora freely floating in the lumen of the small 
intestine is different from the area close to the surface epithelial cells. The region 
closest to the epithelial cells’ surface has the highest concentration of antimicrobial 
peptides and, therefore, the most repulsive to non-commensal organisms [26, 27].

Once established, the commensal organisms in the gut assist with digestion and 
absorption of essential nutrients in either the small intestine or colon, preventing 
the overgrowth of potentially pathogenic microorganisms and immune regulation 
[24]. Some of the ingested compounds in the food would not be digestible were it 
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not for certain species of resident microorganisms. The overall number of nutrients 
available in a particular site is a secretion of antimicrobial molecules that creates 
areas of zonal dominance by some species of microorganisms. The task of the Paneth 
cells is to accept the dominant organisms in various niches and for the sustenance of 
the symbiotic relationship. A deviation from the established normality is detected 
by the Paneth cells through their pathogen recognition receptors leading to degranu-
lation and release of antimicrobial peptides. The change in the microbiome may 
occur following the use of broadspectrum antibiotics, change in diet, change in the 
anatomy of the GIT, alteration of gut transient time or a state of suppressed systemic 
immunity [25].

The other role of the Paneth cells is to nourish the intestinal stem cells [11, 12, 22]. 
Paneth cells derive their energy from the glycolytic pathways, whereas the intestinal 
stem cells’ Adenosine triphosphate (ATP) is derived from aerobic metabolism in 
their mitochondria. The lactic acid which is produced by a Paneth cell is shunted into 
adjacent intestinal stem cells for their metabolism. Paneth cells can sense the fed-
state of the body and, after that, influence the intestinal stem cell activity accord-
ingly. If the epithelium is damaged, they become more active. Paneth cells are found 
in the normal human small intestine from the duodenum to the terminal ileum  
[26, 27]. They are most abundant in the region of the terminal ileum. The hostility 
of the environment, which increases as one move distally along the small intestine 
due to increment in the number and species of microbes, is a plausible explanation of 
the need for more Paneth cells at the region of the terminal ileum [26]. Paneth cells 
are not found in a healthy stomach and colon, except for a few in the caecum and 
the ascending colon [26]. Paneth cells may develop following metaplasia associated 
with chronic gastritis and inflammatory bowel disease in the stomach and colon. 
The effects of paneth cell secretions are enumerable and continue to be added. The 
result of the secreted factor varies depending on the type, volume and concentration 
of secretions. These effects include antimicrobial activity, inflammation and regula-
tion of intestinal stem cells’. The antimicrobial peptides secreted by Paneth cells help 
sterilize the intestinal crypt environment, the so-called “stem cell zone; and thus 
protect intestinal stem cells [7, 13, 22, 28–30].

The antimicrobial peptides which are produced by the Paneth cells are of three 
types: Type 1 is cationic, Type 2 is amphipathic, and Type 3 is composed of hydro-
phobic peptides [31, 32]. The micro-biocidal effects of Type 1 and Type 2 are based 
on induction of damage to the surface of the cell membrane and creation of large 
pores as it penetrates deeper into the hydrophobic cell membrane and its bi-layer, 
respectively. Type 3 peptides cause micellization of the cell membrane of pathogens. 
The antimicrobial peptides produced by various cells in humans include cathelicidins 
and alpha and beta-defensins. Beta-defensins are produced in almost every cell in the 
body, including neutrophils. The Paneth cell is the only source of cathelicidins, HD5 
and HD6 in humans. The synthesis of cathelicidins ceases when the foetus reaches 
term and is then replaced with HD5 and HD6 [6, 24]. The antimicrobial peptides from 
human Paneth cells are secreted in a pro-active form and become activated in the 
lumen of the small intestine [32]. The Paneth cell secretions are secreted together with 
water and chloride ions and assisted by peristalsis to bathe the crypt environment to 
make it conducive to functioning the tiers of intestinal stem cells [6, 22, 33]. The sol-
vent load and anionic composition in the secretion assist in the after-release potentia-
tion of the antimicrobial peptides [31]. In addition, the bile salts in the small intestine 
influence the killing activity of paneth cell-derived antimicrobial peptides. The human 
alpha-defensins are active against bacteria, fungi, parasites, and viruses [31, 32].  
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The HD5 is microbicidal, and the HD6 binds the antigens to prevent invasion until it 
is eliminated. The action of HD6 is similar to that of the IgA antibodies. The binding 
of antigens by HD6 buys time for the other elements of innate immunity of the gut to 
arrive [31, 32].

Matured Paneth cells are found at the base of the intestinal crypt of the small 
intestine, where the most vulnerable but essential intestinal stem cells are found. The 
loss of senescent Paneth cells like absorptive enterocytes, goblet cells and neuro-
endocrine cells is programmed [6]. The senescent Paneth cells die and are removed 
through phagocytosis following apoptosis. The other mechanism involved in the 
death of Paneth cells is autophagy, which ensures that some essential constituents 
found in the cytoplasm are recycled. Apoptotic enterocytes located at the tip of villi 
remain structurally intact until they are replaced by a carpet of new cells arriving 
from the stem cell zone. A perfect balance between the rate of proliferation and 
loss through exfoliation is sustained to ensure that defects are not created, and the 
epithelium of the small intestine becomes permeable to microorganisms and their 
products [11, 16].

A healthy life without a normally functioning small intestine is not possible. 
The influence of the Paneth cells on the GIT starts soon after birth. Henceforth, 
the Paneth cell influences everything that happens in the gut, whether physical or 
biochemical barrier, absorption of nutrients, and linkage with the body’s overall 
immune system. Paneth cells play a role in the development and maturation of 
the innate immunity of the gut and subsequently of the entire body. The immune 
system is a dominant player in systemic immunity, including adaptive immunity. 
Paneth cells maintain the integrity of the gut by controlling the microbiome, 
regulating proliferation and differentiation of the intestinal stem cells, influencing 
the quality of mucin in the mucous, and keeping the crypt environment relatively 
sterile for the protection of the intestinal stem cells. Paneth cells also release growth 
signals that influence the growth and function of the enterocytes, goblet cells, and 
neuroendocrine cells [7, 9, 11]. Chemokines and cytokines produced by Paneth cells 
can also recruit and influence components of adaptive immunity in the adjacent 
lamina propria [34]. Among the cytokines which are produced by the Paneth cells is 
TNF-alpha. There is also cross-talk between the Paneth cells and elements of adap-
tive immunity [34, 35].

A plethora of acute and chronic conditions are driven from the gut. These 
 conditions may be initiated by a changing diet, starvation, trauma or sepsis. The 
normal development of the crypts and villi of the small intestine and control of 
the microbiome is dependent on the Paneth cells. Paneth cells continuously sample 
the luminal contents for the gut microbiota composition to prevent dysbiosis. 
Dysbiosis leads to increased gut permeability and translocation of bacteria and 
endotoxin [3]. Usually, when the body experiences significant physiological stress, 
the gut mucosa is strategically sacrificed; a typical example is the shunting of blood 
from the GIT in various shock states. If prolonged, what is meant to be a short-term 
survival strategy leads to dysbiosis, across the intestinal epithelium. Translocation 
of bacteria and endotoxins is the driver of systemic inflammation. The gut is the 
most trusted and potent site for eliminating invading pathogens [35, 36]. Shunting 
of invading pathogens to the GIT also applies to viruses, including HIV. Should the 
gut immune system fail to eliminate the pathogen, as it happens following HIV 
infection, the gut ultimately becomes a long-term reservoir and haven of mutated 
strains of the virus, which is currently impossible to eradicate despite the availability 
of potent antiviral drugs [36, 37].
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3. Paneth cells and diseases

Paneth cells are involved in the fight against and pathogenesis of diseases. Paneth 
cells’ effect on diseases is evidenced by changes in their granules, the total number, 
position, or distribution pattern. The health status of Paneth cells is assessed by 
checking their presence, position, number and intensity of staining of their granules 
[3, 10, 15, 27, 34, 38, 39]. The integrity of the intestinal epithelium is assessed directly 
by measuring the depth of the intestinal crypt, the height of the villi, mitotic count 
[27], Ki67 index, markers of apoptosis and epithelial integrity as evidenced by, for 
example; the presence of bacteria inside intestinal epithelial cells and translocation. 
Dysbiosis is one of the key steps in the pathogenesis of many medical and surgical 
diseases [19, 40]. Translating bacteria and endotoxins induces an immune response 
leading to a systemic inflammatory response. Immune activation and resulting 
systemic inflammation are deleterious to the body as it has been proven to be the 
underlying reason behind most metabolic diseases such as type 2 diabetes mellitus, 
cardiovascular disease, and obesity. Chronic immune activation and systemic inflam-
mation are paradoxically the major drivers of complications associated with chronic 
HIV infection regardless of treatment with antiretroviral drugs [41–45]. A chronic 
inflammatory state is one of the main reasons why HIV currently can neither be cured 
nor eradicated.

Duodenal Paneth cells are reduced in individuals with idiopathic autoimmune enter-
opathy [21]. Cells with the characteristic of the Paneth cells and goblet cells, the so-called 
intermediate cells, may appear high up in the intestinal epithelium crypt above position 
eight in patients with inflammatory bowel disease [46]. The number and size of paneth 
cells are increased in individuals who have autism with gastrointestinal tract symptoms 
[47]. Among the conditions which are associated with dysbiosis and increased perme-
ability of the intestinal epithelium are chronic HIV/AIDS [2, 42, 43, 48–53] and HIV-
linked surgical conditions such as necrotizing enterocolitis [54], obstructive jaundice, 
inflammatory bowel disease [55–57], obesity [40, 58, 59] fasting and prolonged total 
parenteral nutrition [3, 38]. The above conditions have either been proven or are possibly 
linked to dysfunction of Paneth cells in the small intestine.

Diseases that have been conclusively linked with change in the appearance of 
paneth cells include necrotizing enterocolitis [1, 60], starvation [38] prolonged total 
parenteral nutrition [3], inflammatory bowel disease [7, 20, 36], mesenteric isch-
aemia, radiation enteritis [61], coeliac disease [27], colorectal carcinoma [62], autism 
[47] and HIV infection [63–65]. The other evidence of ill health in the gut include 
atrophy of small bowel mucosa, the appearance of defects in the mucosa, transloca-
tion of bacteria and toxins, systemic sepsis and development of inflammatory bowel 
diseases or the appearance of malignant neoplasms. In this chapter, we illustrate the 
direct role played by the Paneth cells in their pathogenesis using the diseases below.

3.1 Necrotizing enterocolitis

Current knowledge of the function of Paneth cells has enhanced the understand-
ing of the crucial role in the pathogenesis of Necrotizing enterocolitis (NEC). NEC 
is a common condition that affects neonates and is manifested by acute inflamma-
tory changes in the bowel wall. The risk factors of NEC include prematurity, low 
birth weight (<1.5Kg), formula feeding, antibiotic use and HIV status of the mother 
[2, 66]. Some studies attribute the pathogenesis of NEC to premature coloniza-
tion of the gut in the neonate or an ischaemic event [60, 66–68]. Necrotizing 
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enterocolitis is linked with untimely colonization of the gut when the gut immune 
system has not matured. A sufficient number of Paneth cells and their maturity 
only get established around the term. When they are well developed, Paneth cells 
can secrete an adequate amount of antimicrobial peptides, including HD5 and HD6, 
for innate immune defense. The switch from cathelicidins to defensins only occurs 
during the third trimester of pregnancy [60].

Consequently, preterm babies are prone to colonization by pathogenic organisms, 
followed by bowel invasion by pathogenic bacteria and inflammation. Early oral 
feeding of infants leads to dysbiosis, increased permeability, bacterial translocation, 
and an inflammatory state in the intestinal epithelium. The ongoing inflammation 
would then lead to ischaemia. The inflammatory process causes thrombosis of vessels 
in the submucosa and the lamina propria. In some cases, the initiating event for NEC 
is ischaemia and then inflammatory response. The most feared complication of NEC 
is bowel necrosis, leading to perforation and severe sepsis. In some cases of NEC, 
ischaemia is the initiating event. Both premature colonization and ischaemic events 
are associated with abnormality in the functioning of the Paneth cells [1, 60].

3.2 Colorectal carcinoma

Colorectal carcinoma is among the top five most common malignancies world-
wide. The common sites involved in colon cancer are the rectosigmoid area, caecum 
and the transverse colon. The majority (>90%) of colorectal cancers are sporadic. The 
development of sporadic colorectal cancer is preceded by an adenomatous polyp, the 
so-called adenoma-carcinoma sequence. Colonocytes rely on nutrients derived from 
the fermentation of indigestible fibers by resident bacteria. Some sporadic cancers are 
associated with dysbiosis [69, 70]. Abnormalities of Paneth cells, including metapla-
sia, have been reported in colorectal cancer [62]. Furthermore, Paneth cells in the 
colon of patients diagnosed with adenomatous polyps or invasive cancer are associ-
ated with aggressive disease and poor prognosis [70].

3.3 Inflammatory bowel disease

Inflammatory bowel diseases (IBD) include Ulcerative colitis (UC) and Crohn’s 
disease (CD). Although the main manifestations of ulcerative colitis are mainly 
limited to the colon, Crohn’s disease is a systemic disease that can affect any organ in 
the body. The exact cause of either UC or CD remains unknown and is presumed to 
be environmental [46, 56, 57]. However, what is common in the pathogenesis of UC 
and CD is the failure of the innate immune system. In UC, there is dysbiosis with an 
overgrowth of pathogenic organisms. The pathogens are recognized as foreign by the 
Paneth cells, leading to an inflammatory response in the bowel wall [9]. Some cases of 
Crohn’s disease are due to genetic defects, which diminishes the ability of Paneth cells 
to sense and regulate the gut microbiome. Mutation of NOD 2 receptor is linked with 
the development of CD as the Paneth cells of the affected individuals in CD cannot 
secrete sufficient antimicrobial peptides to prevent dysbiosis [57].

3.4  Paneth cells and the human immunodeficiency virus and other viral 
infections

The GIT is the trusted site for sequestration and subsequent elimination of 
pathogens following a viral infection. Immediately following the invasion by HIV or 
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other viral infections, the virus is transported to active immune sites within the GIT. 
Some of the viruses are eliminated, whereas others remain dormant in tissues of the 
GIT. Paneth cells are involved during early and later phases following a viral infec-
tion. Regardless of the treatment status, diabetes mellitus, cardiovascular disease, 
dyslipidemia, and malignancies are more prevalent in HIV positive individuals than 
HIV negative individuals with the same conditions [51, 58]. Non-communicable 
diseases are responsible for a persistent reduction in the life expectancy of HIV 
positive individuals despite treatment with potent antiretroviral drugs [45]. A similar 
inflammatory process resulting from dysbiosis happens during chronic HIV infection 
and or treatment with ARVs, resulting in the same consequences of obesity and other 
non-communicable diseases [48, 51, 58, 71].

3.5 Paneth cells and obesity

The quality of Paneth cells is influenced by an individual’s nutritional status and 
dietary intake. A diet that is high in fat is detrimental to the Paneth cell. Obesity 
affects a significant proportion of the citizens of most countries in the world regard-
less of their socioeconomic status [68, 72, 73]. Individuals who are obese are at an 
increased risk of diabetes mellitus, cardiovascular disease, liver dysfunction, and 
colorectal cancer, all characterized by a state of a persistent inflammatory response. 
The development of obesity is preceded by dysbiosis, bacterial translocation and 
persistent systemic inflammation [40]. The link between dysbiosis and Paneth cells 
has been established in the sections above.

3.6 Obstructive jaundice

The common causes of obstructive jaundice are biliary atresia in children and gall 
stones or malignancy in adults. Sepsis is the most dreaded complication of obstructive 
jaundice before or after surgical intervention. The sepsis in obstructive jaundice is 
preceded by dysbiosis, increased epithelial permeability and translocation of bacteria 
[74, 75]. A state of relative immunosuppression that generally exists in the gut is lost, 
and a pro-inflammatory state ensues as evidenced by increased baseline interleukin-6 
and C-reactive protein [76, 77].

4. Conclusion

The large surface, a thin barrier, and a microbiome of approximately 100 tril-
lion microorganisms make the GIT the area of the body most at risk of pathogenic 
invasion [78]. More than 60% of active immune cells are found in tissues of the 
GIT. The immune system of the GIT is kept dampened to prevent an immune 
response and persistent inflammation in the gut, which may spill over systemically. 
Hence the need to maintain gut integrity. The crucial role Paneth cells play in the 
provisioning and regulation of the innate immune system of the gut cannot be 
underestimated. The Paneth cell is a nurse, guardian and chaperone, fine-tuning 
the gut microbiome to prevent dysbiosis, controlling the physiological function, 
proliferation and differentiation of the intestinal stem cells, and acquiring stem-
ness to replace damaged intestinal stem cells. These cells liaise with cells in the 
mesenchymal and recruitment of adaptive immunity to prevent pathogenesis, 
earning the term of gatekeeper of the gut.
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Abstract

The pathogenesis of autoimmune diseases (AIDS) is not only attributed to genetic 
susceptibility, but also to environmental factors, among which, those disturbing gut 
microbiota have attracted increasing attention lately. Healthy gut microbiota has 
beneficial effects on the development and activity of the immune system, playing 
a central role in peripheric tolerance. Compositional and functional changes in gut 
microbiota were reported in various AIDS, and increasing evidence suggests that dis-
turbed gut microbiota contributes to their immunopathogenesis. Thyroid and intes-
tinal diseases prevalently coexist—for instance, Hashimoto’s thyroiditis and Graves’ 
disease are the most common autoimmune thyroid diseases and often co-occur with 
celiac disease. This association can be at least explained by increased intestinal per-
meability, allowing antigens to cross the barrier more easily and activate the immune 
system. The passage of microbial antigens into the internal environment may break 
the self-tolerance, generating the production of autoantibodies and/or autoreactive 
T cells. In this chapter, we briefly present the roles of intestinal microbiota in human 
physiology, with a focus on the role of microbiota in immune tolerance.

Keywords: microbiome, gut immunity, dysbiosis, immune tolerance, autoimmunity

1. Introduction

Immune tolerance is a physiological condition, characterized by the absence of 
an immune response to a specific antigen and the retention of the ability to develop 
an immune response to other different antigens. Tolerance to self-components 
develops both during embryonic development (i.e., central tolerance, which occurs 
in the primary lymphoid organs, along with the process of lymphocyte differentia-
tion), and after birth (i.e., peripheral tolerance) [1].

Currently, the microbiota is considered an anatomically integrated meta-organ 
that performs functions through which it interferes with the host’s physiology 
[2]. Thus, microbiota eubiosis is a major parameter of physiological homeostasis. 
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Human microbiota establishes three types of relationships with the host—symbi-
otic, commensal, and pathobiontic, respectively [3]. The terms “microbiota” and 
“microbiome” are equivalent, but not identical. The first refers to the population 
of microorganisms residing on the mucous membranes of the digestive, urogenital 
and respiratory tract, as well as on the skin, and the second designates the collective 
genome of the microbiota, called the metagenome [4]. The community microbiome 
was evaluated at 3.3 million redundant bacterial genes, about 150 times larger than 
the human gene complex [5]. The gut microbiota is influenced by various conditions, 
such as diet, health, mental stress, gender, or exercise, and conversely, it influences all 
body metabolism, immune reactivity, and behavior [6]. The microbiota contributes 
to the peripheral tolerance of the immune system toward autoantigens, with the 
retention of the immune reactivity against all antigens that do not cross-react with the 
tolerated antigen. Interruption of tolerance initiates an immune response to self-anti-
gens characterized by the production of autoantibodies or autoreactive lymphocytes, 
which trigger an autoimmune conflict [7]. The purpose of this chapter is to highlight 
the role of the normal microbiota in the state of immune tolerance and to investigate 
the correlations of dysbiosis with endocrine AIDS.

2.  The role of the intestinal microbiota in the physiology of the human 
body

The microbiota of the digestive tract consists of about 3 × 1013 to 40 × 1013  
(3–40 trillion) bacterial cells, counting at least 10 times more than their host cells. 
The groups of Bacteroidetes and Firmicutes predominate in a numerical proportion 
of 90%, aside from lower density of Proteobacteria, Actinobacteria, Fusobacteria, and 
Verrucomicrobia and small populations of fungi, Archaea, and viruses, all exerting 
major functional effects on different organs. The bacterial microbiota belongs to 
1000–1160 types of species [8]. The individual microbiota is evaluated in 150 to 160 
species by the 16S RNA (rDNA analysis) ribotyping method [9]. The population com-
position of the intestinal microbiome stabilizes at the age of 3 years and is determined 
by various conditions, such as genetic factors, the maternal microbiota, the mode of 
birth (i.e., natural or by cesarean section), the antigenic exposure during early life, 
and is reconfigured mostly by diet [10, 11].

The microbiota is considered a virtual organ, whose functions must be inte-
grated into general physiology. The host-microbiota interaction is primarily a 
symbiotic relationship, in which the host organism provides the ecological niche 
and nutrients for microbiota survival. The microbiota carries out fermentative and 
biosynthetic metabolic activities, thereby influencing systemic physiology [12]. 
The metabolism of the microbiota functions as a bridge between the diet with the 
human body. The intestinal microbiota increases the energy efficiency of the diet 
by fermenting the fibrous components, providing essential metabolites for organ 
systems, especially short-chain fatty acids (SCFA), such as acetic, propionic, and 
butyric acid. A proportion of 50% of the energy needs of epithelial cells is provided 
by SCFA [13, 14]. The modern diet is 7–10 times poorer in the fibrous component, 
compared to the traditional Mediterranean one. Microbiota synthesizes vitamin K 
and B, synthesizes amines through which it modifies endocrine function, stimu-
lates the inflammatory process, has a protective role against the invasion of enteric 
pathogens (Shigella flexneri), metabolizes some drugs to their active form, fer-
ments indigestible components of the diet (complex polysaccharides, amino acids, 
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xenobiotics) [15], and modulates the lipid metabolism. The bile acids synthesized in 
the liver from cholesterol, facilitate the absorption of lipids and fat-soluble vitamins 
and maintain cholesterol balance. Also, the biliary acids have a signaling function 
through specific hepatocyte receptors [16–19]. All these functions are impaired in 
patients with endocrine AIDS.

3.  Role of the microbiota in the development of the mucosa-associated 
immune system

From an immunological perspective, the mucous membranes which cover a total 
area of about 400 m2, represent both an anatomical and functional entity, because 
they are populated by a large number of immune cells.

The intestinal microbiota, epithelium and digestive, respiratory, genital, urinary 
mucosa-associated immune system form a functional triad whose components 
influence each other close interactions, with a rapid dynamic of change, induced by 
population changes of the microbiota, due to diet variation and/or administration 
of antibiotics. The modification of the functional parameters of a component of the 
triad has major influences on the physiology of the whole organism. The microbiota 
interacts directly with the epithelium of the adjacent mucosa and influences its 
permeability, and both local and systemic inflammatory responses [10] The interac-
tion of the microbiota with the mucosal immune system (gut-associated lymphoid 
tissue—GALT) induces the synthesis of a wide set of cytokines, with local regulatory 
action of intestinal physiology [20, 21].

The microbiota has an essential role in the functional modulation (education), 
first of all of the GALT structures. Germ-free and gnotobiotic animal studies have 
made a decisive contribution to understanding the functional relationships of the 
microbiota-epithelium-immune system triad and provided new evidence for the 
role of the intestinal microbiota as a whole, but also of different groups of bacteria 
in the functional development and maturation of the systemic immune system, 
especially GALT. Germ-free mice have structural and functional defects of the 
immune system—decreased TCD4 lymphocyte count and Th-2 predominance in the 
spleen, altered Th-17 and T-reg differentiation in the lamina propria, and restora-
tion of deficiencies after colonization with Bacteroides and segmented filamentous 
bacteria (SFB). The balance of effector T lymphocytes is disturbed in intestinal 
dysbiosis and accelerates or suppresses the autoimmune reactions [22, 23]. The 
constant interaction of the microbiota with the cells of adaptive immunity prevents 
bacterial invasion and pathogenesis, but also the systemic immune response with 
detrimental effects against the microbial antigens [24]. The structural but especially 
functional peculiarities of GALT tend to delimit it more and more from the systemic 
immune system.

M cells that cover the subepithelial immune structures engulf the luminal anti-
gens, through the mechanism of pinocytosis and transfer them unaffected to the 
immune structures in the underlying follicles (i.e., macrophages, dendritic cells, T 
and B lymphocytes). Macrophages and dendritic cells respond to microbiota antigens 
in a nonspecific manner by TLR recognition followed by cytokines release (i.e., IFNα, 
IL-18, and IL-22), which stimulate the epithelial cells to synthesize antimicrobial 
peptides.

The microbiota, through the composition of bacterial phyla, has a major influ-
ence on the development of T lymphocyte subpopulations and in maintaining the 
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numerical balance of Th-2/Th-1 lymphocyte populations in lymphoid organs. The 
differentiation of T lymphocyte sets is influenced by the antigenic specificity of 
the dominant bacterial population and its metabolic properties—(i) some bacteria 
stimulate the predominant differentiation of proinflammatory TCD4 lymphocytes 
that synthesize IFNγ and IL-17A [25]; and (ii) others stimulate the differentiation 
of regulatory CD25+ and Foxp3+ TCD4 lymphocytes (T-reg), the essential media-
tor of immune tolerance by decreasing Th-17 lymphocytes [26, 27]. The direct 
relationship between the concentration of butyric acid and the number of T-reg 
lymphocytes is well known. SCFA, particularly butyric acid harbor important 
roles, that is, stimulate gene transcription for mucin synthesis, strengthen the 
intestinal barrier and render it impermeable to toxins and bacterial cell transloca-
tion, thus preventing chronic systemic inflammation, inhibiting the synthesis of 
pro-inflammatory interleukins (IL) (TNFα and IL-6) induced by LPS and regulate 
the innate and adaptive immunity [13, 14]. Th-17 lymphocytes play an essential role 
in anti-bacterial and anti-fungal defense, but at the same time have an important 
role in the initiation of inflammatory diseases, through the synthesis of pro-inflam-
matory IL-17 and IL-22 and the recruitment of neutrophils. In germ-free animals, 
the lamina propria is populated by a very small number of Th-17 lymphocytes [9]. 
Th-17 lymphocytes also decrease after antibiotic treatment [27]. The group of 
Clostridium SFB, following the colonization of the epithelium, induces an increase 
in the number of Th-17 lymphocytes, whose proinflammatory IL can promote 
the onset of rheumatoid arthritis and multiple sclerosis in gnotobiotic animals. In 
patients suffering from inflammatory bowel disease, which manifests clinically 
similar to Crohn’s disease and ulcerative colitis, the number of T-reg lymphocytes 
with immunosuppressive function decreases in the lamina propria and the popula-
tion of lymphocytes that have TCR for the bacterial microbiota antigens increases 
abnormally. The density of T-reg lymphocytes increases in gnotobiotic animals col-
onized by Clostridium SFB group, while the polysaccharide A of Bacteroides fragilis 
(which is attributed to symbiotic factor status) induces the differentiation of TCD4 
lymphocytes to T-reg lymphocytes [9, 28]. TCD4 Foxp3 + lymphocytes secrete 
IL-10, the main anti-inflammatory cytokine, thus being involved in tolerance to 
microbial antigens. In germ-free animals, the dominance of Th-2 subpopulation in 
the spleen that favors allergic manifestations is restored by the polysaccharide A of 
Bacteroides fragilis.

The microbiota has also a profound influence on the development of B lympho-
cytes—it stimulates the synthesis of antibodies, especially of IgA type, targeted 
against thymus-dependent (Td), and thymus-independent (Ti) antigens. The 
Clostridium SFB and Alcaligenes group of bacteria are potential inducers of IgA 
synthesis specific for the intestinal microbiota antigens. In the absence of IgA, the 
Clostridium group is enriched, whereas the Alcaligenes group is diminished [9].

In germ-free animals, GALT structures play a key role in inducing immune 
tolerance against auto-antigens from the intestinal mucosa, are less developed and 
indicators of immune response activation are lacking. In these animals, the number of 
TCD4 lymphocytes and IgA-secreting plasma cells decreases in Peyer’s patches, while 
in the spleen and lymph nodes, the number of B lymphocytes and germinal centers 
decreases.

In conclusion, the development, maturation, and function of the immune system 
are closely associated with the level of exposure to microbial antigens during early 
life, and as an opposite, insufficient exposure to various antigens increases the risk of 
autoimmune disorders occurrence [29].
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4.  Intestinal microbial antigens as inductors of central and peripheral 
tolerance

Despite its much-diversified antigen panel, the microbiota is tolerated by the 
immune system. Central tolerance is induced during fetal life, as immature lympho-
cytes are exposed to various antigenic peptides, and is essentially dependent on the 
specific process of antigenic peptide selection and presentation in association with the 
Human Leucocytes Antigen/ Major Histocompatibility Complex (HLA/MHC) mol-
ecules [30]. The occurrence of peripheral tolerance breaks results from a functional 
adaptation of the immune system to specific antigenic peptides that have not  
(sufficiently) been exposed to lymphocytes in the bone marrow or thymus during 
embryonic development. It is now considered that the T lymphocyte antigen receptor 
(TCR) is the major mediator of immune tolerance. That is why, from an evolutionary 
perspective, TCR recognizes both the genetic and microbial self [31].

The immune tolerance to commensal intestinal microbiota is peripheral and 
results from both an immediate neonate colonization of the digestive tract and a 
progressive co-evolution in which the interactions of gut-associated lymphoid tissue 
(i.e., GALT) with bacterial antigens have been modulating innate and adaptive 
primarily local immune reactivity. Commensal antigens, on contact with the intes-
tinal mucosa, induce the state of tolerance, in which dendritic cells play an essential 
role, while the effectors are the epithelial cells with their covering molecular complex 
(i.e., antimicrobial peptides, mucin layer, surface immunoglobulin A—sIgA) [32]. 
Bacterial cells or their components (i.e., lipopolysaccharides, polysaccharides, 
peptidoglycans, teichoic acids, and DNA) that cross the intestinal barrier and reach 
the internal environment, activate the immune response [33].

4.1 Causes of losing immune tolerance to microbiota antigens

Interruption of immune tolerance to microbiota antigens is determined by several 
factors—genetic factors, the host’s immune system, disturbance of the diversity, and 
physiology of the microbiota—as triggering events [34].

Mechanisms that modulate immune tolerance loss to the intestinal microbiota 
include: (i) abnormal translocation of bacteria in the internal environment due to 
permeability of the intestinal barrier, (ii) antigenic similarity of some bacterial 
peptides with epithelial molecules. Immune cells are activated by bacterial peptides 
and become autoreactive; and (iii) disorder of local and systemic immunity under 
the stimulating action of some bacterial derivatives (nucleic acids, polysaccharides, 
metabolites, and toxins). Aberrant activation of the immune system leads to the 
excessive synthesis of proinflammatory IL (IFN type I, IL-12, IL-23) and a decreased 
rate of synthesis of anti-inflammatory cytokines (IL-10, TGF-β—transforming 
growth factor) (Figure 1) [35].

4.2 Consequences of losing immune tolerance

Although the autoimmune conflict occurs most of the time without clinical 
manifestations, it can generate under certain conditions, such as AIDS, that are 
characterized by the appearance of tissue lesions or disruption of physiological 
processes. AIDS have a multifactorial etiology involving genetic, epigenetic, and 
environmental factors. It is estimated that 70% of AIDS are due to environmental 
factors [36]. Among the multiple cellular and molecular mechanisms, yet not well 
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established, by which the state of immune self-tolerance is disturbed, we can men-
tion—(i) the genetic predisposition that may explain the familial character of AIDS, 
which, in general, have a polygenic determinism. The risk of a certain autoimmune 
disease for monozygotic twins is about 12 to 60%, and for dizygotic twins is 5%. 
The most important are certain specific polymorphisms generated by the change of 
a nucleotide, that is, SNP (single nucleotide polymorphism) in MHC genes [9]. For 
example, over 90% of Caucasians with ankylosing spondylitis express an allele of the 
HLA-B27 family, differing from that of normal individuals by two amino acids located 
in the peptide binding groove [37]; (ii) release of sequestered antigens after trauma, 
surgery, infectious processes, etc., become accessible to lymphocytes, triggering the 
autoimmune conflict and tissue damage (e.g., basic myelin protein in the central 
nervous system becomes the antigenic target in multiple sclerosis; crystalline proteins 
induce autoimmune ophthalmopathy; sperm proteins, in cases of sperm stasis, induce 
the synthesis of immobilizing or binder autoantibodies of sperm, leading to autoim-
mune infertility) [38, 39]; (iii) modification of the chemical structure of autoantigens  
(so-called altered self-theory), which occurs under the influence of some physical fac-
tors (such as burns or radiation), biological (i.e., bacteria, viruses, fungi), or chemical 
(i.e., drugs, alcohol) factors, with the exposure of some new antigenic determinants 

Figure 1. 
The role of microbiota in mucosal homeostasis and immunological tolerance in healthy gut and activated 
inflammatory cascades in endocrine autoimmune disease. In germ-free animals, GALT structures are less 
developed and the microbiota has a major influence on the development of T lymphocyte subpopulations and 
in maintaining the numerical balance of Th-2/Th-1 lymphocyte populations in lymphoid organs. The healthy 
gut environment is characterized by high levels of antimicrobial peptides and metabolites (SCFAs), and the 
commensal-specific IgA is produced by plasma cells in the lamina propria, mediated by DCs in a T cell-
independent mechanism. During homeostasis, gut microorganisms induce an immune tolerance phenotype in 
the host, whilst in inflammatory conditions, antigens from dysbiotic microorganisms activate Th1 and Th17 cells 
leading to decreased mucus layer, tissue injury, and microbial penetration and persistence in the intestinal tissues. 
This mucosal injury results in further uptake of microbial antigens that further perpetuate detrimental immune 
responses. Figure created with https://biorender.com/.
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[40]; (iv) infectious agents, which may have an important role in triggering AIDS by 
various mechanisms, such as the antigenic resemblance of non-self to self-molecules 
and their cross-reactivity (e.g., protein M from Streptococcus pyogenes is antigenically 
similar to cardiomyocyte’s membrane proteins); (v) stimulation of the proinflamma-
tory cytokines production that cause nonspecific activation of self-reactive immune 
cells; superantigens of infectious agents (i.e., Epstein-Barr virus, mycoplasmas, 
Staphylococcus aureus, Streptococcus pyogenes) that induce polyclonal activation of 
lymphocytes [41]; (vi) loss of peripheral immune tolerance, due to either mutation 
that generates the appearance of immunocompetent, self-reactive T or B lymphoid 
cell clones, or T-reg cell deficiency, or Th cell activation; (vii) disruption of the 
equilibrium state of the idiotypic network by the synthesis of anti-idiotypic antibod-
ies, which may be autoantibodies [42]; and (viii) hormonal imbalances that may be 
involved in triggering AIDS, therefore explaining their increased frequency in women 
(8: 1 ratio) except for ankylosing spondylitis, or in men with higher levels of estrogen 
hormones. Moreover, pregnancy is associated with an improvement in the severity of 
AIDS, especially in rheumatoid arthritis cases.

AIDS resemble some general features—the pathological process has an individual 
intensity, dynamics, and evolution, may overlap with the same patient, and are rare in 
childhood, except for type 1 diabetes mellitus.

Regardless of the triggering mechanism, AIDS is characterized by the synthesis 
of autoantibodies (that are antibodies specific to self-tissue components) or by the 
generation of autoreactive T lymphocytes. Tissue injuries following the action of 
immune effectors occur in one of the above-mentioned scenarios—(i) autoantibod-
ies recognize the tissue antigens and form immune complexes, the complement is 
activated, and the result is the cell lysis, or (ii) indirect action, in which case, the 
antigen-antibody—complement immune complexes are deposited in small vessels 
(arterioles, capillaries) from various organs and produces inflammatory reactions, 
with the consequence of tissue destruction; the AIDS that are mediated by various 
antibodies have a common feature, that is the target tissue is damaged by a chronic 
inflammatory reaction without a known infectious cause; and (iii) the lesions in the 
target tissue occur under the action of infiltrated Tc lymphocytes [43, 44].

Some AIDS are characterized by strictly localized pathological processes, that 
is, effectors (especially antibodies) have specific action against antigens specific 
to the target tissue (such is the case for autoantibodies specific only to B cells 
from Langerhans islands in type 1 diabetes mellitus, or autoantibodies specific to 
thyroid epithelial cell in Hashimoto’s thyroiditis) [45], sometimes the lesions are 
localized in a single organ, but autoantibodies do not have organ specificity (for 
instance, anti-mitochondrial antibodies in primary cirrhosis, or type IV anti-
collagen autoantibodies in Goodpasture syndrome) [46, 47] while some AIDS are 
disseminated, characterized by the synthesis of autoantibodies to antigens with 
wide tissue distribution (e.g., antinuclear antibodies in systemic/disseminated 
lupus erythematosus) [48].

Often, in pathological cases, the body synthesizes auto-antibodies specific for 
components of the endocrine system, especially antibodies specific for a certain hor-
mone receptor. The pathophysiological effects of these antibodies generated against 
hormone receptors are varied—they can stimulate the activity of the receptor, and the 
effect is to intensify the secretory activity of the gland (hormonal mimetic effect) or 
block the receptor, and the effect is to inhibit the secretory activity. Both antibodies 
can coexist in the same patient.



Immunology of the GI Tract - Recent Advances

66

5. The role of microbiota in autoimmune-mediated endocrine diseases

The role of the microbiota in autoimmune pathology has been highlighted by 
experimental data collected from germ-free mice. The intestinal microbiota maintains 
the balance of protective reactions to pathogens and tolerance to commensals aimed 
at maintaining intestinal homeostasis [49, 50]. Alterations produced in the balance of 
the microbiota (that is dysbiosis) activate the proinflammatory immune response and 
favor the progression of autoimmune disorders, such as multiple sclerosis, inflamma-
tory bowel disease, T1DM, rheumatoid arthritis, and other pathologies of the digestive 
tract and ancillary glands, including malignancies. However, the intimate mechanism 
of microbiota involvement in this pathogenesis remains unknown [51–53].

AIDS are caused primarily by predisposing genetic factors but also by other 
endogenous or environmental triggers. There is a permanent interaction of the local 
immune system with bacterial antigens in humans, and therefore dysbiosis of the 
microbiome is associated with autoimmune disorders and metabolic syndromes. 
Dysbiosis means, in fact, the numerical alteration, diversity, and physiology of the 
intestinal microbiota (the transcriptome, proteome, and metabolome change) [54].

Experimental results in germ-free or induced dysbiotic animals support either the 
microbiota’s direct or indirect involvement in the pathogenesis of some AIDS. Hence, 
in patients with type 1 diabetes mellitus, rheumatoid arthritis, multiple sclerosis, or 
lupus, as in those suffering from inflammatory bowel disease (both Chron’s disease 
and ulcerative colitis), Sjögren’s syndrome, Behcet’s disease, autoimmune skin dis-
eases (such as vitiligo, psoriasis, atopic dermatitis), the digestive microbiota is altered 
in terms of diversity and numerical representation of some species [9, 18, 35]. Kriegel 
et al. consider that dysbiosis is an essential trigger of autoimmunity both at the muco-
sal and systemic levels [9]. The spread of autoimmune response seems to be generated 
either by disseminating bacterial antigens but mostly by cross-immune reactivity 
under homeostasis conditions [55]. Such a mechanism is supported by a rheumatic 
fever induced by M and SLO antigens of Streptococcus pyogenes, or Guillain-Barre 
syndrome induced by Campylobacter jejuni infection, both as transient autoimmune 
syndromes. Cross-reactivity of lipopolysaccharides, bacterial polysaccharides, or D 
amino acid polymers would be an important mechanism for initiating the autoim-
mune conflict. Patients with autoimmune disorders often have vitamin D deficiency; 
its administration in experimental settings to animals improves the course of the 
disease. Vitamin D deficiency is also associated with an increased risk of infectious 
diseases. Inflammatory cells convert vitamin D to its active form, which is calcitriol. 
Vitamin D is an essential factor for the activation and proliferation of inflammatory 
cells (macrophages, neutrophils) [56]. The probiotics could also reverse the chronic 
systemic inflammation associated with AIDS.

5.1 Type I diabetes mellitus

Type 1 diabetes mellitus (T1DM) has a well-defined autoimmune component, 
characterized by selective immune aggression against β-cells that secrete insulin [57]. 
The genetic predisposition for T1DM is unanimously accepted, but the interaction of 
genetic factors with environmental ones explains the sudden increase in incidence in 
Western countries [58]. More than 50% of monozygotic twins who have a sibling with 
T1DM remain healthy, showing that environmental factors (such as infectious agents, 
consumption of cow’s milk in early childhood, or ingestion of contaminated food) 
play a major role in triggering the disease. Hence, out of 50 individuals suffering from 
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congenital rubella virus infection [59, 60], nine developed diabetes at an average age 
of 28 years. However, some infections (i.e., M. tuberculosis, viruses, or parasites) exert 
a nonspecific inhibition on the onset of T1DM, probably by stimulating regulatory T 
cells [61–64].

The pathological mechanisms leading to the autoimmune destruction of pancre-
atic beta-cells in T1DM are very complex and incompletely elucidated. The pancre-
atic beta-cells express MHC II and co-stimulatory molecules, suggesting their role 
as antigen-presenting cells to TCD4 cells. Auto-antigens that stimulate the specific 
immune reactivity against pancreatic beta-cell are represented by insulin, glutamic 
acid decarboxylase—isoform 2 of 65 kD from beta-cell cytoplasm, a Zn trans-
porter protein (ZnT8) involved in active secretion of insulin from islet granules, 
insulinoma-associated antigen 2 (alpha and beta), and a membrane protein acting 
as tyrosine phosphatase. The presence of humoral autoimmunity defines the risk of 
T1DM; antibodies against insulin were identified in 40% of children with the overt 
disease [65].

In patients with T1DM, it has been shown by immunohistochemical staining 
that the islets are infiltrated with macrophages, dendritic cells, TCD4, TCD8, NK, 
and fewer B lymphocytes, which can act as antigen-presenting cells for TCD4 cells. 
The immune response against islet antigens is associated with an inflammatory one 
in which IL-1, TNFα, and IFNγ are released [66]. The immune and inflammatory 
process destroys the beta cells. When about 80% of the beta-cell mass has been 
destroyed, the disease overt. This silent period may last for several years, sometimes 
decades. Along with the progressive destruction of β cells, the humoral antibody 
response and decreased glucose tolerance are documented until the clinical onset of 
the disease. Immune effectors selectively lyse insular β cells, leaving the other cell 
types intact. After the onset of hyperglycemia, the degree of mononuclear infiltration 
decreases [67].

The inflammatory diseases of the pancreas (such as chronic pancreatitis, neo-
plasia) are characterized by mast cells infiltrates into the acinar parenchyma, which 
releases various proteases (chymase, tryptase), acting as direct destroyers on islet’s 
beta cells. The B4 type of leukotrienes, which derives from mast cells, exerts a che-
moattractant effect on T lymphocytes [68].

Loss of pancreatic beta cells leads to insulin secretion deficiency, while the gluca-
gon secretion becomes excessive and disrupts metabolism, resulting (in the absence 
of insulin) in diabetic ketoacidosis [69].

5.1.1 Experimental studies

The experimental results argue for the interference of the microbiota and T1DM 
pathological mechanisms—the incidence of diabetes is higher in mice raised in asep-
tic conditions, and the antibiotics administered to conventional animals accelerate the 
evolution of diabetic pathology. The NOD (non-obese diabetes) mice have a distinct 
microbiota from other resistant lines, and the incidence of type 1 diabetes mellitus is 
higher in specific pathogen-free animals [70].

5.1.2 Analytical results

Dysbiosis is shaped by host-related individual factors and early-life exposure 
to certain microorganisms, and its alterations undergo extensive changes with the 
change in diet. The permeability of the intestinal barrier plays an important role in 
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the initiation and evolution of autoimmune conflict, aside from the background of 
genetic predisposition. The intercellular tight junctions control the permeability of 
the epithelium, allowing the absorption of nutrients, but preventing the passage  
of various environmental antigens (i.e., food, bacterial, viral, and fungal). Dysbiosis 
decreases intestinal permeability and facilitates the translocation of bacterial 
antigens [52].

Microbiota derangements have been implicated in the evolution of both T1DM and 
T2DM [71]. Dysbiosis occurs very early in subjects with a genetic predisposition for 
T1DM, probably since the neonatal period [51]. It is unknown whether the genetic 
predisposition to T1DM shapes the microbiota of high-risk individuals or whether the 
microbiota is the cause or effect of the disease [71].

As stated above, the human microbiota stabilizes during the first 3 years of life, while 
three parallel phenomena occur—(i) development of the immune system, (ii) matura-
tion of the microbiota, and (iii) seroconversion to T1DM-associated autoantibodies. The 
possible conditioning of the two (i.e., seroconversion and T1DM occurrence) events 
is unknown. In a longitudinal study, Kostic et al. showed a decrease in the bacterial 
diversity of the microbiota that occurs before the development of the clinical disease in 
children positive for anti-insulin antibodies [70]. The Clostridium, Veillonella Bacteroides 
increase in abundance, while Lactobacillus, Bifidobacterium, Prevotella genera decrease 
compared to healthy subjects, suggesting the correlation between microbiota disturbance 
and T1DM [18, 19]. Different authors reported other changes associated with T1DM. 
Increases of Bacteroidetes (Gram-negative) and decreases of Prevotella and Firmicutes 
(Gram-positive producing SCFA) observed in children with T1DM when compared 
to healthy subjects suggest an increased intestinal barrier permeability and decreased 
SCFA production [70]. The microbiota of children with T1DM is unstable and has a 
smaller population of butyrate-producing bacteria, which correlates with an increased 
barrier permeability. Healthy children have higher levels of Lactobacillus rhamnosus 
and Bifidobacterium dentium, while the group of Streptococcus mitis/oralis/pneumoniae is 
abundant in subjects with T1DM.

Furthermore, the microbiota changes evolve with disease progression [65].
The fungal microbiome of the human population is evaluated in 267 species, 

with the most commonly represented by g. Candida, Saccharomyces, Penicillium, and 
Aspergillus. The individual mycobiome rarely contains more than one genus, but this 
panel is enough to influence the entire composition of the microbiota population, 
either directly by interactions with bacterial cells or indirectly by immune modula-
tion. In patients with type 1 diabetes and those with inflammatory bowel disease, 
there was an overgrowth of Candida [70].

Despite the abundance of experimental and clinical results suggesting a bidirec-
tional relationship between dysbiosis and T1DM onset and progress, there are ques-
tions that still need an answer—(i) is their relationship causal or simultaneous? and 
(ii) the condition of causality is that the change of one variable leads to the change of 
another repeatedly and generally? [65].

5.2 Autoimmune thyroid diseases

Thyroid AIDS are conditioned as other auto-immunities by a genetic predisposi-
tion, but other factors play an important role in triggering and evolving the autoim-
mune pathological process [72]. They occur with a frequency of about 4% in the 
human population and express by either hyper- or hypothyroidism. In both cases, 
the thyroid may increase in volume (goiter), while ophthalmopathy may develop in 
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hyperthyroidism only [73]. Autoimmune thyroid disease affects especially women 
and from an immunological point of view, it is characterized by the presence of 
circulating autoantibodies, activated T cells against thyroid antigens, and by lympho-
cytic infiltration of the organ. Three specificities of anti-thyroid autoantibodies have 
been described—anti-thyroid peroxidase (microsomal antigen); anti-thyroglobulin; 
anti-TSH receptor of thyroid acinar cells [74, 75].

AIDS that cause thyroid failure, generically called thyroiditis, are characterized by 
lymphocytic infiltration. Depending on the clinical aspects there are two pathological 
conditions—Hashimoto’s thyroiditis and atrophic thyroiditis (primary myxedema). 
In both cases, the thyroid tissue is lysed. Autoimmune thyroid disease is influenced by 
various factors, such as age, sex, race, and hormonal status [76, 77].

Autoimmune thyroid diseases (Graves and Hashimoto’s thyroiditis) often coexist 
with intestinal diseases, especially celiac disease. The composition of the microbiota 
population is influenced by diet, affects the thyroid function, mostly by providing 
the micronutrients essential for the synthesis of thyroid hormones—iodine, iron, and 
copper. Selenium and zinc are essential for the conversion of T4 to T3, and vitamin D 
has an immune regulatory effect. Probiotic supplementation favorably influences the 
secretion of thyroid hormones [26].

Autoimmune thyroiditis is the most common thyroid disorder, with a prevalence 
of 10–12%. It is triggered by genetic and environmental factors (viral infections) and 
has an increased prevalence in patients with celiac disease. The commensal micro-
biota activates the proinflammatory response through innate immunity receptors 
from the toll-like receptor family and disrupts the intestinal permeability, which may 
be a triggering factor for Hashimoto’s thyroiditis [78].

Hashimoto’s thyroiditis is the most common endocrine AIDS (i.e., 10–12% of total 
autoimmune endocrinopathies), which is characterized by autoimmune destruction 
of thyroid follicles. The incidence increases with age and is 10 times higher in women. 
In the serum of patients with Hashimoto’s thyroiditis are detected various specific 
autoantibodies, such as anti-thyroglobulin and/or anti-TPO (thyroid-peroxidase), 
anti-TSH receptor. Definitive for Hashimoto’s disease is the replacement of thyroid 
tissue with lymphoid tissue. An impressive increase in thyroid volume may be 
observed, but no hormones are synthesized instead (dry goiter). The symptoms of 
Hashimoto’s thyroiditis and celiac disease often overlap and share epidemiologi-
cal, clinical, serological, pathological, hormonal, genetic, and immune similarities. 
Microbiome analysis performed on patients with this ailment revealed that abundance 
levels of Blautia, Roseburia, Ruminococcus torques groups, Dorea, Fusicatenibacter, and 
Eubacterium hallii group genera were significantly higher whereas Faecalibacterium, 
Prevotella, and Bacteroides genera were decreased [79–82].

Celiac disease (CD) is an autoimmune condition characterized by a specific 
serological and histological profile triggered by gluten ingestion in genetically pre-
disposed individuals [83]. CD is the only AID known to be triggered by an exogenous 
antigen, that is, wheat gluten. Gluten is a mixture of proteins grouped in the fraction 
of gliadin and glutenin, which is the source of carbon and nitrogen for germinating 
seedlings. Gliadin triggers specific auto-antibody synthesis, the clinical feature being 
strictly dependent on dietary exposure to gluten and homologous proteins from other 
cereals. CD is one of the most common autoimmune disorders, with a reported preva-
lence of 0.5–1% of the general population, except in areas showing a low frequency 
of CD-predisposing genes and low gluten consumption [84]. Studies have shown 
that most CD cases remain undetected in the absence of serological screening due to 
heterogeneous symptoms and/or poor disease awareness. CD has a strong hereditary 
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component confirmed by its high familial recurrence (~10–15%) and the high con-
cordance of the disease among monozygotic twins (75–80%) [85]. Also common to 
other AIDS, the HLA class II heterodimers, specifically DQ2 and DQ8, have a relevant 
role, in the heritability of CD. HLA-DQ2 homozygosis confers a much higher risk 
(25–30%) of developing early-onset CD in infants with a first-degree family member 
affected by the disease [86].

Dysbiosis is considered an important factor in the interaction of intestinal and 
thyroid AIDS. The mechanisms that mediate the interaction of microbiota imbal-
ance and thyroid auto-immunities include: (i) intestinal dysbiosis, which interrupts 
self-tolerance and tolerance to non-pathogenic bacteria, by post-translational 
modification of proteins. The bacterial enzymatic apparatus can transform the self or 
nonself peptide into initiators of the autoimmune reaction, (ii) lipopolysaccharides-
induced TLR activation, which is associated with thyroiditis and synthesis of 
anti-thyroglobulin antibodies, (iii) induction of Th-2 lymphocyte differentiation, 
inhibition of Th-17 lymphocyte differentiation and induction of oral acid tolerance to 
retinoic acid, which can activate an immune response of tolerance at intestinal level, 
(iv) permeabilization of the intestinal barrier through injuries of the integrity of tight 
junctions, deficiency of butyric acid produced by the fermented components in the 
microbiota or excess of ingested proteins that are metabolized by the microbiota with 
an increase of putrefaction components; all these factors increase the permeability of 
the intestinal barrier, facilitating the passage of gliadin and activation of the immune 
response [26]; (v) changes in the transcriptome, proteome and metabolome of the 
microbiota [34].

Hashimoto’s thyroiditis and CD share common antibodies, that is anti-tissular 
transglutaminase (anti-tTg). In patients with CD, tTg binds to the thyroid follicles 
and the extracellular matrix of the follicles, therefore amplifying the interactions of 
the microbiota with the thyroid tissue. There is a direct correlation between serum 
titers of anti-tTg anti-TPO antibodies. DR3-DQ2 and DR4-DQ8 alleles, involved in 
CD, are reported as common genes that predispose to endocrine AIDS [80].

6. The microbiota interference with other autoimmune-mediated diseases

Rheumatoid arthritis is characterized by a severe and chronic inflammatory 
condition of the joints. The clinical course of the disease underlines the potential role 
of dysbiosis in triggering an inflammatory process that involves autoimmune com-
ponents [87]. Germ-free animals are protected from rheumatoid arthritis in experi-
mental settings. However, the disease is induced in mice exposed to Clostridium SFB, 
which may act as pathobiont or symbiont, depending on conditions that are host-
dependent or independent. Clostridial antigens stimulate Th17 (proinflammatory) 
lymphocytes that contribute to the progressive evolution of rheumatoid arthritis. 
Conversely, neutralization of Th17 lymphocytes halts the evolution of the disease. The 
microbiome of patients with rheumatoid arthritis is altered, with the abundance of 
Prevotella copri. Citrullinated peptides and specific anti-citrullinated proteins anti-
bodies (ACPA) have been identified in patients suffering from rheumatoid arthritis. 
Citrullinated peptides result from the peptidyl-Arg-deiminase (PAD)-catalyzed 
deamination reaction. The enzyme is mainly released after the lysis of granulocytes, 
monocytes, and macrophages that accumulate in the inflammatory spreads. However, 
it is also produced by Porphyromonas gingivalis and Aggregatibacter actinomycetemcomi-
tans, which citrulinate human fibrinogen, synovial fluid proteins [88]. Citrullination 
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is a common physiological process, especially associated with inflammatory pro-
cesses. Citrullinated proteins, identified in the inflamed synovial membrane of the 
arthritic joint, exhibit new epitopes and induce the synthesis of ACPA. Circulating 
ACPAs incorporate into immune complexes aside from citrullinated peptides origi-
nating in the joints.

Periodontitis that is caused by oral microbiota bacteria progresses similarly to 
rheumatoid arthritis—leukocyte infiltration and the progressive destruction of alveo-
lar bone. Leukocytes release the set of proinflammatory interleukins (such as TNF, 
Il-1, IL-6, IL-12, IL-17, IL-18, and IL-33), growth factors (such as colony-stimulating 
factors—i.e., GM-CSF, monocyte-CSF), activator receptor of nuclear factor kappa-β 
ligand (RANKL), metalloproteases, nitric oxide, and PG E2 [89].

In 2013, Rinaldi identified auto-antibodies against the cellular wall of 
Saccharomyces cerevisiae in rheumatoid arthritis, lupus erythematosus, and antiphos-
pholipid syndrome. These antibodies are also observed in the sera of 32% of patients 
with celiac disease before its clinical occurrence, and they are considered as a specific 
serological marker of the disease [90].

Behcet’s disease is a chronic, multisystemic inflammation that is characterized by 
uveitis, which is a major cause of blindness, and recurrent ulcerative lesions involving 
the mouth and genital mucosa. There have been reported changes in Th-1, Th-17, and 
T-reg lymphocytes, whose activity is regulated by the microbiome [91], as well as 
the diversification of potentially pathogenic bacteria and the decrease of those that 
produce butyrate (Clostridium).

The pathological change in ulcerative colitis consists of diffuse inflammation, 
with limited ulcers in the chorion of the colonic mucosa. The pathological process is 
extended over the entire mucosa of the intestinal epithelium [92].

In Crohn’s disease, the inflammatory infiltrates often generate extensive granulo-
mas in the submucosa and even in the muscular layer of the colon and small intestine. 
The pathological process of Crohn’s disease is localized, with the damaged areas of the 
intestine alternating with the healthy ones [93].

Crohn’s disease and ulcerative colitis are not AIDS in the strict sense, because 
triggering antigens appear to be components of the intestinal microbiota trans-
located into the chorion, but are the consequence of a large immune response in 
non-pathogenic antigens, which occurs in people with a genetic predisposition. The 
inflammatory condition increases the permeability of the colonic epithelium, and the 
microbiome is modified—the method of 16S rDNA sequencing has shown a decrease 
in bacterial diversity, especially of the non-pathogenic population, in favor of poten-
tially pathogenic ones [94].

Lupus erythematosus is the prototype of systemic autoimmune disease—an 
autoimmune response characterized by hyper-reactivity of B lymphocytes and 
the presence of a large spectrum of serum antibodies [95]. As its name, the disease 
involves many organs and systems and has various clinical manifestations. Lupus ery-
thematosus affects especially women (female/male ratio = 9/1), with the highest risk 
during pregnancy [96]. The intestinal microbiota is altered—depletion of lactobacilli, 
increased Lachnospiraceae density and general diversity, compared to healthy indi-
viduals. A large proportion (over 65%) of patients have periodontitis [97], which is 
always associated with extensive changes in the oral microbiota, in which species with 
potential pathogens predominate—Fusobacterium nucleatum, Actinomyces naeslundii, 
Ps. anaerobius, Bacteroides intermedius, and Porphyromonas gingivalis [98].

Multiple sclerosis is a chronic demyelinating inflammatory disease of the 
central nervous system, characterized by destruction of the integrity of the 
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haemato-encephalic barrier, T lymphocyte infiltrates, and autoimmune reaction 
against myelin proteins [99]. The immune response in experimental autoimmune 
encephalitis is mediated by Th-1 and Th-17 cells. The causative agent is not known, 
but the modification of the microbiota may be important in the onset and/or progres-
sion of autoimmune disease. The autoimmune encephalitis diminishes to extinction 
in germ-free mice, and colonization with Clostridium SFB restores the severity of the 
disease, as it stimulates the growth of the population of Th-17 (proinflammatory) 
lymphocytes [100]. Conversely, the administration of Bacteroides protects against 
demyelination and expansion of tissue-specific inflammation induced by Treg 
Foxp3 + [55].

The liver autoimmune disease appears to have a direct connection to the microbial 
load (cells, lipopolysaccharides, peptidoglycans, flagellin, DNA, RNA, toxins, and 
metabolites) that reaches the Kupffer cells and sinusoidal capillaries by passaging 
the portal vein. The immune response to these antigens can initiate liver damage and 
fibrosis [55, 101].

Vitiligo is a systemic autoimmune disease, which is characterized by areas of skin 
depigmentation, as a result of melanocyte lysis under the action of TCD8 lympho-
cytes. Melanocytes are located at the border between the epidermis and the dermis, 
but the disease is systemic because melanocytes are also found in other tissues. The 
number of melanocytes is the same in different individuals, but differences in pig-
mentation result from the number, distribution, and size of melanosomes in keratino-
cytes. The intestinal microbiota in patients with vitiligo is altered and is characterized 
by decreased taxonomic diversity [18, 102].

Atopic dermatitis is an inflammatory skin disease, clinically characterized by 
pruritus and xerosis (dry skin). The underlying cause is delayed hypersensitiv-
ity mediated by T lymphocytes. The local trigger is the colonization of the skin 
with Staphylococcus aureus. The toxins released by S. aureus exert a cytotoxic 
effect [103, 104].

7. Conclusions

Intestinal dysbiosis alters the permeability of the intestinal barrier. The passage of 
the microbiota antigens into the internal environment may induce the loss of self-
tolerance with the generation of autoantibodies and/or autoreactive T cells, leading 
to the occurrence of cross-reactions. The microbiota alterations lead to an increase 
in enteric barrier permeability and the occurrence of lymphocyte infiltrates into the 
epithelial layer, augmenting the risk of cell-mediated auto-immune response. Many 
questions still need an answer about the role of the microbiota in triggering AIDS, 
such as—what are the roles of sex hormones and the role of X-linked genes expres-
sion in correlation with the microbiome in the polarization of gender-dependent 
AIDS. Do the changes in the microbiota, which are reported by many authors, 
contribute to the onset of AIDS by breaking the peripheric tolerance or they are the 
consequence of AIDS?
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Abstract

The present chapter provides a comprehensive overview of the multifaceted links 
connecting the immune system, the intestinal microbiota, and the diet, covering 
also some recent, less explored, and emerging topics such as the “trained immunity” 
and the immune cell metabolic activity. The main characteristics of the innate and 
adaptive immune system are described, as well as the gut-associated lymphoid tissue 
(GALT). Gut microbiota structure and function are also presented. Particular empha-
sis is given to the diet as a modulator of the microbiota-immune system crosstalk, 
focusing on the impact of the three main dietary components (carbohydrates, pro-
teins, and fats) and the different dietary profiles on the gut microbiota, by shaping its 
composition and the deriving microbial metabolites that influence host health, also 
through interaction with the immune system. Western and Mediterranean diets are 
described and chosen as representative models of detrimental and beneficial dietary 
patterns, respectively.

Keywords: innate immunity, GALT, intestinal microbiome, Western diet, 
Mediterranean diet, metabolic inflammation

1. Introduction

The immune system is fundamental to protect the organism from pathogens and 
toxic exogenous agents, by discriminating between “self” and “nonself” antigens, 
and in normal physiological conditions it is programmed to react against “nonself.” 
At the intestinal level, the gut-associated lymphoid tissue (GALT) is a key component 
of immune defense, protecting the body from foreign antigens and pathogens, while 
allowing tolerance to commensal bacteria and dietary antigens [1]. The intestinal 
microbiota, defined as the complex microbial community residing in the host’s 
digestive tract, is recognized as an effective integral component of the host immune 
system, capable of finely tuning both the innate and adaptive immune responses dur-
ing the entire lifespan. Indeed, the intimate relationship set up between microbiota 
and immune cells in the intestine is crucial for the maintenance of immunological 
homeostasis and, mostly, for the “education” of the immune system during the early 



Immunology of the GI Tract - Recent Advances

82

stages of life [2]. Diet has a strong influence on the gut microbiota, acting both as a 
modulator able to select specific microbial groups and providing substrates that can 
be metabolized by the microbiota producing metabolites that impact host health also 
through interaction with the immune system [3, 4]. Therefore, there is a close connec-
tion between diet, gut microbiota, and immune system, orchestrated by a fine-tuning 
of the complex mechanisms underlying this cross-talk.

2. The immune system

The immune system is a complex network designed to react against harmful 
foreign agents as well as pathogens. The immune system is immature during fetal and 
neonatal life. The fetus receives passive protection from the mother in utero, thanks 
to maternal immunoglobulins (Ig)G, which can cross the placental barrier. This 
protection continues until the first months of the life of the newborn, as maternal IgG 
are transferred also through breastfeeding. The development of the immune system 
begins early in life and is greatly influenced by the type of feeding and environmental 
exposure (including factors such as the presence of domestic animals, antibiotic use, 
and timing of introduction of different foods from weaning). In the elderly, a pro-
gressive decline of the immune function is observed, a process known as immunose-
nescence [5]. Two types of immune response exist: the nonspecific or innate response, 
which is the first line of defense and operates in a nonselective way against foreign 
antigens, and the specific or adaptive one, which is triggered after exposure to a 
particular antigen. Both responses have a cellular and a humoral component. The two 
responses are interconnected for several reasons: 1−The cytokines (soluble mediator 
molecules) secreted in the early stages of the innate response influence the type of 
adaptive immune response that will develop; 2−Macrophages and dendritic cells, 
activated during the innate response, act as antigen-presenting cells (APC) for naive 
(i.e., having not yet encountered the antigen) T lymphocytes, inducing their differ-
entiation into effector T lymphocytes; 3 - In some cases, the phagocytosis performed 
by innate immune cells is more efficient, if the microorganism to be cleared has been 
previously bound and surrounded by antibodies (opsonization). The nature of the 
antigen determines which of the two responses is preferentially activated; however, a 
complete immune response requires the coordinated participation of both types, and 
it ends once the trigger is resolved (self-limiting capacity) [6].

2.1 Innate immune response

The innate immune response is less specialized and generally less effective than 
the adaptive one. The cellular mechanisms of innate immunity are characterized by 
phagocytic and cytotoxic activities, while the humoral component is based on the 
complement system.

2.1.1 Cellular component

Neutrophil granulocytes are normally found in the bloodstream. During the acute 
phase of inflammation, they are among the first inflammatory cells migrating from 
blood vessels to the inflamed site, recruited by chemical signals such as interleukin-8 
(IL-8), through a process called chemotaxis. Similarly, monocytes migrate from the 
bloodstream to tissues in response to chemokine release at infection sites, become 
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activated, and differentiate into macrophages. Macrophages constitute, together with 
neutrophils, the largest group of cells endowed with phagocytic activity, they carry 
out their defense action by surrounding foreign microorganisms with pseudopodia, 
i.e., extroversions of the plasma membrane, forming the phagosome. The phagosome 
then merges with the numerous granules present in the cytoplasm, containing various 
compounds toxic for microorganisms, such as defensins, cathelicidins, lysozyme, 
and lactoferrin, forming the phagolysosome. Alternatively, the so-called respiratory 
or oxidative burst is activated, resulting in the formation of reactive oxygen species 
finally producing hypochlorite, hypobromite, and hypoiodite that kill microorgan-
isms. In addition to the phagocytic function, macrophages are also responsible for the 
processing and presentation of antigens to T cells, as mentioned above [7]. Natural 
killer (NK) cells eliminate virus-infected and tumor cells through a cytotoxic activity, 
mediated by perforin-containing granules and granzymes. The former form pores in 
the plasma membrane and the latter, entering through these pores, induce the caspase 
cascade, leading to apoptosis of target cells. NK cells can also kill target cells through 
another mechanism, referred to as antibody-dependent cellular cytotoxicity (ADCC), 
in which NKs recognize target cells to which IgG has been previously bound [7, 8]. 
Many cells of the innate immune system are activated through receptors expressed on 
their membrane, namely pattern recognition receptors (PRR), with a long evolution-
ary history, which are able to recognize conserved structural patterns expressed by 
microorganisms, such as the microbe- and pathogen- associated molecular patterns 
(MAMP and PAMP, respectively). In particular, the type of PRR recognizing MAMP 
and PAMP is represented by the toll-like receptors (TLRs), a family of transmem-
brane proteins primarily expressed on the surface of immunocompetent cells, i.e., 
monocytes, macrophages, and dendritic cells, but also on intestinal epithelial cells. 
When a TLR recognizes a MAMP, a complex protein signal transduction cascade is 
triggered generating the appropriate immune response for that microorganism [9]. 
In most cases, the inflammatory response activated by TLRs leads to the activation 
of the nuclear factor-kappaB (NF-κB), which induces the transcription of numerous 
pro-inflammatory genes, including IL-8 [10]. TLRs can also be activated by endog-
enous danger signals such as the damage-associated molecular patterns (DAMP), 
molecules that are released in the intracellular or extracellular space following tissue 
injury, cellular stress, or apoptosis. Some innate responses can activate the inflamma-
some, a multiprotein complex resident in the cytosol as an inactive form, particularly 
in macrophages. A 2-hit-theory has been postulated, stating that for inflammasome 
activation two distinct signals are required. The first signal, triggered by PAMPs 
or DAMPs, activates the TLR signaling cascade, leading to the expression of some 
pro-inflammatory cytokines in an inactive form, such as proIL-1β and proIL-18. The 
second stimulus activates the inflammasome and generates caspase-1. Only thereafter 
proIL-1β and pro-IL-18 are cleaved by caspase-1 to mature IL-1β and IL-18, which can 
be secreted by macrophages and promote the inflammatory response [11]. Dendritic 
cells (DCs) are specialized to “sample” the entry sites of potential infectious agents, 
so they are found as immature cells in nonlymphoid tissues where antigens can be 
encountered, such as skin and other mucosal sites. The antigen recognition, through 
TLRs’ activation, initiates the maturation process of DCs, which are induced to 
secrete various pro-inflammatory cytokines. After the encountering, the antigen is 
internalized through phagocytosis or pinocytosis and processed by the DCs, which 
migrate to secondary lymphoid organs (lymph nodes, spleen), where the exposed 
antigens are presented to populations of T lymphocytes, both naive and memory cells 
[6]. Mast cells and basophil granulocytes, similarly to monocytes, circulate in the 
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blood as immature progenitor cells, differentiating into mature cells in different tis-
sues in response to cytokine secretion. Mast cells and basophils are particularly found 
in association with blood vessels and nerves, in close proximity to mucosal surfaces 
that interface with the external environment, where they are able to detect infectious 
agents through TLRs. Upon activation, mast cells and basophils immediately extrude 
histamine from granules and, within a few minutes, release lipid mediators (such 
as prostaglandins, leukotrienes, and thromboxane), promoting vascular perme-
ability, vasodilation, and rapid recruitment of eosinophils, neutrophils, and other 
immune cells [7]. Eosinophils are another type of circulating granulocytes that can 
be recruited to sites of inflammatory reactions, where their numbers can be 100-fold 
higher than in the blood. When activated, eosinophils release the contents of their 
granules (numerous enzymes, major basic protein, eosinophilic cationic protein), 
which act primarily on extracellular helminthic parasites. Eosinophils also actively 
participate in allergic diseases [8]. Innate lymphoid cells (ILCs), although lacking 
antigen-specific receptors, play an important role in the inflammatory response and 
the maintenance of immune homeostasis, particularly in mucosal tissues. Based on 
their phenotypic and functional features, ILCs have been grouped into three major 
subsets. Among them, group 3 ILC (ILC3) are implicated in intestinal homeostasis as 
they produce IL-22, a key regulator of the intestinal barrier [12]. Recent studies have 
shown that some myeloid cells of the innate immune system, essentially macrophages 
and NK cells, can develop a nonspecific immunological memory, i.e., these cells, after 
a first stimulus, acquire the ability to respond effectively to a subsequent stimulus, 
different from the first. Effector stimuli for such “innate memory” are represented 
by various components of bacteria or fungi, such as lipopolysaccharide (LPS) or 
β-glucans, as well as viruses, and such innate memory is called “trained immunity” 
[13]. Following activation, the cells involved in this phenomenon undergo processes 
of chromatin unfolding, which thus becomes more accessible for gene transcription. 
These processes, globally referred to as “epigenetic reprogramming,” include methyl-
ations, acetylations, and phosphorylations at specific chromatin sites. The activation 
of gene transcription following the first stimulus is therefore accompanied by the 
acquisition of specific “epigenetic profiles,” which are only partially lost after the 
elimination of the stimulus. In this way, a kind of nonspecific “memory” is developed, 
which makes some innate immune cells more easily and rapidly activated, following a 
subsequent heterologous stimulus. Trained immunity has gained increasing scientific 
relevance in recent years, for the hypothesis that previous infections can induce a 
metabolic and epigenetic reprogramming of some cells of innate immunity, leading 
to an improved defense response during subsequent infections of various types, at the 
same time trained immunity could also be negatively involved in hyperactivation of 
the immune system leading to chronic inflammation, as in atherosclerosis [14].

2.1.2 Humoral component

The complement system represents a set of plasma and membrane proteins 
endowed with enzymatic activity that can result in direct lysis of the foreign agent. 
These proteins circulate in the blood as functionally inactive molecules, called 
components. Complement activation occurs by cascade mechanism events, leading to 
sequential activation of the various inactive components. There are distinct pathways 
of complement activation: classical (activated by antigen–antibody binding), alterna-
tive, and lectinic, which are triggered by different mechanisms, but then converge in 
a common pathway leading to the formation of the membrane attack complex, which, 
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by binding to the microorganism membranes, determines their osmotic lysis, through 
the formation of pores on the membrane itself [7].

2.2 Adaptive immune response

The adaptive immune response has the ability to recognize specific antigens and 
to remember those antigens in case of a subsequent exposure: this immunological 
memory allows a very rapid response, as the particular antigen has been already 
previously encountered and recognized. T and B lymphocytes, mediators of this 
response, undergo clonal expansion when they encounter the specific antigen they are 
programmed to recognize. At that moment, lymphocytes experience a real metabolic 
switch, increasing their metabolic needs for glucose and aminoacids, and passing 
from the normal oxidative phosphorylation typical of naive cells to aerobic glycolysis, 
in which pyruvate produced by glycolysis is reduced to lactic acid, with the simultane-
ous generation of NAD+ molecules, which promote the continuous production of 2 
ATP molecules for each metabolized glucose molecule. This process, which occurs 
in the presence of oxygen, is less efficient than oxidative phosphorylation, but much 
faster, and thus able to meet the high ATP demand required to rapidly increase the 
biosynthesis of lipids, proteins, and nucleic acids of activated lymphocytes [15]. 
T lymphocytes exclusively recognize antigenic peptides exposed on the membrane 
of APCs via the major histocompatibility complex (MHC), whereas B lymphocytes 
recognize soluble, circulating antigens. Lymphocytes are present in an immature 
form in the primary lymphoid organs (bone marrow and thymus), where they dif-
ferentiate into mature lymphocytes through a particular process of nonhomologous 
genetic recombination in the genes coding for antigen receptors (antibodies for B 
lymphocytes and T-cell receptors (TCR) for T lymphocytes). This somatic gene rear-
rangement accounts for the vast heterogeneity of lymphocytes, allows each individual 
to have a large and unique immunological repertoire, able to recognize a very large 
number of molecular configurations present in foreign agents, and thus counteract 
the majority of infections encountered during life [6].

2.2.1 T lymphocytes

T lymphocytes, effectors of the cell-mediated adaptive response, are divided 
into two major populations: T helper (Th) lymphocytes, bearing the CD4 receptor, 
which recognizes antigens presented by the MHC type II molecules, expressed on 
so-called “professional” APCs (dendritic cells, macrophages, and B lymphocytes), 
and cytotoxic T lymphocytes (Tc), with the CD8 receptor, which recognizes antigens 
presented by the MHC type I molecule, expressed on all nucleated cells [7]. CD4 and 
CD8 are co-stimulatory molecules, which bind to the MHC complex together with 
the TCR, contributing to T lymphocyte activation, which triggers different signaling 
cascades acting via various molecules and second messengers [16]. Th cells are critical 
in coordinating the immune response of other T cells and assist B cells in antibody 
secretion, whereas Tc cells are involved in the direct removal of damaged, pathogen-
infected, or tumor cells. Th cells can develop into T helper 1 (Th1) or T helper 2 (Th2) 
cells, depending on the context in which antigen presentation occurs. Indeed, the 
cytokine secretion profile by APCs determines the “fate” of Th lymphocyte differ-
entiation (Figure 1). The Th1 response is established in microenvironments where 
APCs produce essentially IL-12. This cytokine induces T lymphocytes to secrete IL-2 
and interferon (IFN)-γ, through which cell-mediated responses, such as the antiviral 
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response, are triggered. In particular, IFN-γ activates macrophages, inducing respira-
tory burst. Other important cytokines activated in this cascade, classically defined 
as pro-inflammatory, are IL-1, tumor necrosis factor (TNF)-α, and IL-8. In contrast, 
the Th2 response is associated with the production of IL-4, IL-5, and IL-13 cytokines, 
which mainly attract eosinophils and mast cells. The Th2 response, particularly 
involved in parasitic infections and allergies, is also associated with the expression 
of cytokines, such as IL-10, defined as anti-inflammatory, as they inhibit or reduce 
inflammatory-type responses. The maintenance of the correct balance between Th1 
and Th2 subpopulations plays an important role in inflammation resolution [6]. 
Other relevant Th lymphocyte subtypes are the Th17, producing IL-17 and IL-22 
cytokines, that are important in the response to extracellular pathogens such as fungi 
and bacteria, but also in some intestinal inflammatory responses; and the regulatory 
T (Treg) lymphocytes, involved in immune homeostasis especially in the intestine, 
as they contribute to the maintenance of oral tolerance to nonself harmless antigens, 
derived from food, but also environmental, such as pollen (Figure 1). The correct 
Th17/Treg balance is now recognized as fundamental for the maintenance of health 
status, in fact, this equilibrium results altered in many diseases with an autoimmune 
component, such as inflammatory bowel disease (IBD) [17].

2.2.2 B lymphocytes

B lymphocytes, expressing the surface receptor CD19, are responsible for the 
production of antibodies (or immunoglobulins), mediators of the adaptive humoral 
response. Upon encountering antigen, B lymphocytes can differentiate into short-
lived antibody-producing plasma cells or long-lived memory cells. Plasma cells 
produce one of the five classes of immunoglobulins: IgG, IgM, IgA, IgD, and IgE, 

Figure 1. 
Different differentiation fates of Thelper cells. Based on the context of antigen presentation and cytokine 
secretion, Thelper cells can differentiate in different subpopulations with pro- or anti-inflammatory features. The 
maintenance of the correct balance between them plays an important role for immune homeostasis. Ag, antigen; 
APC, antigen presentig cell; IFN, interferon; MHC, major histocompatibility complex; TCR, T cell receptor; 
TGF, transforming growth factor; Th, T helper; TNF, tumor necrosis factor.
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each with a specific role. IgM, representing about 10% total Ig in serum, are the first 
Ig produced in response to a foreign antigen. After 5–6 days from infection normally 
IgM reach their peak concentration and, thanks to the specific profiles of cytokines 
released, the so-called “isotypic switch” to IgG occurs. IgG are the predominant and 
most important class of immunoglobulins, in fact, they represent about 70–75% total 
Ig in serum. IgG reach the peak of secretion about 14 days after infection and persist 
for long periods. Normally IgG are the most effective in foreign antigen removal, 
through the above-mentioned opsonization process, as well as through activation of 
the complement system [6, 8]. IgD are found in serum at low concentrations (rep-
resenting less than 1% of all plasma Ig) and their biological functions, related to the 
regulation of peripheral tolerance to self-antigens and in the maintenance of mucosal 
homeostasis, involving also host-microbiota interactions, have been elucidated only 
recently [18]. IgA represent 15–20% serum Ig, but their concentration is higher in 
secretions (saliva, breast milk, tears, sweat, respiratory, and intestinal secretions) and 
in the mucosa, i.e., those tissues covering the hollow organs and therefore in contact 
with the external environment (digestive, respiratory, and genital apparatus), where 
IgA contribute to preventing microorganisms from adhering to and penetrating 
inside the body through epithelial cells. In intestinal mucosa, IgA are found in dimeric 
form (secretory IgA, sIgA), particularly important for the protection against bacteria 
and viruses from the lumen, but also for the maintenance of oral tolerance to harm-
less food antigens, as detailed below. IgE, present in serum only in trace amounts, play 
a role in the removal of extracellular parasites (such as helminths) by opsonization, 
but are also important mediator in allergic responses. Indeed, IgE bind to a receptor 
expressed on the membrane of basophils and mast cells, stimulating the degranula-
tion and release of histamine and lipid mediators into the intercellular space, trigger-
ing the allergic reaction, as described above [8].

2.3 Soluble mediators of the immune response

Soluble mediators, called cytokines, low molecular weight “messenger proteins” 
secreted by many cell types, both immune and nonimmune, are involved in both 
innate and adaptive immune responses. Cytokines send intracellular signals by bind-
ing to specific membrane receptors present on the same cells that produced them, 
or on other target cells, that can be in proximity or not, thus acting in an autocrine, 
paracrine, or endocrine manner. In general, it is possible to distinguish four different 
types of cytokines, on the basis of their biological effect: 1 - cytokines produced by 
leukocytes, having effects on the leukocytes themselves: interleukins; 2 - cytokines 
with chemoattractant properties, i.e., with a positive effect on cell motility: che-
mokines; 3 - cytokines that induce differentiation and proliferation of stem cells: 
colony-stimulating factors; 4 - cytokines that interfere with viral replication: interfer-
ons. Cytokines can exert a pro- or anti-inflammatory action, but often the outcome 
depends on the context of the microenvironment where they are secreted, and on the 
cells involved [7].

3. The intestinal immune system

The intestinal immune system is the most extensive lymphoid tissue, given 
the enormous surface area of the intestinal mucosa with which it is associated. 
It is called gut-associated lymphoid tissue (GALT) and is mainly composed of: 
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organized lymphatic follicles, called Peyer’s patches (PPs); mesenteric lymph nodes 
(MLN); lamina propria lymphocytes (LPLs); intraepithelial lymphocytes (IELs) 
(Figure 2) [1].

3.1 Inductive sites

PPs represent the main sites where antigenic presentation occurs, called inductive 
sites, where the intestinal immune response is triggered. The PPs are covered by an 
epithelial layer, containing specialized membranous cells, the M cells, responsible for 
the transport of antigens, bacteria, and macromolecules from the intestinal lumen 
into the patches. These specific characteristics on the one hand make M cells desig-
nated for the transepithelial transport of antigens, and on the other hand make them 
more easily accessible by pathogens. In fact, many pathogens use M cells as a “gate-
way” to cross the intestinal barrier. M cells do not have brush border nor glycocalyx, 
but they have an extensive system of endocytic vesicles and a large intraepithelial 
pocket, where vesicles, containing antigens from the lumen, are released. In the 
pocket are APCs, which acquire the material carried by M cells and present the anti-
gens to naive lymphocytes, present in the underlying subepithelial layer, organized 
in lymphatic follicles. In such follicles, B lymphocytes are located in the germinal 
centers, whereas T lymphocytes preferentially occupy the periphery and interfollicu-
lar spaces. DCs are also able to expose luminal antigens through various mechanisms: 
in the lamina propria, they can take antigens directly from the lumen, as they are able 

Figure 2. 
Schematic representation of gut-associated lymphoid tissue (GALT) in small intestine. GALT is composed of 
organized lymphoid tissues of the Peyer’s patches (PPs) and mesenteric lymph nodes (MLNs), the principal sites 
for induction of immune responses, while the lamina propria and epithelial layer are the effector sites. IEL, 
intraepithelial lymphocyte; LPL, lamina propria lymphocyte; MLN, mesenteric lymph nodes; PP, Peyer’s patches.
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to interdigitate between epithelial cells; or they can take luminal antigens that cross 
the intestinal barrier through transient “openings” [19]. After being primed, naive T 
and B cells become memory/effector cells and migrate from PP to MLN via efferent 
lymph and then via the thoracic duct to peripheral blood for subsequent extravasa-
tion at mucosal effector sites, both intestinal and extraintestinal, where the immune 
response will take place [20]. Other than a large number of lymphocytes, MLN also 
contain macrophages and APCs, which can themselves initiate immune responses 
against incoming antigens.

3.2 Effector sites

In the intestine, activated B and T lymphocytes essentially target two different 
lymphoid compartments: the lamina propria and the mucosal epithelium. The B 
lymphocytes of the lamina propria essentially produce IgA, the main class of antibod-
ies secreted in the intestinal mucosa in large quantities, as mentioned above. In fact, 
it is estimated that 80% of plasma cells secreting antibodies reside in the intestinal 
lamina propria. The main function of IgA is to contribute to the intestinal barrier as 
the first line of defense, binding to antigens, neutralizing them, and removing them 
from the mucosa. IgA, unlike IgG, do not trigger an inflammatory response, as they 
do not bind to the complement system. As previously mentioned, IgA are found in the 
mucosal secretion as dimers, associating with a polypeptide present on the basement 
membrane of enterocytes, the secretory component (SC). Through the SC, IgA are 
transported through enterocytes and released into the intestinal lumen, becoming 
sIgA. This component gives sIgA resistance to proteases in the lumen, rendering them 
well-designated to perform their function in the intestine. Antigens able to bypass 
this first line of defense reach the lamina propria, where they encounter IgG, and the 
resulting immune complexes activate the complement system and trigger the inflam-
matory response. T lymphocytes in the lamina propria are effector cells, essentially 
CD4+ (helper/inducer phenotype) [21]. In the spaces between enterocytes, above the 
basement membrane (subepithelial space), there are populations of resident IELs, 
essentially CD8+ (suppressor/cytotoxic phenotype), acting as “sentinels”, being the 
first components of the intestinal immune system exposed to food and microbial 
antigens. Indeed, IELs are among the most abundant lymphocyte populations in the 
body and play a key role in host defense against pathogens, wound repair, and intes-
tinal homeostasis maintenance. IELs are composed of various cell subtypes bearing 
different TCRs, that can recognize antigenic peptides presented by conventional 
MHC molecules or by nonclassical MHC molecules, meaning that these cells are able 
to respond to some bacterial antigens in the absence of antigenic presentation by 
APCs [22].

4. The gut microbiota

4.1 Structure and function

Body surfaces facing the external environment, namely the skin and all muco-
sal surfaces (nasal, oral, gastrointestinal, etc.) are colonized by a huge number of 
microorganisms, collectively called microbiota. Most of them reside in the gut, in 
a continuum of extremely dynamic microbial communities. In terms of microbial 
density, it is estimated that approximately 1012 microorganisms per gram of content 
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are present in colon and feces. These microorganisms belong to all three domains of 
life: Bacteria, which predominate, Archaea (methanogens, essentially belonging to 
Methanobrevibacter and Methanosphaera genera), and Eukarya (fungi and protists) 
[23]. The evolution of the intestinal microbiota starts at birth and is completed during 
the first years of life until it stabilizes in the adult phase. Immediately after birth, the 
gastrointestinal tract is rapidly colonized by a microbial consortium whose composi-
tion varies depending on several factors, such as the mode of delivery (vaginal or 
caesarian), the diet during infancy (breast or formula milk), and during adulthood 
(for example, vegetable or meat-based), the use of antibiotics. In particular, breast-
feeding stimulates the maturation of the intestinal microbiota, as breast milk contains 
bifidogenic oligosaccharides (HMO, human milk oligosaccharides), which have a pre-
biotic action [24]. The maturation is then completed within the first years of life and 
occurs in parallel and synergistically with the development of the immune system. 
Perturbations of gut microbiota composition are associated with aging, and these 
changes favor the growth of pathogens and increase the susceptibility to gut-related 
diseases [25]. In this complex ecosystem, the collective genomes of bacteria and other 
microorganisms have been the focus of increasing interest over the past two decades, 
facilitated by the rapid development of culture-independent genomic approaches 
and advanced computational technologies. The gut microbiota is characterized by an 
enormous phylogenetic diversity, with more than 1000 bacterial species found in the 
entire human population, among which about 150 are present in a single individual. 
At higher phylogenetic levels this biodiversity is reduced, in fact, the human gut 
microbiota is composed of two main populations belonging to the Firmicutes and 
Bacteroidetes phyla, which collectively constitute over 90% of the known phyloge-
netic taxa. Other less abundant, but not less important phyla, such as Actinobacteria, 
Proteobacteria, and Verrucomicrobia, whose relative abundances are often below 1%, 
are also present. The advent of culture-independent methods, although detecting 
a high inter-individual variability in the composition of the intestinal microbiota, 
has allowed to identify a common “microbial core”, with shared metabolic activi-
ties, characterizing healthy individuals [26]. Indeed, the relative proportions of the 
various phyla are maintained in balance under physiologic conditions (eubiosis), 
whereas changes in microbial composition and function, termed dysbiosis, associated 
to a lower overall microbial diversity, often occur in immune-mediated and metabolic 
disorders, thus proving the important role of the gut microbiota in maintaining 
host health status, which goes far beyond the initial experimental observations 
about relevance in regulating body fat tissue accumulation and energy balance [27]. 
The microbiome, defined as the collective genome of the gut microbiota, contains 
approximately 3.3 million genes, a number about 150-fold higher than that of the 
genes of the human genome, most of which are involved in both the metabolism of 
carbohydrates, amino acids, cofactors, and vitamins, and the biosynthesis of second-
ary metabolites. Thanks to this enormous genetic heritage, intestinal microorganisms 
exert a profound influence on the nutritional, metabolic, and immune responses of 
the host, so that the intestinal microbiota is considered an “accessory organ” and 
the higher organisms, with their associated microbial communities, are defined as 
“holobionts” [28]. As mentioned, the main function of the gut microbiota concerns 
metabolic activity. Intestinal bacteria are, in fact, able to produce essential nutrients 
such as vitamins and, mostly, to extract energy from complex polysaccharides, which 
are not digestible by the human enzymes present in the gastrointestinal tract. Indeed, 
the microbiota possesses the metabolic capacity to degrade a wide range of substrates 
that reach the colon. In particular, the fermentation of complex polysaccharides 
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produces, among other substances, the short-chain fatty acids (SCFA), essentially 
acetate, propionate, and butyrate, which play a key and multifactorial role in the 
physiology of the host. Microbiota also contributes to the barrier effect, counteracting 
colonization by enteropathogens and opportunistic pathogens. The main mechanisms 
involved are both direct, such as competition for nutrient resources and adhesion sites 
to the intestinal mucosa, the inhibition of bacterial growth through the creation of 
microenvironments at acidic pH, and the production of bacteriocins (such as colicins, 
microcins, and nisin), and indirect, through stimulation of the host immune system 
and of maturation and growth of enterocytes [29]. Moreover, it is now universally 
recognized the existence of a gut-brain axis that envisages an active contribution of 
the intestinal microbiota in the regulation of anxiety, pain, and behavior by acting on 
the synthesis of neurotransmitters, and a possible contribution to the pathophysiol-
ogy of disorders of the central nervous system. Finally, the gut microbiota is also able 
to interact and modulate the endocrine system, strongly influencing the levels of 
stress-related hormones and insulin, as well as appetite [30].

4.2 Influence of gut microbiota on the immune system

The intestinal microbiota is recognized as an effective integral component of the 
host immune system, capable of finely tuning the immune responses, innate and 
adaptive, in the different phases of life. Indeed, the close relationship established 
between bacteria and immune cells in the gut is crucial for the maintenance of 
immunological homeostasis and, mostly, for the “education” of the immune system 
during the early stages of life [2]. In fact, according to the most recent theories, the 
interaction between microbiota and the immune system is necessary to “train,” first, 
and “keep trained,” then, the various functions of the latter. Thanks to the continuous 
contact with the gut microorganisms, with the molecules they synthesize, with those 
they produce from undigested food components, the immune system satisfies two 
apparently conflicting needs: to defend the organism from real threats, and to toler-
ate microbes and molecules not harmful to the organism. Indeed, the large variety 
of microorganisms constituting the microbiota can be functionally distinguished 
into symbionts and pathobionts, also referred to as opportunistic pathogens, both 
fundamental, as the former educate the immune system to tolerance, while the latter 
train it to pathogen recognition and attack [31]. In the physiological condition of 
eubiosis, symbionts and pathobionts are present in equilibrium. If this balance is 
altered, for example, due to an excessive antibiotic treatment, one of the two groups 
becomes predominant, leading to the onset of one of two possible extreme condi-
tions: hyperstimulation of the immune system (inflammation) or hypostimulation 
(immunosuppression) [32] (Figure 3). It is worth noting that pathobionts, that are 
not harmful and are even necessary to educate the immune system in physiological 
conditions, become dangerous when the equilibrium is altered, as in dysbiosis. The 
immunological surveillance of the intestinal microorganisms involves the above-
mentioned TLRs, which recognize MAMPs and PAMPs [9, 33]. These receptors 
differently act in distinct cellular compartments. Indeed, recognition of these recep-
tors on the apical surface of the epithelium (i.e., the one in contact with the intestinal 
lumen) generally promotes tolerance towards commensal bacteria and foodborne 
antigens, and low (basal) inflammatory tone; conversely, activation of these same 
receptors on the basolateral side, in contact with the underlying mucosa, promotes 
strong inflammatory responses. Numerous microbial stimuli activate inflammatory 
cascades through signal transduction pathways that essentially involve the nuclear 
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transcription factor NF-κB, with consequent production of pro-inflammatory 
cytokines, such as IL-1 and IL-6, or anti-inflammatory factors more directly related 
to the extinguishing of inflammation/immune response, such as IL-10, thus playing a 
crucial role in maintaining intestinal homeostasis [10]. The different communities of 
the intestinal microbiota, characterized by metabolic specialization, complementar-
ity, and cooperation, constitute a very complex network of microbe-microbe and 
microbe-host interaction, in the form of a symbiotic or mutualistic relationship, 
resulting in a continuous cross-talk. The host derives substantial immunological and 
metabolic benefits from the physical proximity of microbial populations in the gut 
and underlying tissues, but at the same time, this proximity poses an ongoing threat 
to health. In fact, although the immune system is designed to establish the proper 
balance between tolerance to the gut microbiota, maintaining a low level of basal 
inflammation and surveillance against infectious agents and opportunistic pathogens, 
the disruption of this balance, for example, due to inflammatory diseases or following 
the excessive use of antibiotics, induces a malfunction of the intestinal barrier with 
consequent opening of the junctions between enterocytes. The assembly and main-
tenance of tight junctions are regulated by several signaling pathways, that can be 
altered by pro-inflammatory cytokines, in particular TNF-α, IFN-γ, and IL-1β. Thus, 
an increase of these cytokines due to an inflammatory status can induce a decrease 
in the expression of tight junction proteins, or alter their phosphorylation status, 
causing a “loosening” of tight junctions [34]. This condition, referred to as a leaky 
gut syndrome, facilitates the translocation of pathogenic bacteria or harmful antigens 
from the intestinal lumen to the underlying mucosa (Figure 3). This process deter-
mines the establishment of endotoxemia, i.e., the presence of LPS in the circulation. 
The LPS, present on the cell wall of Gram-negative bacteria, is one of the microbial 
components able to act as an immune activator, therefore, representing a MAMP that 

Figure 3. 
Schematic representation of eubiosis and dysbiosis conditions. Gut immunological homeostasis is the result of a 
continuous cross-talk between microbiota and immune system. In eubiosis, the commensals predominate over 
pathobionts, maintaining the integrity of the intestinal barrier and an anti-inflammatory milieu. In dysbiosis, 
pathobionts take over and cross epithelial barrier inducing inflammation. AMPs, antimicrobial peptides; B, B 
lymphocyte; DC, dendritic cell; M, macrophage; Treg, regulatory T cell.
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binds to TLR4 and triggers an inflammatory response, which from local becomes 
systemic. The polysaccharide A of Bacteroides fragilis, on the other hand, triggers an 
anti-inflammatory response, by stimulating IL-10 production and Treg proliferation 
[35]. Other bacteria, such as segmented filamentous bacteria (SFB), is pathobionts 
present exclusively during the first years of life, and play an important role in the 
immune system training, by inducing IL-17 secretion in the intestine and stimulating 
the production of IgA in the mucosal membranes of the oral and respiratory cavity 
[36]. Moreover, some evidence shows that SBF can promote IL-22 production by ILCs 
[37]. Fundamental to the maintenance of intestinal homeostasis is the proper balance 
of the different T lymphocyte subpopulations, mentioned in the 2.2.1 paragraph of 
the present chapter. In particular, the Th17/Treg balance appears crucial, and this 
balance is also modulated by the microbiota. It is worth noting that the interactions 
between microbiota and the immune system can have different outcomes, depend-
ing on the context of eubiosis or dysbiosis. Recently, the advent of high throughput 
molecular sequencing techniques has allowed the isolation from the human intestine 
of some bacteria with anti-inflammatory activity, which are of particular interest, 
especially for their possible applications in counteracting obesity and inflammatory 
bowel diseases, such as Crohn’s disease and ulcerative colitis. Among the most impor-
tant are Akkermansia muciniphila and Faecalibacterium prausnitzii, which have been 
defined as “next generation probiotics,” as they are not yet commercially available, 
but candidates to be used as “biotherapeutics” [38].

5. Diet as a modulator of the microbiota-immune system cross-talk

An adequate and appropriate nutritional status and composition of the diet, 
in terms of foods, nutrients, and bioactive substances, are critical for the proper 
functioning of the immune system, which in turn is a fine sensor of the nutritional 
status of the individual [39]. When the immune system is activated to respond to 
nonself antigens, the demand for energy and nutrients increases and cells undergo the 
metabolic switch [40], as previously mentioned in the 2.2 paragraph. The dependence 
of the immune response on energy, and therefore the onset of immune deficits as a 
result of undernutrition, is known for a long time, but recently it has been observed 
that also the excessive consumption of food and excessive intake of calories alter 
the immune system. In fact, if on the one hand a serious caloric restriction impairs 
immune system functionality and increases the risk of infections (as observed in 
childhood malnutrition, still widely spread in developing countries), on the other 
hand, an unbalanced diet rich in high-calorie foods leads to negative consequences, 
inducing an inflammatory state and metabolic disorders. Many metabolic diseases are 
in fact characterized by a chronic low-grade systemic inflammation, called metaflam-
mation (metabolic inflammation). Obesity and overnutrition are both associated with 
this inflammatory state leading to an increased risk of cardiovascular disease, heart 
attack, type 2 diabetes, and nonalcoholic steatohepatitis [41].

5.1 Impact of diet on gut microbiota

Diet has a profound influence also on the gut microbiota, acting both as a modula-
tor able to select specific microbial groups, and as a provider of substrates that can 
be metabolized by the microbiota producing metabolites that impact on host health 
status, also through interaction with the immune system. Therefore, there is a close 
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connection between diet, gut microbiota, and immune system, orchestrated by a fine 
tuning of the complex mechanisms underlying this cross-talk. The influence of diet 
in modulating gut microbiota composition is related to the concept of “enterotype.” 
Indeed, although a wide inter-individual variability is observed among the bacterial 
groups present in the gut, the microbiota of most individuals can be classified into 
one of three variants or enterotypes, based on the dominant genera (Bacteroides, 
Prevotella, or Ruminococcus), which constitutes a relatively stable “core” [3, 26]. 
These enterotypes are associated with long-term dietary regimens [42]. In particular, 
enterotype 1, characterized by a predominance of the genus Bacteroides, able to 
extract the maximum energy from the fermentation of carbohydrates and proteins 
and to produce high amounts of vitamins B2 (riboflavin), B7 (biotin), and ascorbic 
acid (vitamin C), is associated with a diet rich in animal proteins and fats and low in 
fiber and vegetables, typical of the “Western Diet” profile. This enterotype may be 
related to increased intestinal inflammation and consequently to an increased state 
of general inflammation. Enterotype 2, dominated by the Prevotella genus, able to 
degrade complex polysaccharides and to produce high levels of vitamin B1 (thiamine) 
and vitamin B9 (folic acid), is instead correlated with a diet profile rich in fiber and 
carbohydrates. Finally, enterotype 3 is characterized by a predominance of bacteria 
of the genus Ruminococcus and is associated with a dietary profile rich in simple 
sugars [43]. Although most published papers demonstrate how long-term dietary 
regimen affects the structure and activity of the gut microbiota, there is still evidence 
suggesting the ability of the microbiota to respond to short-term dietary change in 
terms of macronutrients. For example, short-term consumption of diets composed 
entirely of animal or plant products has been shown to alter the structure of the gut 
bacterial community, minimizing inter-individual differences. Specifically, the most 
pronounced effect has been found for diets based on animal products, resulting in 
increased levels of bile-tolerant microorganisms (Alistipes, Bilophila, and Bacteroides), 
and decreased levels of Firmicutes capable of metabolizing plant polysaccharides 
(Roseburia, Eubacterium rectale, and Ruminococcus bromii) [44].

5.1.1 Effect of macronutrients

Among macronutrients, the effect of carbohydrates on the microbiota is the 
most described, while for proteins and lipids the mechanisms are less defined. 
Micronutrient intake is also critical for gut well-being; in fact, vitamin deficiencies 
have been associated with alterations in barrier function and GALT immune response. 
However, it is important to emphasize that modifications to the immune system and 
microbiota are primarily associated with the composition of the diet as a whole, and 
not with specific foods or nutrients [4]. Many complex carbohydrates are known to 
act as prebiotics, selectively stimulating, in the intestine, the growth of microorgan-
isms beneficial to human health, such as bifidobacteria. Dietary fiber is a heteroge-
neous and complex mixture of different combinations of monosaccharides, with a 
minimum of 10 monomeric units or oligosaccharides containing from 3 to 9 mono-
meric units. A further classification of dietary fiber is related to its water solubility, 
viscosity, and fermentability. Polysaccharides are further categorized in non-starch 
polysaccharides and resistant starch, while oligosaccharides include resistant oligosac-
charides. Soluble fiber is typically fermented to SCFA by the intestinal microbiota. A 
growing body of literature shows that dietary fiber has the potential to change the gut 
microbiota and alter metabolic regulation in humans. Most findings supporting the 
fiber hypothesis are based on short-term dietary interventions, while only sparse data 
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evaluating the impact of long-term dietary fiber on the gut microbiome exist. Specific 
sources of dietary fiber were differentially associated with the gut microbiome. Fiber 
from fruit and vegetable intake was related to the gut microbiome composition, char-
acterized by an increased abundance of Clostridia, an important class of dietary fiber 
fermenters producing SCFA. Other evidence showed an association between legume 
fiber intake and Actinobacteria abundance, particularly Bifidobacteriales [45]. A 
recent systematic review demonstrated that the most consistent results can be related 
to an increased abundance of SCFA-producers, alterations in microbiota diversity, 
and in the Prevotella/Bacteroides ratio. However, to what extent a dietary intervention 
with fiber may affect the human gut microbiota and hence metabolic regulation is 
currently not well described, due to differences in methodologies and lack of stan-
dardization that hamper the interpretation of the results [46]. It is known that also 
proteins can shape gut microbiome, and that different protein sources differently 
impact its profile. As an example, a diet rich in pea protein has been shown to increase 
Bifidobacterium and Lactobacillus levels [47]. Approximately 12–18 g of dietary pro-
tein reaches the human colon daily. Several gut microbiota species such as Clostridum 
spp., Bacteroides spp., and Lactobacillus spp. can metabolize proteins through different 
proteases [48]. Microbial metabolites deriving from dietary protein fermentation by 
gut microbiota include short branched chain fatty acids, sulfur-containing products, 
aromatic compounds, polyamines, and ammonia. Interestingly, several neuroactive 
compounds including neurotransmitters such as GABA, norepinephrine, dopamine, 
serotonin, and histamine are produced from amino acids by gut microbiota, and this 
is one of the most attractive topics to understand the role of microbiota in gut-brain 
axis [48]. On the other hand, the pro-atherogenic metabolite trimethylamine-N-
oxide (TMAO) is produced by the combined activity of microbial and host enzymes 
after consumption of animal proteins, with a negative impact on health. Most of the 
ingested fatty acids are absorbed in the human small intestine, but a small fraction 
(about 7%) reaches the colon. With respect to carbohydrates and protein, the impact 
of dietary fats on gut microbiota profile is less reported. The most characterized effect 
of a high-fat diet is related to a decreased Bacteroidetes/Firmicutes ratio [49].

5.2 Effect of microbial metabolites on the host immune system

Most of the physiological effects of the microbiota are mediated by metabolites 
produced by the bacteria themselves or derived from the microbial transformation of 
host molecules. In fact, the gut microbiota has a high potential to synthesize bioactive 
compounds by acting on molecules of endogenous origin or derived from the diet. As 
previously mentioned, SCFAs are the principal metabolites derived from the micro-
bial fermentation of complex polysaccharides. Acetate and propionate are mostly 
produced by Bacteroidetes, while Firmicutes are the principal butyrate-producing 
microorganisms [50]. While propionate and acetate reach the liver through the 
portal vein, where they contribute to gluconeogenesis and lipogenesis, respectively, 
butyrate, mainly produced by Firmicutes, plays a fundamental role in the intestine 
and represents the major fuel for enterocytes. SCFAs, especially butyrate, are mol-
ecules fully capable of transducing signals, as they are ligands of G-Protein Coupled 
Receptors (GPCRs). This interaction activates various molecular signaling pathways 
in the different intestinal cells, resulting in strengthening the intestinal barrier and 
exerting an anti-inflammatory action. In particular, Paneth cells are stimulated to 
release antimicrobial substances; intestinal endocrine L cells release satiety peptides, 
glucagon-like-1 (GLP-1) and peptide YY (PYY); goblet cells are stimulated to produce 
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mucin, while in epithelial cells butyrate exerts a trophic effect, promoting the expres-
sion of junction proteins and cell regeneration. SCFAs also have important actions 
on both innate and adaptive immune cells present in the intestine, increasing IL-10 
expression levels and promoting Treg cell differentiation. SCFAs are also epigenetic 
modulators, as they act as inhibitors of histone deacetylase enzymes, resulting in 
transcriptional activation of several genes, including a Treg cell-specific transcrip-
tion factor, Foxp3, that leads to an anti-inflammatory phenotype, through inhibition 
of NF-κB. In other contexts, however, it has been observed that SCFAs may have 
opposite, pro-inflammatory effects, especially in the presence of LPS or TNF-α. This 
observation demonstrates how the same molecule can have beneficial or detrimental 
effects, depending on the concurrent conditions of eubiosis or dysbiosis [4, 51]. The 
microbiota plays an essential role also in the metabolism of bile acids, influencing 
their profile with over 20 different secondary bile acids produced. Such diversity of 
bile acids composition differently affects the physiology and metabolism of the entire 
body. Cholesterol-derived primary bile acids, essentially cholic and chenodeoxycholic 
acid, are first conjugated with taurine and glycine in the liver to form the correspond-
ing conjugated bile salts which are stored in gallbladder. Released into the duodenum 
after an abundant meal, most bile salts (95%) are reabsorbed from the terminal ileum 
and colon and delivered back to the liver via the portal vein in a process known as 
enterohepatic circulation [52]. A small percentage of bile salts, estimated at around 
5%, reaches the colon, where they are deconjugated in a reaction catalyzed by bile salt 
hydrolase (BSH), and mediated by a broad spectrum of aerobic and anaerobic bacte-
ria (Gram-positive Bifidobacterium, Lactobacillus, Clostridium, and Enterococcus, and 
Gram-negative Bacteroides). Then bacterial dehydrogenase enzymes convert primary 
bile acids into the secondary bile acids deoxycholic and lithocholic acids. This reaction 
is mediated by a limited number of bacteria belonging to Bacteroides, Clostridium, 
Eubacterium, Lactobacillus, and Escherichia genera [53]. Thus, gut microbiota compo-
sition determines the profile of secondary bile acids that are produced. The secondary 
bile acids are absorbed into the colon, return to the liver and after being conjugated 
enter the enterohepatic circulation. Secondary bile acids can undergo epimerization, 
sulfation, glucuronidation, and conjugation with N-acetylglucosamine in the liver, 
kidneys, and gut to form tertiary bile acids [52]. Bile acids exert multiple physiological 
functions, which are: 1 - intestinal detergent activity that solubilizes dietary lipids 
and fat-soluble vitamins promoting their absorption; 2 - hormone- like properties 
by acting as signaling molecules via two independent pathways, farnesoid X receptor 
(FXR) and G protein-coupled bile acid receptor (TGR5) signaling. Binding FXR, 
bile acids can regulate their homeostasis, as well as lipogenesis, gluconeogenesis, 
tumor suppression, and intestinal barrier function; while through TGR5, they 
regulate glucose homeostasis, energy expenditure, and anti-inflammatory response. 
Different bile acids have different affinities towards these receptors, with second-
ary bile acids preferentially activating TGR5; 3- antibacterial properties providing 
protection against invasive microorganisms, and acting as mediators of gut innate 
defense. However, it is important to note that bile acids can become cytotoxic at high 
concentrations, and excessive accumulation can lead to oxidative stress, apoptosis, 
and liver damage [54]. In this context, any dietary component, which could influence 
gut microbiota composition, may also modulate bile acid homeostasis and the ability 
to impact host health. High dietary fat intake is known to increase primary bile acids 
release into the small intestine and stimulate secondary bile acid synthesis mediated 
by various bacteria, including Lactobacillus, Bifidobacterium, and Bacteroides [55]. 
Milk fat has been shown to induce shifts in hepatic conjugation of bile acids in mice, 



97

Immune System, Gut Microbiota and Diet: An Interesting and Emerging Trialogue
DOI: http://dx.doi.org/10.5772/intechopen.104121

from glycocholic to taurocholic acid, compromising barrier integrity and resulting in 
increased abundance of Bilophila wadsworthia, a bile-tolerant pathobiont able to trig-
ger a Th-1 immune response [56]. Carbohydrate intake affects bile acids metabolism, 
in particular, the role of soluble and insoluble dietary fiber in binding bile acids is 
well-documented in several studies. In a recent randomized cross-over clinical study, 
the consumption of a diet rich in whole grains, legumes, vegetables, and fruits was 
compared with a refined grain diet (high glycemic load) for the effect on circulating 
bile acids. The results showed a significant increase in the concentrations of specific 
bile acid ligands of FXR and TGR5 associated to a reduction of insulin resistance [57]. 
However, the role of the diet on bile acids composition and health is still partially 
known and needs to be confirmed and expanded in order to translate these findings 
into clinical settings. Lastly, tryptophan metabolites represent another important 
class of bacterial metabolites. Tryptophan is an essential amino acid and an important 
precursor of both microbial and host metabolites. Tryptophan can follow three differ-
ent metabolic pathways, leading to the formation of serotonin, quinurenine, or indole 
and its derivatives, which represent the ligands of the aryl hydrocarbon receptor 
(AhR). In particular, the main microbial metabolite is indole, although the metabolic 
processes and pathways are complex and multiple. Indole derivatives are considered 
key mediators of intestinal homeostasis, as they act on epithelial renewal and barrier 
integrity through the activation of AhRs, which are expressed on many immune cell 
types, such as IELs, Th17 cells, ILCs, macrophages, dendritic cells, and neutrophils. 
The main effect is the production of IL-22 by ILC3, which in turn regulates metabo-
lism by improving insulin sensitivity, modulating lipid metabolism in adipose tissue 
and liver, and promoting intestinal barrier integrity. Indole metabolites may also 
promote Th17/Treg reprogramming [4, 51].

5.3  Western diet and Mediterranean diet: examples of detrimental and beneficial 
dietary profiles

The scientific literature describes the diet as the most characterized factor 
capable of shaping gut microbiota and immune system. Indeed, the nutritional 
status of an individual and the composition of the diet, in terms of foods, nutrients, 
and bioactive substances, influence immunity. A recent analysis by Rinninella and 
colleagues [58] highlighted the effects of different dietary habits on gut microbiota 
composition, by comparing vegetarian/vegan, gluten-free, ketogenic, low FODMAP 
(i.e., low in highly fermentable but poorly absorbable carbohydrates and polyols), 
Western and Mediterranean diets. Overall, restrictive diets (gluten-free, ketogenic, 
low FODMAP) have been shown to exert negative effects on the intestinal micro-
biota, in terms of reduction of biodiversity and alteration of eubiosis, impacting also 
on the integrity of the intestinal epithelium (especially in the case of ketogenic diet), 
and on inflammatory status. Among the different dietary profiles, the most consis-
tent evidence concerns the Western Diet and the Mediterranean Diet, indeed 
Western Diet was shown to negatively impact gut microbiota composition and 
diversity, and to reduce the intestinal mucus layer, thus favoring bacterial transloca-
tion and endotoxemia, while Mediterranean Diet was associated to increased bacte-
rial diversity and improved gut barrier function [58]. The Western Diet is typically 
described as a diet high in calories and rich in ultra-processed foods with high levels 
of sugars, saturated and trans fats, salt and food additives, while complex carbohy-
drates, fiber, vitamins and minerals, and other bioactive molecules (such as polyphe-
nols and omega-3 fatty acids) are scarcely present. The main effects of this diet 
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concern the elevation of plasma glucose and insulin levels, with a consequent 
increase in the accumulation of lipids in adipose tissue, which induces a rapid weight 
gain compared to more balanced diets. Furthermore, recent rodent and human 
studies have established that the Western dietary pattern is associated with elevated 
levels of inflammatory biomarkers, suggesting a direct or indirect action on the 
immune system [59]. It is noteworthy that macronutrients in food are part of a 
complex microstructure from which the physical, sensorial and nutritional proper-
ties, and health implications derive. “The complex assembly of nutrients and 
non-nutrients interacting physically and chemically, that influences the release, 
mass transfer, accessibility, digestibility, and stability of many food compounds” has 
been described as food matrix [60]. Therefore, diverse food matrices can differently 
affect the digestion and absorption processes of food compounds and play a role in 
the microbial fermentation of unabsorbed components. Ultra-processed foods and 
beverages are considered an important hallmark of the Western Diet, and high 
consumption of these foods appears to be correlated with an increased risk of 
morbidity. Food processing involves applying controlled procedures in order to 
preserve, destroy, transform, and create edible structures, whose aim is to prolong 
the shelf -life of foods. Ultra-processed foods are microbiologically safe, highly 
palatable, ready-to-eat, and highly profitable products composed primarily of 
ingredients not routinely found in “real foods” (e.g., hydrogenated/de-esterified oils 
or additives designed to provide the previously mentioned characteristics). The poor 
and uncomplex matrix of these foods, together with their low fiber content, gener-
ates an unfavorable environment in the gut and microbiota, thus leading to dysbiosis 
and immune alterations. Therefore, the Western Diet, intended also as an incorrect 
lifestyle, would induce low-grade inflammatory processes, which are a risk factor for 
the development of various chronic inflammatory diseases, predisposing the indi-
vidual to metabolic inflammation, through various mechanisms, acting at both levels 
of microbiota and intestinal permeability [61]. The action on the microbiota leads to 
the onset of dysbiosis, intended both as taxonomic (shifts in microbial groups 
composition), but especially as metabolic (changes in microbial function). 
Moreover, the decreased bacterial diversity makes the microbial ecosystem less 
resilient and more susceptible to external stressors. The increase in pathogenic 
bacteria also causes an increase in pro-inflammatory metabolites, which can influ-
ence the response at the level of GALT, with which they are intimately linked. When 
abnormalities occur in these interactions, intestinal permeability can increase and 
the leaky gut phenomenon occurs, leading to metabolic endotoxemia, as described 
previously. But metabolic inflammation arises primarily at the level of white adipose 
tissue, where adipocytes, cells almost entirely formed by a single large lipid droplet, 
release numerous adipokines, cytokine-like molecules, in response to changes in 
lipid accumulation and in local and systemic inflammation. Adipokines can be either 
pro- or anti-inflammatory and play a key role in linking metabolism with immune 
function [62]. In individuals with normal metabolic status, pro- and anti-inflamma-
tory adipokines are correctly balanced, and Th2 lymphocytes, Treg cells, and 
macrophages with an anti-inflammatory phenotype predominate in adipose tissue. 
Treg cells secrete IL-10 and also stimulate IL-10 secretion by macrophages. 
Eosinophils secrete IL-4 and IL-13, further contributing to the anti-inflammatory 
and insulin-sensitive phenotype. A long-term hypercaloric diet causes an increase in 
the number and size of adipocytes, which become hypertrophic and dysfunctional, 
starting to secrete pro-inflammatory adipokines, especially TNF-α. In addition, 
circulating immune cells, mainly monocytes, are recruited from the bloodstream in 
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response to chemotactic signals (particularly monocyte chemoattractant protein 1, 
MCP-1) produced in adipose tissue, transmigrate there, and differentiate into 
macrophages secreting high amounts of pro-inflammatory cytokines, such as 
TNF-α, IL-1β, IL-6. These cytokines act in a paracrine manner, inducing changes in 
T lymphocyte populations, with a decrease in Treg and an increase in Th1 cells, 
which in turn secrete pro-inflammatory cytokines, thus generating a vicious circle, 
where the inflammatory state becomes systemic. Indeed, cytokines and chemokines 
from adipose tissue can act in an endocrine way and promote inflammation in other 
tissues, also causing the onset of insulin resistance and other metabolic disorders 
associated with obesity [63]. Adipocytes in visceral adipose tissue are metabolically 
very active and very sensitive to lipolysis, so following a prolonged positive caloric 
balance, very high amounts of free fatty acids (FFAs) are generated and released into 
the portal system. Insulin resistance results from an excess of circulating FFAs and 
excess TNF-α in adipose tissue, as both molecules result in functional blockade of 
the insulin receptor and its associated signal transduction. In particular, FFAs and 
TNF-α block insulin receptor signaling by activating phosphorylation of the insulin 
receptor substrate (IRS)-1 at a serine residue. Serine phosphorylation of IRS-1 causes 
it to detach from the insulin receptor, resulting in functional blockade of the recep-
tor and of insulin signal transmission itself. In addition, TNF-α, secreted by adipo-
cytes and adipose tissue macrophages, also acts by another mechanism, namely by 
inducing dephosphorylation of IRS-1 at tyrosine residues. Tyrosine-
dephosphorylation has the same effect as serine-phosphorylation, thus IRS-1 is 
inactivated and detached from the insulin receptor [64]. It is known that several 
components characterizing the Western Diet determine an inflammatory state 
through the activation of the innate immune response, for example, excess choles-
terol is considered the main cause of inflammation in the atherosclerotic process. In 
addition, an excess of free cholesterol crystals causes damage to lysosomes, with 
subsequent release of the pro-inflammatory cytokines IL-1β and IL-18 through 
activation of the NLR family pyrin domain containing 3 (NLRP3) inflammasome, 
resulting in a systemic response characterized by a chronic low-grade inflammatory 
state, associated to insulin resistance and the onset of some related diseases, includ-
ing colorectal cancer [65]. Saturated fatty acids carried through excessive consump-
tion of animal-derived foods also have cytotoxic effects and can activate 
endoplasmic reticulum stress as well as the NLRP3 inflammasome. More recent 
theories suggest that saturated fatty acids induce dysbiosis and subsequent release of 
metabolites that alter intestinal permeability, inducing metabolic endotoxemia [59]. 
From a taxonomic point of view, an excess of fat causes an increase in the 
Firmicutes/Bacteroidetes ratio, while some unrefined oils, such as palm oil, may 
cause a decrease in A. muciniphila and Clostridium leptum. Through the consumption 
of red meat, eggs, and high-fat dairy products, dietary introduced L-carnitine and 
phosphatidylcholine are converted to the pro-atherogenic metabolite TMAO through 
a two-stage process, including first a fermentation process by the intestinal micro-
biota in an anaerobic environment, and then an oxidation catalyzed by the hepatic 
enzyme Monooxygenase containing Flavin 3. TMAO is a metabolite involved in the 
activation of inflammatory macrophages and the formation of atherosclerotic plaque 
foam cells, thus contributing to increased cardiovascular risk [59]. Consumption of 
excessive amounts of red meat also leads to elevated amounts of iron-eme, which has 
been associated with alteration of certain bacterial groups including Escherichia coli 
and B. fragilis. In general, levels of bacterial genera capable of metabolizing plant 
polysaccharides such as Roseburia, Eubacterium, Ruminococcus, and Prevotella are 
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underrepresented in individuals on the Western Diet, whereas the relative abun-
dance of bile-tolerant microorganisms increases [44]. The concept of Mediterranean 
Diet has been developed to describe the eating habits followed by the populations of 
the Mediterranean basin, mainly Greece and Southern Italy. The Mediterranean Diet 
is based on the consumption of fruits, vegetables, legumes, dried fruits, fish, olive 
oil, and whole grains which together provide a combination of complex carbohy-
drates, polyunsaturated fatty acids, and bioactive molecules such as polyphenols and 
other antioxidants. It is also characterized by a low consumption of proteins of 
animal origin. A large number of epidemiological studies have shown that the 
Mediterranean Diet is associated to increased life expectancy, improved quality of 
life, and lower prevalence of diseases related to chronic inflammation, such as 
coronary heart disease, type 2 diabetes, and some forms of cancer. These beneficial 
properties are mediated by different mechanisms, including lipid-lowering, anti-
inflammatory, and anti-oxidant effects. Accumulating evidence suggests that such 
activities are not ascribable to single foods or nutrients, but to interactions and 
synergistic activities of different nutrients and bioactive compounds from a variety 
of diverse foods with intact matrices [66]. Among the many molecules found in 
these foods, omega-3 polyunsaturated fatty acids, polyphenols, as well as fiber, can 
be mentioned. In particular, omega-3 contributes to balancing the Firmicutes/
Bacteroidetes ratio and to increase bifidobacteria and Lachnospiraceae [67], while 
some polyphenols, e.g., resveratrol or hydroxytyrosol, have been described as 
modulators of bacterial groups beneficial for human health [68]. Some nutritional 
intervention trials based on Mediterranean Diet have been proposed as a therapeutic 
approach to improve the composition of the microbiota and the state of the immune 
system, opening the perspective of a possible use of this dietary habit to modulate 
the microbiota, directing it towards a healthy profile. In fact, it has been demon-
strated that adherence to the Mediterranean Diet correlates with a state of eubiosis, 
in which members of the phylum Bacteroidetes and beneficial bacteria belonging to 
the clostridia group increase, while Proteobacteria and Bacillaceae decrease. In 
addition, increased levels of lactic acid bacteria (mainly lactobacilli and bifidobacte-
ria) have been observed, together with a more general increase in biodiversity and 
stability of the intestinal microbiota, suggesting a greater resilience to possible 
perturbations. A study focused on obese subjects also showed that an intervention 
with Mediterranean Diet increased the abundance of SCFA-producing gut bacteria 
Roseburia and Oscillospira [69]. In conclusion, the Mediterranean Diet, rich in foods 
of plant origin, provides polyphenols, high-quality fats (monounsaturated such as 
oleic acid and polyunsaturated with high content of omega 3), micronutrients, such 
as vitamins and trace elements, and dietary fiber that, carried by an adequate and 
complete dietary matrix, exert their beneficial properties in maintaining the eubio-
sis of the intestinal microbiota and its metabolites, together with the integrity of the 
intestinal barrier and immune tolerance. In contrast, the Western Diet and ultra-
processed foods, characterized by low levels of dietary fiber or micronutrients, have 
a plethora of nutritional components, including refined carbohydrates, poor quality 
fats (trans fatty acids and an excessive omega 6/omega 3 ratio due to refined oils), 
unhealthy salt and additives (mainly sweeteners), and finally excessive consumption 
of red and processed meats. In addition, they comprise a poor food matrix that 
causes detrimental effects on the intestinal barrier, leading to increased permeabil-
ity, dysbiosis, and altered metabolite profiles, resulting in local inflammation, 
systemic endotoxemia, and chronic inflammation. Figure 4 summarizes these 
observations.



101

Immune System, Gut Microbiota and Diet: An Interesting and Emerging Trialogue
DOI: http://dx.doi.org/10.5772/intechopen.104121

Acknowledgements

This work was funded by the Italian Ministry of Agriculture, Food, and Forestry 
Policies (MiPAAF), within the trans-national project INTIMIC–Knowledge Platform 
on food, diet, intestinal microbiomics, and human health of the Joint Programming 
Initiative Healthy Diet for a Healthy Life (JPI-HDHL), Expression of Interest n. 795 
(MICROFLUX Project, MiPAAF DM 36954/7303/18).

Conflict of interest

The authors declare no conflict of interest.

Figure 4. 
Comparison of “Mediterranean” and “Western” dietary profiles. The main effects on gut integrity, immune status 
and microbiota composition are schematically represented.
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Chapter 6

Immunology of Helicobacter pylori 
Infection
Darmadi Darmadi and Riska Habriel Ruslie

Abstract

Helicobacter pylori (H. pylori) is the most common infecting microorganism in 
humans. H. pylori had coexisted with humans for 30,000 years ago and developed 
extensive survival adaptations. The infection is both active and chronic and leads to 
several disorders from chronic gastritis to gastric adenocarcinoma. The prevalence of 
H. pylori infection is still high in developing countries. The burden of disease due to 
infection is also heavy. The persistence of infection is the basis of diseases. H. infec-
tion activates innate and adaptive immune responses but the immune response fails 
to eradicate the infection. H. pylori is able to evade both innate and adaptive immune 
responses. It can neutralize gastric acid, elicit autoimmunity toward parietal cells, 
prevent phagocytosis, induce apoptosis of immune cells, inhibit lymphocyte prolifer-
ation, disrupt imbalance between humoral and cellular adaptive immune responses, 
promote regulatory T cell activity, and trigger genetic rearrangement. Host factor 
is involved in the incidence of H. pylori infection and its complications. Reinfection 
after eradication is common. Multiple drug resistance has also emerged. Vaccination 
is a promising management approach to eradicate H. pylori and prevent diseases it 
caused. The development of the vaccine itself needs to consider the immune escape 
mechanism of H. pylori.

Keywords: adaptive, Helicobacter pylori, immune, innate, evasion, vaccine

1. Introduction

Helicobacter pylori (H. pylori) is one of the most common infections in humans 
[1–3]. The microorganism had infected humans for 30,000 years ago and has 
developed extensive adaptations to survive [2, 4, 5]. Approximately, H. pylori infects 
the stomach of half of the human population globally [3, 6, 7]. Besides residing in the 
stomach, abundant H. pylori are also detected in the oral cavity [8]. The colonization 
is suspected to be started in the childhood period [2, 4, 7] and maybe persisted for 
decades or life [2, 4]. The presence of spiral microorganisms resembling H. pylori had 
been identified in the stomachs of the animal during the late nineteenth and early 
twentieth centuries. Similar spiral bacteria were then isolated in humans, particularly 
those suffering from peptic ulcer disease or gastric cancer. Previously, the 
microorganism was named ‘Campylobacter-like organism’, ‘gastric Campylobacter-
like organism’, ‘Campylobacter pyloridis’, or ‘Campylobacter pylori’. The fact that this 
microorganism is different from members of the genus Campylobacter changes the 
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name to H. pylori [9]. The relationship between this microorganism and peptic ulcer 
disease was established in 1983 [10]. This microorganism causes a wide spectrum of 
diseases, such as chronic gastritis, peptic ulcer, gastric adenocarcinoma, and mucosa-
associated lymphoid tissue lymphoma [6, 7]. In initial reports from all over the world 
in the first decade after the discovery of H. pylori, approximately 95% of duodenal 
ulcers and 85% of gastric ulcers occurred in the presence of H. pylori infection [9]. 
The World Health Organization has classified H. pylori as a class I carcinogen due 
to its epidemiological link with gastric malignancy [2, 3, 10]. However in some 
cases, the presence of H. pylori infection is asymptomatic [3, 7, 11]. There is a 
hypothesis suggesting the role of immune response in the pathogenesis of infection. 
The immune response toward the infection is ineffective, causing persistent 
microorganisms and inflammation [6]. In this review, we discuss the host immune 
response toward H. pylori infection in association with disease chronicity and vaccine 
development.

2. Characteristics of H. pylori

H. pylori belongs to the Proteobacteria subdivision, Campylobacterales order, and 
Helicobacteraceae family. Helicobacter species are divided into two major lineages: 
the gastric Helicobacter species and the enterohepatic (nongastric) Helicobacter 
species [9]. H. pylori is a spiral, gram-negative, flagellated, microaerophilic, and 
facultative acidophilic bacterium [1, 5, 11, 12]. Its envelope consists of an inner 
(cytoplasmic) membrane, periplasm with peptidoglycan, and an outer membrane 
that consists of phospholipids and lipopolysaccharide [9]. This microorganism is 
very sensitive to drying and usual disinfectants [12]. It is transmitted via oral–oral 
and fecal–oral routes [5, 8, 9, 13]. Contamination of water sources is one major cause 
of transmission [8, 9, 14]. It is reported that 40% of samples of drinking water in 
Pakistan are contaminated with H. pylori [8]. Contamination of drinking water is also 
reported in 20.3% of samples in Peru. Recent transmission hypothesis has suggested 
that blowflies and houseflies are responsible as they feed with and breed in fecal 
material [14]. H. pylori extracts nutrients from blood and host cells [5]. The micro-
organism has extensive genetic diversity resulting in high mutation rates and high 
recombinant frequency. The virulence factors of H. pylori are also affected by this 
phenomenon and contribute to immune escape and chronic infection [2, 12]. Several 
methods of DNA rearrangement along with the introduction and deletion of foreign 
sequences are responsible for genetic diversity [9].

Some factors contributing to H. pylori infection are younger age, [4] low 
socioeconomic status, limited living space, sharing of beds, low parental educa-
tion level, pollution of daily used water, and history of H. pylori infection in 
family members [4, 8, 13]. Genetic predisposition may play role in the infection 
of H. pylori. People from African and Pacific Islander ancestries have a higher 
risk for infection despite adjustment for other risk factors [8]. This is supported 
by another study which reported a higher prevalence in non-whites compared to 
non-Hispanic whites in the United States. Higher prevalence was even observed 
in Alaskan natives [10]. A diet containing less vegetables and fruits along with 
high consumption of fried food is increasing the risk for infection [14]. Another 
literature states that age and gender are not related to increased risk of infection 
[13]. Additionally, the effect of smoking and alcohol is uncertain on the incidence 
of H. pylori infection [13, 14].
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3. Epidemiology and burden of H. pylori infection

The prevalence of H. pylori infection is low in childhood and has begun to increase 
to 20% in adults younger than 40 years of age, and to 50% at the age of 60 [9]. In 
2015, approximately 4.4 billion individuals were infected with H. pylori [13]. The 
prevalence rate comprises roughly 4.3% [14]. A systematic review and meta-analysis 
by Hooi, et al reported that Africa has the highest pooled prevalence of H. pylori 
infection while Oceania has the lowest rate [10]. The prevalence tends to decrease 
recently due to improvements in sanitation [9, 10]. Similar result is reported by 
Sjomina et al. a few years later, showing the minimal change in the epidemiology 
of H. pylori infection [14]. In Europe, Northern countries report lower prevalence 
compared to Southern and Eastern countries. The highest prevalence in Europe is 
reported in Portugal, reaching 84.2%. In the American continent, Mexico holds the 
highest prevalence (52.2%) similar to Bhutan in the Asia continent (86%). A study 
from Nigeria reported a very high prevalence of H. pylori infection, which is 93.6% 
[13]. In the Australia and Oceania region, the highest prevalence is detected on Pacific 
Island (49%). Minor differences are observed regarding the epidemiology of H. 
infection in several studies and it is due to the different diagnostic methods utilized 
from one study to another [8].

H. pylori is associated with 92% of duodenal ulcers and 70% of gastric ulcers. It 
is also related to 50% of gastric cancer and raises the risk for gastric cancer six times 
higher compared to those without H. pylori infection [11]. The odd for ulcer disease 
is even higher, reaching 10 times higher than H. pylori-negative subjects [9]. A study 
by Plummer et al. reported that 6.2% of estimated 12.7 million new malignancy cases 
in 2008 are attributed to H. pylori infection [15]. The incidence of gastric cancer 
is associated with geographical factors, strain diversity, and host immunological 
responses. The highest incidence of gastric cancer is reported in East Asian countries 
[16]. In 2017, there were 1.22 million new cases of gastric cancer with 865.000 deaths 
and 19.1 million disability-adjusted life-years. Not all, but the majority of gastric 
cancers are related to H. pylori infection therefore the microorganism is responsible 
for the burden of the disease [17]. Eradication of H. pylori will give a significant 
impact from an economic perspective [8, 17]. Eradication leads to decreased 
consultation with medical practitioners and is proven as an effective cost-saving 
method [8]. Screening and eradication of H. pylori infection in China might prevent 
one gastric cancer in every four to six cases [10].

4. Immunology at a glance

There are two major groups of immunity in the human body—innate and adaptive 
immune responses. Innate immunity comprises immune responses which do not 
require the previous contact with immune triggers [6, 18]. The response is rapid but 
not specific and has no memory [18]. Innate immunity acts as the first line of defense 
against harmful substances. Activation of the innate immune system may eliminate 
the substance and trigger inflammation by releasing mediators such as cytokines, 
reactive oxygen species, and nitric oxide [6]. Elimination may also be carried on 
by cell-dependent mechanisms, such as phagocytosis and cytotoxicity [18]. In the 
gastrointestinal tract, mucosal defense is classified as an innate immune system that 
consists of mucosal epithelium, gastric acid, and immune cells (macrophage and 
dendritic cell) [1, 18]. The innate cellular immune may sense the presence of antigen 
via pattern recognition receptors (PRR), such as toll-like receptors (TLR) [18].
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Adaptive immunity is an immune response toward previously contacted immune 
triggers. This immune system is specific and has immunologic memory. Activation 
of adaptive immunity is related to innate immunity. For example, antigen-presenting 
cells (macrophages and dendritic cells), as a part of the innate immune system, 
trigger activation and differentiation of T-helper (Th) cells, which marks the initia-
tion of the adaptive immune response [6]. Th cells differentiate into Th1, Th2, Th17, 
and regulatory T (Treg) cells. Th1 plays role in cell-mediated immunity while Th2 in 
humoral immunity [4–7]. The balance between Th1 and Th2 is important in main-
taining a normal host’s immune response [6]. Th1 cells secrete tumor necrosis factor 
(TNF) and interferon (IFN)γ. Th2 cells secrete interleukin (IL)-4, IL-5, and IL-10 
which act in suppressing the inflammatory effect of Th1 and in producing antibodies 
by lymphocyte B cells [3–5, 7]. Th17 plays role in the immune response toward extra-
cellular bacterial infection by secreting IL-17A, IL-17F, IL21, and IL-22. Treg itself 
has activity in suppressing effector T cells proliferation and cytokine production, 
therefore moderating inflammation and preventing autoimmunity. Some cytokines 
secreted by Th17 are IL-10 and transforming growth factor (TGF)-β [3–5].

5. Immune response toward H. pylori infection

Many diseases, including infection due to H. pylori, involve dysregulation of the 
immune system. Infection is both active, marked by neutrophilic accumulation, and 
chronic, marked by lymphocytic deposition [1, 5, 6, 9]. These findings are positive 
2 weeks after infection. Anti-H. pylori antibodies are also detected at 4 weeks after 
initial infection, marked by the high levels of immunoglobulin (Ig) M, IgG, and IgA 
in gastric mucosa of infected patients [1, 3, 11]. A study in mice demonstrated that 
transient infiltration of macrophages and neutrophils into the glandular stomach is 
observed in the first 2 days after infection. By day 10 after infection, the numbers of 
macrophages and neutrophils are decreased to baseline levels. The adaptive immune 
response is started to appear in the 3rd week, marked by infiltration of T lymphocytes 
in paragastric lymph nodes and elevated expression of TNFα and IFNγ [19]. The 
levels of IgM and IgA anti-H. pylori in biopsy specimens from the gastric antral region 
of patients infected with H. pylori are 40- to 50-fold higher compared to non-infected 
subjects [3]. However, the presence of H. pylori in the stomach for a long period of 
time supports the suspected ineffective immune response [2, 6, 9]. The presence of 
this microorganism causes a persistent and chronic infection [9]. Chronic infection 
leads to chronic inflammation, gastritis, peptic ulcer, gastric mucosa-associated 
lymphoid tissue lymphoma, and ultimately, gastric cancer [1, 6].

H. pylori infection activates innate and adaptive immunity, along with humoral 
and cellular immunity as the parts of the adaptive immune system. There are 
cytotoxin-associated gene pathogenicity islands (cag PAI) and vacuolating toxin A 
(VacA) which act as major virulence factors in H. pylori infection. Cag PAI encodes a 
type IV bacterial secretion system that injects bacterial products into gastric epi-
thelial cells resulting in inflammation and increased risk of malignancy [1, 6, 7, 9]. 
Cag PAI is a protein with a molecular mass of 140 kDa. It is highly immunogenic and 
present in approximately 50–70% of H. pylori strains [9]. VacA, on the other hand, 
is associated with cellular damage and inflammation [6]. VacA is a protein-sized 95 
kDa and secreted from approximately 50% of all H. pylori strains. It damages cells 
by inducing massive vacuolization. The process ends with apoptosis and immune 
modulation [9]. H. pylori enters the gastrointestinal tract, penetrates the mucus 
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gastric layer, and interacts with macrophages, dendritic cells, and monocytes  
[1, 6, 7]. H. pylori adhere to the gastric epithelial cell with the assistance of outer 
membrane proteins such as BabA, SabA, AlpA, AlpB, and HopZ [1, 5, 20]. After 
adherence, cag PAI and VacA disrupt gastric epithelial cell polarity, acid secretion 
(via control of gastrin and H+/K+-ATPase), and induce inflammation [1]. TLR on 
epithelial cells also recognizes bacterial products, such as flagella and lipopolysac-
charide. The interaction elicits inflammation and supports the activation of the 
adaptive immune response [9]. H. pylori which have been ingested by antigen-
presenting cells activate the adaptive immune response [2, 5]. Macrophages and 
neutrophils may also eliminate H. pylori through nitric oxide (NO)-dependent 
phagocytosis or reactive oxygen species production [5, 6]. They release cytokines 
such as IL-12, IL-10, and IL-23 which in turn stimulate naïve Th cells [2, 6]. In the 
other way, dendritic cells present H. pylori antigen to naïve Th cells. Naïve Th cells 
then differentiate into Th1 or Th2/Treg [1, 6]. However, Th1 is more prominent 
compared to Th2/Treg cells. Th1 then produces IFNγ, TNFα, and IL-2 [1, 2, 4, 6]. 
Elevation of pro-inflammatory cytokines, such as IL-1β, TNFα, IL-8, and IL-6, is 
observed. The release of cytokines promotes inflammation in the stomach and leads 
to gastritis [1, 6]. In contrast, the role of lymphocyte B cells in H. pylori infection is 
indeterminate. Studies reported that antibodies against H. pylori are produced but 
they might be counterproductive [1, 2, 6]. It is suspected that the immunoglobulins 
against H. pylori are easily degraded and unstable in structure [1, 6]. Other literature 
states that the presence of IgA anti-H. pylori gives a protective effect against infec-
tion and gastric malignancy [11]. Further investigation is mandatory regarding the 
role of humoral antibodies in H. pylori infection [6].

6. Mechanism of immune evasion of H. pylori

The outer membrane proteins in H. pylori are found to be less immunogenic com-
pared to proteins from other pathogens; therefore, the immune response elicited by 
the innate immune system is less powerful [7, 9]. It is known that H. pylori’s lipopoly-
saccharide has a 500- to 1000-fold lower endotoxic activity than lipopolysaccharide 
from S. typhimurium and E. coli [3]. The presence of arginase enzyme coded by rocF 
gene in H. pylori may decrease L-arginine, the substrate for NO, level. Decreased 
NO level will impair phagocytosis by macrophage and prevent H. pylori elimination. 
Additionally, this will promote the apoptosis of macrophages [1–3, 6, 7, 20]. H. pylori 
are also capable of producing urea from L-arginine and further ammonia from urea. 
The process is mediated by the urease enzyme and α-carbonic anhydrase. Ammonia 
is known for its ability to neutralize gastric HCl and sustain the survival of H. pylori 
[1, 5, 6, 20]. Glucosylation of cholesterol also aids H. pylori’s survival. This process 
protects the microorganism from macrophage phagocytosis [5, 6]. H. pylori may also 
evade innate immune recognition by avoiding PRR, a subset of pathogen-associated 
molecular patterns. It modulates its surface molecules including lipopolysaccharide 
and flagellin to avoid recognition by toll-like receptors on antigen-presenting cells. 
The molecules are recognized as self molecules and thus do not trigger the immune 
response [2, 3, 5]. Even after being phagocytized, H. pylori may survive from killing 
by the aid of cag PAI and VacA. Both delay actin polymerization and phagosome 
formation inside macrophages [2].

Chronic exposure of dendritic cells to H. pylori decreases the ability of dendritic 
cells to induce Th1 response and support the persistence of infection [1–6]. The 
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malfunction of dendritic cells is due to H. pylori-controlled maturation. H. pylori 
restore transcription factor in dendritic cells and inhibit their maturation [2]. Lewis 
antigen form H. pylori may also bind dendritic cell-specific ICAM-3-grabbing nonite-
grin (DC-SIGN) and blocked Th1 cell recruitment [4]. Examination of patients with 
chronic H. pylori infection also shows elevation of Treg cells in the gastric tissue com-
pared to healthy subjects [2, 4–6, 20]. H. pylori are suggested to promote the expan-
sion of the Treg population and their recruitment to the site of infection [4]. As we 
know that Treg suppresses the activity of memory T cells, it will relieve inflammation 
and gastritis severity [1, 2, 4, 6] but at the same time hamper the ability of the host to 
eliminate pathogens, including H. pylori [2, 4, 6, 20]. The condition is hypothesized 
from the increased level of TGF-β and IL-10 independent of VacA and cag PAI [2, 20]. 
H. pylori inhibits lymphocyte proliferation via IL-2 inhibitory effect from VacA and 
induction of cell cycle arrest from VacA-independent produced protein [1–6]. The 
process is made possible via an interference signaling pathway at the level of calcium-
calmodulin-dependent phosphatase calcineurin [4]. Gamma-glutamyl transpepti-
dase (GGT) is another low-molecular-weight protein of H. pylori that is capable of 
inhibiting the proliferation of lymphocytes. The mechanism involves extracellular 
cleavage of glutathione and the production of reactive oxygen species. The depletion 
of L-arginine level due to arginase activity of H. pylori is also hampering lymphocyte 
T cell proliferation [4, 5]. Furthermore, VacA may induce T cell apoptosis by reducing 
Bcl-2, an anti-apoptotic protein [2, 5].

Studies from chronic gastritis found that H. pylori may induce autoimmunity 
which affects gastric parietal cells. Both cellular and humoral antigens damage 
the cell in patients with gastritis due to H. pylori infection [1, 3, 6, 11]. The origin 
of autoantibody is suspected from the presence of Lewis x and Lewis y antigens 
which are similar to the H+/K+-ATPase β subunit of parietal cells. Parietal cell loss 
occurs via IFNγ-mediated inflammation and Fas-mediated apoptosis or cytotoxic-
ity [2, 3, 6, 7, 9, 11]. The presence of pro-inflammatory cytokines also inhibits acid 
secretion from parietal cells. IL-1β and TNFα are the most potent inhibitors [6]. 
The resulting hypochlorhydria situation allows H. pylori to persist and cause pro-
longed infection [3, 6]. In contrast, those pro-inflammatory cytokines stimulate 
gastrin secretion by disrupting the negative feedback signal of somatostatin [6].

Coinfection between H. pylori and parasitic helminths will cause an imbalance 
in Th1 and Th2 responses with predominantly Th2 activity [6, 9, 10]. This situation 
is clearly observed in the African population and referred to as ‘African enigma’. 
‘African enigma’ is marked by low gastric cancer despite a high prevalence of  
H. pylori in Africa. Lately, it is known that high rate of helminth coinfection is high 
in the corresponding population [10]. The variation in Lewis antigen also moderates 
Th1 response and favors Th2 activity [7]. This condition is supported by a study in 
mice infected with H. pylori showing dysfunctional Th1 response [4]. The imbalance 
will alleviate inflammation in gastritis but hamper Th1-mediated H. pylori elimina-
tion [2, 6, 7].

Host factor also contributes to immune response toward H. pylori infection. Host 
genetic polymorphisms affecting the IL-1 gene cluster elevate the level of IL-1 and 
lead to the reduction of gastric acid secretion. Low gastric acid secretion promotes 
infection and colonization of H. pylori. A similar situation is induced by a polymor-
phism in the TNF-α gene. In contrast with the IL-10 gene, the polymorphism causes 
higher expression of IL-10 and favors anti-inflammatory activity [9]. Defects in 
cytokine coding genes are involved in the persistence of H. pylori infection. Defects 
in gene coding IL-1 and TNF are associated with decreased cytokines production and 
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increased risk for gastric cancer [7]. Single nucleotide polymorphism in gene coding 
IL-10 which resulted in increased IL-10 will promote Th2 activity and resulted in 
prolonged H. pylori infection and an elevated risk for recurrent gastric cancer [16]. 
The presence of H. pylori in the macrophages alters the expression of miRNA. The 
alteration in miRNA, particularly miR-4270 causes increased expression of CD300E, 
a surface protein on macrophages that affects the antigen presentation capacity of 
macrophages. Increased CD300E expression is negatively correlated with antigen 
presentation capacity [21]. Shakhatreh, et al conducted a study on the Jordanian 
population to determine the association between IL-1 gene polymorphism and H. 
pylori infection. -31T/C polymorphism was found significantly associated with H. 
pylori infection, particularly the TT genotype [22]. Those statements are reinforced by 
a meta-analysis by Ma et al. They focused on polymorphism in genes that code IL-1. 
Increased risk for H. pylori infection is observed in IL-1B-31C/T polymorphism with 
an odds ratio of 1.134. Furthermore, IL-1B-511C/T and IL-8-251A/T polymorphisms 
increase the risk for gastric cancer with odds ratios of 1.784 and 1.810, respectively 
[23]. Zeyaullah et al. also proposed the role of gene polymorphism in gastric cancer. 
IL-10-592A/C, IL-10-819T/C, and IL-17-197G/A are all found to be related to gastric 
cancer. Besides polymorphism in cytokine genes, toll-like receptor genes are also 
involved. TLR4+ 1196C/T polymorphism is one genetic rearrangement that increases 
the risk of gastric cancer in H. pylori-infected individuals [24].

7. Vaccination and immune response toward H. pylori

The trend of antibiotic resistance in H. pylori is increasing recently [1, 6, 10, 11]. 
Resistance rates for metronidazole, clarithromycin, and levofloxacin are the high-
est, surpassing 50%. This condition is worsening in previously treated subjects [25]. 
Besides, reinfection may occur even after the complete eradication of the previous 
infection [6]. This condition urges the development of a vaccine against H. pylori 
[1, 6, 10]. In the past decade, much effort has been devoted to the development of a 
vaccine as an alternative treatment for H. pylori infection [9]. There are two types of 
vaccine which are potentially possible: prophylactic vaccine and therapeutic vaccine. 
A therapeutic vaccine that can both eradicate infection and stimulate long-lasting 
immunity is the most desired one [10, 11]. Vaccine will significantly cut the economic 
burden from H. pylori infection even if the vaccine’s efficacy is only 55% [2]. The 
first report on H. pylori vaccine development was submitted in 2011 by Moss et al., 
followed by Iankov et al. They conducted trials in mice and showed promising results. 
Cellular immunity, particularly Th1 response, is able to sterilize the microorganism 
[20]. The humoral immune response also gains the spotlight for the vaccine platform. 
The induction of Th2 response is proposed to be the basis of effective vaccination. 
A trial in mice showed high neutralizing specific salivary IgA and serum IgG after 
oral immunization. Besides preventing infection, the vaccine was also shown to have 
therapeutic properties. Gastric inflammation of mice in the trial was alleviated after 
vaccination [9]. In line with previous literature, Espinosa-Ramos conducted a vac-
cination trial in mice and observed that plasma secretory IgA and IgG are elevated 
post-vaccination. The presence of antibodies also protected 100% of mice in the 
study from virulent H. pylori [26]. The utilization of the vaccine seems promising, 
but this option still needs further development, especially in humans, considering 
the immune evasion ability of H. pylori [6, 9]. Public health intervention is still a 
major concern since preventing is better than treating the infection. Improvement in 
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socioeconomic status together with hygiene and sanitation may decrease the rate of 
infection as seen in developed countries [9].

8. Conclusion

H. pylori is the most common infection in humans and has infected humans since 
30,000 years ago. The prevalence of H. pylori infection is still high particularly in 
developing countries. The highest prevalence is reported in Africa, namely Nigeria. 
H. pylori infection causes a wide spectrum of diseases from chronic gastritis to 
gastric adenocarcinoma. The disease has high morbidity and mortality rates. The 
burden from diseases caused by H. pylori is also heavy. The transmission of H. pylori 
is via oral-oral or fecal-oral routes. Contamination of water sources for drinking is a 
significant mode of transmission. The transmission is closely related to socioeconomic 
status, hygiene, and sanitation. H. pylori infection activates both innate and adaptive 
immunity. In adaptive immunity, Th1 response is dominant compared to Th2. 
Despite activating the immune system, H. pylori eradication by immune response 
is ineffective. H. pylori has abilities to escape from the host’s immune system. In 
the innate immune system, H. pylori can neutralize gastric acid via urease enzyme 
activity and autoimmune-induced parietal cell loss. H. pylori prevents phagocytosis 
and promotes apoptosis of macrophages. Its LPS is less immunogenic compared to 
other gram-negative bacteria. Chronic infection hampers dendritic cell ability and 
disturbs activation of the adaptive immune response. In the adaptive immune system, 
H. pylori inhibit lymphocyte proliferation, induces T cell apoptosis, promotes Th2 
activity and suppresses Th1 activity via Lewis antigen, and promotes Treg expansion 
thus dampens inflammation. External factors, such as coinfection with helminths, 
support the activity of Th2 and hamper H. pylori eradication. Genetic rearrangement 
is induced by H. pylori or by the host itself. The rearrangement alters immune 
response and causes ineffective eradication of H. pylori. Multiple antibiotic resistance 
is observed in H. pylori, particularly against metronidazole, clarithromycin, and 
levofloxacin. This contributes to persistent H. pylori infection. Vaccination becomes 
promising alternative management for preventing infection. Additionally, the vaccine 
may also have a therapeutic effect. However, the development of a vaccine should pay 
attention to the immune escape mechanism of H. pylori. Public health intervention is 
still important to holistically manage the infection.
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Chapter 7

Large Association of GI Tract
Microbial Community with
Immune and Nervous Systems
Alireza Kazempour

Abstract

The gut microbial community has amazing effects on our immune system and
nervous system through three pathways: cell signaling, electron transfer, and biolog-
ical cycles. However, this relationship is two-way and has its own risks or benefits.
Except for the brain, there is no place in the body that does not have cytokines (but
not all of them). Cytokines are one of the most important immune molecules that play
an important role in maintaining homeostasis in our body and the connection between
the central nervous system and our immune system. So it is clear that many beneficial
microbes in the gut are stimulated when we are hungry or when our nervous system is
under pressure from external stimuli. These microbes die or damage intestinal epi-
thelial tissues and stimulate immune molecules such as interleukins or IFNs upstream.

Keywords: GI-tract, microbial community, immune system, nervous systems

1. Introduction

The digestive system includes all the structures between the mouth and the anus.
The gastrointestinal tract (GI-tract) begins at the end of the esophagus and ends at the
anus, and includes the stomach, duodenum, small intestine, large intestine, and rectum.
The weight of microbial communities living in the human gut is about the same as the
weight of the human brain. The brain weight of an adult human is between 1 and 1.3 kg,
in contrast to about 1 to 1.5 kg of human body weight forms the intestinal microbial
community [1, 2]. This microbial community consists of more than 1000 different and
heterogeneous bacteria that provide environmental factors to the digestive system and
play an important role in the maturation of the host immune system [3].

This microbial colonization in intestinal mucosal tissues plays an important role in
promoting host innate- immunity [4]. The diverse and resident microbial populations
in the gut promote the growth and maturation of the host immune system through a
variety of methods, including the development of lymphatic structures, differentia-
tion and maturation of B and T immune cells, intestinal immune tolerance, and
response to T-cell CD4 receptors [5]. Interactions and metabolism by intestinal
microbes directly affect the activity of the intestine; How? This is very simple, most of
the microorganisms who live in the gut have anaerobic respiration (e.g. citric-acid
cycle, oxidative phosphorylation, amino acid, and fatty acid metabolism, etc.).
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These respirations systems can stimulate, activate, or regulate many immune mole-
cules called cytokines [6–8].

Cytokines are commonly known as inflammatory mediators and immune
responses that have very low molecular weight and function similarly to hormones.
Also, cytokines can affect the secretory cells and other cells that receive them [9]. In
fact, they regulate all the mechanisms of the vertebrate body and respond to external
stimuli. Some cytokines play critical roles in our bodies and transmit immune mes-
sages (e.g. IL-1, IL-6, TNF-α, and IFNs), which we see as fever, inflammation, pain,
and fatigue in the presence of injury or complication; but this is not all their function,
even they can affect the hypothalamic–pituitary–adrenal axis (HPA-axis) pathways
and most of the biomarkers [10]. The network of cytokine activity is such that it
communicates between all cells and the immune system. A cytokine can also stimulate
its target cell to produce more cytokines or completely disrupt their production [11].
Cytokines perform their functions by binding to specific receptors on the target cell
membrane, four receptor proteins for cytokines have been identified that are classi-
fied into five families, including immunoglobulin receptors, class I cytokine receptors
(hematopoietin), class II cytokine receptors (interferons), TNF receptors, and che-
mokine family receptors [12].

Many observations suggest that the intestinal microbiome interacts with inflam-
mation of the brain and CNS function. The nervous system and GI-tract communicate
with each other through a two-way network of signaling pathways consisting of
several connections including the vagus nerve, immune system, metabolites, and
bacterial products [13]. The gut microbiota and the brain can affect each other directly
CNS and indirectly autonomic nervous system (ANS). The vagus nerve is the most
important part of the sympathetic and parasympathetic system (dependent on the
ANS) that controls many of our essential functions and daily activities (e.g., mood
control, immune response, digestion, and heart rate) [14, 15]. In direct signaling,
endocrine secretion by the central nervous system (CNS) can stimulate intestinal
bacteria. This direct signaling usually involves the concentration of catecholamine,
which is also effective in physical and psychological stress. But in the indirect signal-
ing method in addition to CNS. The ANS is also involved. So the ANS plays an
important role in maintaining the integrity, modulating, and regulating the perme-
ability of epithelial surfaces, intestinal physiology, and microbial function [15].

2. GI-tract microbiome

The gut microbiota is a complex collection of bacteria, archaea, viruses, and fungi
that enter our digestive system daily through swallowing foods or swallowing saliva,
so they can be colonized in our GI tract. The classification composition of the intesti-
nal microbiome varies greatly from person to person due to the internal microbiome
and external microbiome agents. The first factor (microbiome-intrinsic) depends on
the condition of the microbiome after puberty during life and through species inter-
actions [16]. The second factor (microbiome-external) refers to the various layers of
the environment that affect or interact with the gut microbiome. Experimentally, they
overlap into three categories: external hosting factors, intrinsic hosting factors, and
environmental factors [16].

The intestinal microbial community contains 1000–1500 species of bacteria. How-
ever, about 160 species of bacteria can be present in a person’s gut. That is why there is
a fundamental difference in the composition of the microbiome between individuals,
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which indicates the dependence of the microbiome on environmental changes and
genetic inheritance [17].

Studies of human dietary changes in the intestinal microbiome and gene expres-
sion patterns in adults are associated with changes in the diversity, structure, and
function of the intestinal microbiome. In fact, the same dietary changes in the gut
microbiome are associated with some changes in brain function or activity [15–17].
The symbiotic relationship between the gut microbial community and humans is
beneficial to both parties. As human hosts, we provide important habitat and nutri-
ents for our intestinal microbiome, and the gut microbiome supports the development
of our metabolic system and the maturation of our intestinal immune system by
providing beneficial nutrients. Each intestinal microbial community regulates a num-
ber of homeostatic mechanisms, including immune function and protection of the
intestinal barrier in a healthy host [17, 18].

The composition of the gut microbiome is influenced by factors such as diet,
antibiotic use, disease status ways of being born, and many other elements throughout
human life. However, microbes form a complex symbiotic relationship with the host,
where the host provides the microbiota with a nutrient-dense environment, and the
microbiota, in turn, provides metabolic, protective, and structural functions that are
not encoded or produced by the host genome [19].

Each person’s gastrointestinal microbiome has six major phylum of bacteria and
approximately 15 predominant species, as shown below [19]:

i. Firmicutes

Ruminococcus

Clostridium

Lactobacillus

Eubacterium

Faecalibacterium

Roseburia

8>>>>>>>>><
>>>>>>>>>:

ii. Bacteroidetes

Bacteriodes

Prevotella

Xylanibacter

8><
>:

iii. Actinobacteria
Collinsella

Bifidobacterium

�

iv. Verrucomicrobia Akkermansiaf

v. Proteobacteria
Escherichia

Desulfovibrio

�

vi. Euryarchaeota Methanobrevibacterf

In addition to bacteria, studies have shown that 101 species belonging to 85 fungal
genera isolated from the oral cavity of healthy volunteers, which represent three
dominant phyla (Ascomycota, Basidiomycota, and Zygomycota) and more than ten clas-
ses of fungi which accounted for 99% of the population in all of the studies. Yeasts of
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the genus Saccharomyces, Malassezia, and Candida are also the predominant fungi
found in fecal samples in most studies [20–22]. So the intestinal fungal populations
can be called “silent populations”. This is because the population of fungal species,
also known as “microbiome” occupies a very small volume of our GI-tract [23].

Most commensal fungi that live in our gut are uncultivable, but many of these
fungi are pathogenic and under normal circumstances are not harmful to our bodies.
The amount of fungus that lives in a person’s gut is related to that person’s eating
habits and intestinal pH level. Also, their presence in the GI-tract of monogastric
animals is only 0.1% of the total intestinal microbiome. According to observations,
Candida and Phialemonium can survive in the acidic environment of the stomach,
there are also many types of fungi that survive in the acidic environment and grow in
the human GI-tract. However, the most common phylum and predominant species of
fungi who live in the GI-tract based on their morphological and reproductive traits are
as shown below [22–26]:

i. Ascomycota

Paecilomyces

Penicillium

Candida

Aspergillus

Fonsecaea

Geotrichum

Saccharomyces

8>>>>>>>>>>>>><
>>>>>>>>>>>>>:

ii. Basidiomycota
Trichosporon
Rhodotorula

�

iii. Zygomycota
Rhizopus
Mucor

�

GI-tract viruses after bacteria and fungi constitute the predominant population of
the intestinal microbiome. It can be expected that more than 1012 viruses can live in
the human gut and play an important role in regulating complex microbial networks
active in the gut habitat [27]. Viruses, like the other microbes in the GI-tract, have a
significant variation in their species among other people. However, not enough infor-
mation is available on the functional role of most intestinal viruses, but they appear to
be effective in some bacterial functions, such as generating or transmitting resistance
and protection against other intestinal pathogens [28]. Also, about more than 90% of
intestinal viruses communities are composed mainly of bacteriophages, while eukary-
otic viruses are less than 10%. Now, two types of virus variants and the most common
phylum have been identified in the human gut, which are as shown below [28, 29]:

i. Bacteriophages

Siphoviridae
Podoviridae
Myoviridae
Microviridae
inoviridae

8>>>>>><
>>>>>>:
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ii. Eukaryotic Viruses

adenoviridae

alphaflavoviridae

astroviridae

Arenaviridae

circoviridae

Geminiviridae

Genemoviridae

papilomaviridae

picornaviridae

polyomaviridae

parvoviridae

Virgaviridae

Rudiviridae

8>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>:

Although archaea have a very small fraction of the microbiota, but some of them
(e.g. Methanobrevibacter) play a very important role in intestinal methanogens. The
archaea domain contains a wide range of organisms that share properties with pro-
karyotic and eukaryotic domains [28, 30]. Methanogens are the unique and specific
metabolism of some archaea species that are widespread in environments (e.g., fresh-
water, marine sediments, soils and intestines of humans, and many animal species).
The archea that lives in our body is found in our mouth, esophagus, and intestines. But
each of them is colonized in a specific part of our digestive system. However, archaea
extracted from the human body are classified into three kingdoms and more than ten
phyla as shown below [30]:

i. Thaumarchaeota Nitrososphaeralesf

ii. Crenarchaeota Sulfolobalesf

iii. Euryarchaeota

Archaeoglobales
Halobacteriales
Methanopyrales
Methanobacteriales
Methanococcales
Methanomassiliicoccales
Methanomicrobiales
Methanocellales
Methanosarcinales
Thermococcales
Thermoplasmatales

8>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>:

The microbial ecology of the GI tract is composed of chemically and physically
diverse micro-environment habitats stretching from the esophagus to the rectum;
colonization or transient occupation by microbes is about 150–200 m2 of the gut
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surface [28]. The symbiotic relationship between the gut microbiota and the host,
mediated by a complex metabolic network, includes immunity, nerves, and glands.
These symbiotic relationships can lead to severe interference with synthesized micro-
bial metabolites. The predominant functions of the gut microbiota and key metabo-
lites are associated with host health control, reflecting the multifaceted function of the
host microbiome, immune system, nerves, and vital organs [31].

2.1 Encounter and interaction of microbial ecology of the GI-tract

Thousands of microbial species inhabit the GI-tract, and observations show that
microbial communities such as bacteria and fungi interact with each other, in such a
way that targeting bacteria or fungi can inadvertently lead to fungal or bacterial
dysbiosis. Many of these studies have shown that some fungi have a strong effect on
the reassembly of intestinal bacterial communities after antibiotic treatment (e.g.,
Candida albicans) [24]. Studies on the colonization of C. albicans in animal models
showed that the fungus partially increased the host’s immunity against pathogenic
agents (e.g., Clostridium difficile) by increasing the level of IL-17, a pro-
inflammatory cytokine. It has also been shown that dysbiosis of intestinal microbial
agents can reduce the abundance of anti-inflammatory bacteria (e.g., Lacticasei-
bacillus) and increase pro-inflammatory bacteria (e.g., Escherichia and Shigella)
[24, 32].

The physical structure between the microbiome and the epithelial cells is one of the
most important factors in enhancing the selective acceptance of the intestinal
microbiome, as the secretion of moderate amounts by the intestinal epithelium causes
a complete change in the growing strains at the epithelial level [33]. In distinct
intestinal habitats, environmental and competitive microbial filters are the driving
force behind the removal and formation of microbial diversity, these factors during
colonization and evolution probably explain the diversity of species [34].
Actinobacteria can be considered as a keystone phylum, because they are rare and have
many connections between bacteria species outside and inside the host body. The
number of Bacteroidetes is large and they are very widespread in GI-tract, so we can
consider them as the predominant phyla [35]. However, the level of intestinal bacte-
rial microbiome phyla can be considered relatively stable over time. Many factors may
affect their sustainability (e.g., microbial energy and metabolites produce) [28].

Unhealthy nutrition or poor diets can alter intestinal microbial interactions and
dietary diversity, resulting in changes in the availability of microbial nutrients and/or
ligands that carry information from the gut to the brain in response to food intake
[36]. As a result, they disrupt energy homeostasis, host energy, and metabolites
interactions with intestinal microbiota have a significant effect on overall human
health, including energy reabsorption and immune system regulation [28, 36]. In
humans, digestible carbohydrates are digested by enzymes secreted by the dominant
members of the large intestinal microbiota, most of these microbiota are located in the
colon (e.g., Bacteroides and Prevotella species), but healthy nutrition and proper diet
can induce beneficial and proper functions by human gastrointestinal microbes (e.g.,
breakdown of food, synthesis of vitamins and biomolecules, and interaction with the
immune system) [37, 38].

Gastrointestinal diseases have been shown to be directly detectable by changes in
the microbiome as well as an increase in invasive microbial strains or a decrease in
intestinal regulatory microbiome species [39]. Host genetics and horizontal transmis-
sion of microbial genes are important factors that play a key role in the composition of
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the gut microbiome and the frequent replacement of gut microbes, although the
horizontal transmission of peripheral microbes can lead to the development of com-
mon microbes in the intestinal microbiome ecosystem or alter their colonization
patterns by altering the horizontal transfer of interspecific genes, which in turn
diversifies the gut microbiota [40].

If the two microbes are positively correlated, they are more likely to facilitate each
other but this approach increases colonization-resistant Bacteroides species, whereby
the invasive microbial strain cannot colonize the host unless the same microbial
species has already been colonized from a common microbial phylum in the GI-tract
[41]. The dimensions of this issue can be expressed as: Some important members of
the class Enterobacteriaceae are responsible for many gastrointestinal complications
and significant mortality rates (e.g. Salmonella, Shigella, and Yersinia) [42], as men-
tioned earlier the Escherichia is also a species of Enterobacteriaceae, but the interesting
and important thing is that E. coli and Shigella have genetically similarity to each other
(about 80 to 90%), and both of them carry the virulence plasmid (pINV) as extra
genome; so, it can be considered that Shigella and E. coli transmit their potentials to
bind to intestinal epithelial surfaces, pathogenesis, and even antibiotic resistance by
horizontal gene transfer of their plasmid together [42, 43].

It is clear that any pathogen that enters the GI-tract can attach to epithelial surfaces
and colonize itself through similar groups, emphasizing and using mechanisms of
microbial agents that are genetically similar to them. Conversely, some probiotic
microbial groups extracted from the human gut environment (e.g., Lactobacillus and
Bifidobacterium) compete for nutrients and growth medium with this group of patho-
gen gut microbial colonies, which can act as controlling or killing agents for these
bacteria [42–44].

2.2 GI-tract microbiome products

The food we eat throughout the day is the main source of precursors for the
production of GI-tract microbial metabolites [44, 45]. Our diet modulates the gut
microbiome because the food we eat is also consumed by the gut microbiome and
causes changes in the ecosystem and the microbial metabolic properties of the gut
[45]. The intestinal microbial ecosystems can change their function in response to
changes in our diet. In fact, the type of diet we eat over a long period of time affects
the microbial activity of other microbial species in our gut [45], bacteria produce a
large number of metabolites that contain structural components and act as signaling
molecules for a number of types of our mucosal cells [46].

Enteroendocrine (EE) cells respond differently to many nutrients and intestinal
conditions. The intestinal microbiome affects the hormonal secretion of
enteroendocrine (EE) cells downstream and facilitates host metabolism or pathogenic
metabolites [46]. The gut microbiota plays an important role in human metabolism by
enzymes that are not encoded in the human genome (e.g., breakdown of polysaccha-
rides or polyphenols and the synthesis of vitamins) [47]. In the composition of intes-
tinal microbiome metabolites, the processing and absorption of several nutrients and
metabolites, including bile acids, lipids, amino acids, vitamins, and short-chain fatty
acids (SCFA) derived from intestinal bacteria, are directly related to diet and diges-
tion, and can facilitate or modulate immune cells through direct and indirect mecha-
nisms [45]. The product of microbial degradation of food sources in the gut are
bioactive metabolites that bind to target receptors, activate signaling cascades, and
modulate several metabolic pathways with local and systemic effects [48].
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2.2.1 SCFA metabolite

SCFAs are the main metabolite and the end products of food fiber fermentation by
intestinal anaerobic microbiota and have several beneficial effects on mammalian
energy metabolism [49]. Acetate, propionate, and butyrate act as post-biological
molecules and are present in the large intestine, all three of which SCFAs that are
produced by bacterial species consume lactate and succinate [48, 49]. For the micro-
bial community, SCFAs are an essential extra end products that is needed to balance
the production of equivalent redox in the anaerobic environment of the intestine [49];
the SCFAs, which are produced in the colon, are absorbed into the tissues through the
circulatory system (e.g. Acetate), metabolized in the liver (e.g. Propionate), and
consumed by local colonocytes as their primary fuel source (e.g. Butyrate) [46].
Past studies have shown that some bacterial strains excreted from the gut (e.g. E. coli)
can metabolize acetate by converting acetate to acetyl coenzyme-A (acCoA) by
using the reversible pathway of acetate kinase (AckA)-phosphotransacetylase (Pta)
pathway [50]. In addition to modulating redox stress, the SCFAs increased the colon
defense barrier and can be involved in many of the intestinal activities as shown
below:

i. Triggering of Foxp3+ T regulatory (Treg) cells and tolerance

ii. Induction of IgA secretion from B cells

iii. Bacterial competitive exclusion

iv. Promotion of mucus secretion by gut epithelial cells

v. Contribution to the intestinal barrier integrity

vi. Inhibition of the pro-inflammatory transcription factor (NF-κB) and
decreasing of oxidative stress

Observations have shown that butyrate, a molecule of SCFAs, can modulate neu-
ronal functions by gene expression of neurotransmitters as well as gastrointestinal
stimulation, and also shown that butyrate increases the proportion of choline
acetyltransferase by the Src-kinase signaling pathway and the acetylation of histone
H3K9 in enteric neurons [45].

2.2.2 Amino-acids metabolite

Another metabolite that is a product by the colon microbiome is amino acids. Some
of these amino acids (e.g., Serotonin and tryptophan) have a direct impact on host cell
metabolism. Disorders caused by these two bacterial amino acids, can have several
effects on the gut-brain axis and vice versa [51, 52]. The GI-tract has three main
pathways for tryptophan (Trp) metabolism, which lead to serotonin (5-hydroxytryp-
tamine), kynurenine (Kyn), and indole derivatives, which are directly or indirectly
controlled by microbiota [53]. Also, the GI-tract contains large amounts of serotonin
(5-hydroxytryptamine) and its receptors (5-HT). Some of the spore-forming (SP)
bacteria (e.g. Bacillus and Clostridium species) have been shown to enhance the level
of serotonin receptor biosynthesis by intestinal enterochromaffin cells (ECs) [54].
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2.2.3 Bile-acids metabolite

Bile acids are the end products of cholesterol catabolism. They are also signaling
molecules that regulate metabolic systems that activate nuclear receptors and G
protein-coupled receptors (GPCRs) to regulate hepatic lipid, glucose, and energy
homeostasis and impound metabolic homeostasis [55]. To convert cholesterol to bile
acids, there are 17 separate enzymes located in the cytosol, endoplasmic reticulum,
mitochondria, and peroxisomes. These enzymes can catalyze steroid chain changes
and oxidative cleavage of three carbons from the cholesterol side-chain to form C24
bile acids. There are two main pathways of bile acid biosynthesis [55].

Primary bile acids (BAs) are produced inside the liver cells and then released into
the duodenum to facilitate the absorption of lipids or fat-soluble vitamins. Both
nutritional and microbial factors have been shown to affect the composition of the
intestinal BA pool and modulate an important population of FOXP3 + regulatory
T (T reg) cells that express transcription factor RORγ [56].

Secondary bile acid is produced by the microbial biotransformation of cholate,
deoxycholate enhances gastrointestinal motility by activating TGR5 G-protein-
coupled receptors on ECs, Sp-induced metabolites increase 5-HT levels in ECs, and Sp
colonization improves GI-tract motility [54].

2.2.4 Lipid metabolite

Some intestinal microbiome bacteria, by consuming lipids, can act both as a sub-
strate for bacterial metabolic processes and as a factor to inhibit bacterial growth in
the structural and ecological changes of gut microbiota [57]. Several potential lipid
mediators have been identified that act as metabolic messengers to communicate
energy status and regulate substrate use between tissues. Also, these mediators can be
exogenously distributed in the intestine and effect glucose and lipid metabolism [58].
It has been shown that some intestinal bacteria (e.g., Lactobacillus, Butyrivibrio, and
Megasphaera) can react with fatty acid double bonds to produce metabolites that we
are unable to synthesize. Many of these metabolites may affect the physiological
functions and health of the host. The conjugated linoleic acid (CLA) is one of these
metabolites that exerts opposite or different effects [57].

The gut microbiota processes lipids and other digestion nutrient factors to produce
metabolites with impacts on host lipid homeostasis and putative effects on patho-
physiological functions [57], lipogenesis is controlled by several rate-limiting enzymes
that convert acetyl-CoA to palmitate, palmitoleate, stearate, and oleate [58]. The
effect of butyrate on vagal inputs to NPY neurons has been identified. Butyrate can
also promote the oxidation of fatty acids by consuming carbohydrates, especially in
conditions of reduced nutrition throughout the day [36, 59].

Also, lipids play a protective role in the structure of intestinal gram-negative
bacteria. Gram-negative bacteria have lipopolysaccharide in their structure, which
consists of lipids and polysaccharides. The important point is that this structure acts as
a pathogen for this group of bacteria. What we need to know is that LPS is a large
glycolipid composed of three structural domains: lipid A, core oligosaccharide, and O
antigen [60, 61].

Lipoproteins are absorbed by fat cells with or without LPS. However, LPS are directly
and indirectly involved in the inflammatory response in adipose tissue. The LPS is also
involved in the transfer of macrophages from the M2 phenotype to M1; in addition, LPS
within adipocytes may activate the caspase [62]. The exact structure of LPS varies from
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bacteria to bacteria and is highly regulated in host cells and is closely related to bacterial
virulence. It should be noted that additional enzymes and gene products can modify the
basic structure of LPS in some bacteria (especially pathogenic bacteria) [63].

3. GI-tract communications anatomy

Before describing signaling pathways, we need to get a little familiar with the
anatomy of the GI-tract and involved systems. Depending on the physiological struc-
ture of males and females, the structure of the pelvis will be different. Actually, the
outlined subdivision of the pelvic connective tissue is identical in the male and female.
The only difference is that in women the uterus is located between the bladder and the
rectum and divides the pelvic peritoneum into two sacks, but this is not the case in the
male pelvic cavity [64].

3.1 GI-tract neuroanatomy

A complex set of nerve masses and fibers extending from the brainstem to the
sacrum, together with neurons in the sympathetic and parasympathetic systems,
control a variety of functions, including swallowing, digestion, and excretion.
Intestinal-associated neurons and neural networks are generally classified as belong-
ing to the enteric nervous system (ENS) [65], which is described in terms of function
and action as follows:

Functions:

Brainstem

DRG ! afferent nervesð Þ ! nodose ganglia
stomach

small intestine

8<
:

efferent nervesð Þ ! vagal nerve
stomach

small intestine:

8<
:

8>>>>>>><
>>>>>>>:

Spinalcord

Celiac ganglia

DRG ! afferent nervesð Þ ! small intestinef

efferent nervesð Þ !
stomach

small intestine

8<
:

8>>>><
>>>>:

Superior Mesenteric ganglia f efferent nervesð Þ !
small intestine

large intestine

8<
:

Inferior Mesenteric ganglia f efferent nervesð Þ ! large intestine

pelvic nerve
DRG ! afferent nervesð Þ ! large intestinef

efferent nervesð Þ ! large intestinef

8<
:

8>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>:
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Actions:

Sympathetic �������!catecholamines α- or β-adrenergic receptors !

postganglionic vasoconstrictor neurons

secretion inhibitory neurons

motility inhibitory neurons

8>>><
>>>:

Parasympathetic

¼¼¼¼¼¼¼vagus nerve) Intestinal nerve innervation

¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼¼neurotransmitter acetylcholine)

motility

digestion

secretory function

8>>>><
>>>>:

8>>>>>>><
>>>>>>>:

The GI-tract is innervated through its connections to the CNS and by the ENS in
the wall of the GI-tract, ENS works in coordination with the CNS reflex to the
command center and in the neural pathways that pass through the sympathetic
ganglia to control gastrointestinal function [66].

3.2 GI-tract lymphatic system anatomy

The anatomy of the lymphatic system include the thymus, GI-tract, lymph nodes,
spleen, and tonsils, and is very similar to the circulatory system expansion. In many
organs of the body (e.g., neck, chest, pelvis, etc.), this system is seen in the form of
lymph vessels in cooperation with these organs. The lymphatic vascular system
consists of a network of vessels that extends to every part of the body except the brain
and spinal cord. Of course, lymphatic vessels are found only in the hard palate
[67, 68].

Even though the body fluids can move between blood vessels and tissues through
very small pores. So in this system, lymphoid organs and lymph nodes monitor and
control the composition of body fluids (ie. blood and hemolymph), which includes the
following activities [67, 68]:

i. Absorption of pathogens

ii. Strengthening the immune response

iii. Treatment of infection

Also, many endocrine functions require the lymphatic system and even the
absorption and transfer of fats and fat-soluble vitamins from the digestive system to
the lymph. From there, most organs with the lymphatic system drain their by-
products into the lymphatic system and enter the circulatory system from there. That
is why this system has a one-way function [67]. There is an extensive network of
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lymph nodes and lymph vessels in the pelvis that are connected to the tissues and
organs of the pelvis, especially the intestines. The gut-associated lymphoid tissues
(GALT) perform many functions including monitoring the proliferation and regener-
ation of gut epithelial cells, Peyer’s patches in the small intestine, controlling water
absorption from the intestine, and intestinal health conditions [69].

3.3 GI-tract tissues anatomy

If we want to look at the mechanism of action of the digestive system under a
magnifying glass, it is necessary to know which organs and which tissues we should
examine.

The GI-tract, which begins in the esophagus and ends in the anus (i.e., esophagus,
stomach, liver, gallbladder, pancreas, small-intestine, appendix, large intestine, rec-
tum, and anus), has different tissues, biochemical and biophysical functions, and
mechanisms [70]. Each of which must be examined separately and their functions
considered together. After swallowing, food enters the stomach through the esopha-
gus (passes through the muscular cuff) and by mechanical and chemical activity in the
stomach, food enters the duodenum (beginning of the small intestine) entirely as a
concentrated liquid containing digestive acids and enzymes (i.e., gastric juice) then,
due to physical and chemical activities, the intestine is fully digested to provide the
materials and compounds needed by the body. To make it easier, two important GI-
tract organs (i.e., stomach and intestines), tissues, and their physical and chemical
functions are summarized below [70–72]:

Gaster

Tissue ¼

mucosa ¼
gastric glands

muscularis mucosae

8><
>:

submucosa ¼ fblood vessels

muscularis ¼

oblique muscle

circular muscle

longitudinal muscle

8>>>>>><
>>>>>>:

serosa ¼ fconnective tissu layer

8>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>:

physical function ¼

1:fundus ¼ fundus muscular ¼ increase gastric accommodation

2:corpus ¼ Peristaltic muscular ¼ contraction waves

3:antrum ¼ ring � shaped muscular ¼ peristaltic food pump

8>>>>><
>>>>>:

chemichal function ¼
Decomposition ¼ reduces the size of food particles

Destruction ¼ tenderize the food matrix

8<
:

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:
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Intestine

Tissue ¼

1�Mesentery

2�Vesseles ¼

Vein

Artery

Nerve ¼
Submucosal plexus

Myenteric plexus

8<
:

8>>>>>>>><
>>>>>>>>:

3�Muscularis ¼
Circular muscle

Longitudinal muscle

8<
:

4� Serosa ¼
Areolar connective tissue

Epitheulium

8<
:

5� Submucosa ¼

Lymphatic tissue

Glands

Lumen

8>>>><
>>>>:

6�Mucosa ¼

Epithelium

Lamina propia

Muscularis mucosae

8>>>><
>>>>:

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

Physical function ¼

Small intestine
Ileum,Duodenu, jejunum
� � ¼

Peristalsis

Segmentation

Absorption

8>>>><
>>>>:

Large intestine
ascending,descending and sigmoid colonð Þ ¼

Peristalsis

Segmentation

Absorption

8>>>><
>>>>:

8>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>:

Chemichal function ¼
Small intestine ¼

Lipid Breackdown
Pancreatic lipases

Phospholipase

8<
:

protein Breakdown

Trypsin

Chymotrypsin

Carbopeptidase

Elastase

8>>>>>>>>><
>>>>>>>>>:

Strach Breakdown

Pancreatic amylase

Dextrinase

Sucrose

Maltase

Lactase

Amyloglucosidase

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

Nucleic Acid Breakdown

Nucleases

Nucleosidases

Phosphatases

8>>>>><
>>>>>:

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

Large intestine ¼ fFermentation ¼ fermentation products

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
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3.4 GI-tract immune system anatomy

The immune system can be defined as a complex system that protects the body
against microorganisms, infectious agents, and a variety of autoimmune diseases and
carcinogens, immune system can respond to any antigen in both specific and non-
specific forms. The immune system function can also be seen in both innate and
adaptive forms in all systems, infrastructures, and various cellular and molecular
mechanisms to stop or eliminate invasive antigens [73].

Apart from the lymphoid cell, various organs and cells are also involved in intesti-
nal immunity (i.e., goblet cells, entero-endocrine cells, macrophages, mast cells),
these appropriate subsets of lymphoid cells are usually found in the epithelium (e.g., T
suppressor) or in the lamina propria (e.g., T helper), IgA is also mostly produced by
plasma cells [74]. The inductive sites are organized into specialized aggregations of
lymphoid follicles called Peyer’s patches, are demonstrated as typical organized lym-
phatic structures of the intestine. They are present and found in large numbers from
before birth to the senescence and also present in the ileum, duodenum, and jejunum
[74, 75]. In superior vertebrates, such as mammalians, the immune system is made up
of primary and secondary lymphatic organs that are organized in an almost identical
morphology. The thymus and bone marrow are the major organs of the primary
lymphatic system, and the spleen, lymph nodes, and mucosal- associate lymphoid
tissue (MALT) are the secondary lymphatic system. Innate immunity is found in all
living things and can detect protected and common molecular structures in pathogens
and microorganisms. These include the identification of polysaccharides, lipopolysac-
charides (LPS), peptidoglycans, bacterial and viral DNA and RNA through the inter-
action of specific receptors (e.g., toll-like receptor TLR) [73].

The GI-tract has the largest volume of microbes in the human body, maintaining
an elegant balance between immunity against pathogens and tolerance toward com-
mensal microbiome, such as immune balance, or intestinal homeostasis, is accom-
plished by fine-tuning and cooperating with various branches of the immune system,
including the innate and adaptive immune system [76]. The gastrointestinal mucosa
separates the digestive fluid inside the duct, which contains a large number of anti-
gens from various sources, and prevents the antigens from freely reaching the body, it
also allows for some vital host and peripheral intestinal interactions. The mucosal
immunity is related to secretory IgA; The IgA is derived from mucosal plasma cells
after the proliferation of its precursors in antigen-induced Peyer patches. In fact,
IgA is transported to the intestinal tract after binding to the secretory component (SC)
as a dimer. However, the induction of local immunity and intestinal systemic toler-
ance may be a specific immune response to the gut-associated lymphoid tissue
(GALT) [77].

Therefore, the immune system can deal with any pathogen in different conditions,
depending on the location, amount and type of damage, and all this is due to the
chemical structures at the cellular and molecular levels of organisms. Chemical struc-
tures help identify the invasive agent and the type of response to them. These struc-
tures, which are generally proteins, are produced and secreted by epithelial,
endothelial, dendritic cells (DCs), and lymph nodes and are commonly known as
cytokines [73].

In total, the number of proteins that have cytokine activity reaches more than 200,
their secretion depends on the effective concentrations of cytokines that are created in
the vicinity of target cells [78]. Cytokines are involved in the interaction of lymph
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cells, hematopoietic cells, and inflammatory cells. They are usually having a short
half-life but the network of cytokine activity is such that it communicates between all
cells and factors involved in the immune system. Also, the inflammatory responses,
regulation of hematopoiesis, proliferation control, and cellular differentiation are
different biological responses that can induce by cytokines [11, 79].

Cytokines are a general name for a complex of proteins that are involved in our
immunity in the form of structural molecules. This complex including of lymphokine
(cytokines produced by lymphocytes), chemokines (cytokines with chemical activ-
ity), interleukins (cytokines produced by leukocytes that affect other leukocytes), and
monokine (cytokines produced by monocytes). All of these cytokines can work
together and can even counteract the effects of each other. Also, cytokines stimulate
B- and T-cell-dependent responses. In the immune system, T-cells respond well to the
activation of B-cells in response to antigens, the proliferation and the activation of
eosinophils, neutrophils, and basophils by cytokines. The cytokines act by binding to
specific receptors on the target cell membrane. So far, four types of receptor proteins
for cytokines have been identified that are classified into five families including
immunoglobulin receptors, class I cytokine receptors (hematopoietins), class II
cytokine receptors (interferons), TNF receptors, and chemokine family receptors
[11, 12].

As mentioned earlier, the gut contains the largest immune system and intestinal
mucus is considered as the primary site of interaction with common and pathogenic
organisms. The innate immune system acts to restrict the passage of microbiota
through the mucosal barrier, so intestinal epithelial cells, in coordination with
antigen-presenting cells (APCs), form the first line of defense in the intestine. Cyto-
kine binding to the T-cell receptor promotes T-cell expansion or expression of distinct
Th subsets or to regulatory T cells (Tregs). Th1 cells produce proinflammatory cyto-
kines, including IFN-γ and TNF-α, which are important for cell-mediated immunity
against most bacteria. In contrast, Th2 cells produce anti-inflammatory cytokines,
including IL-4 and IL-13, which are critical for humoral mediated immunity against
extracellular pathogens. Cytokines bind to cell surface receptors in immune and non-
immune cells, activating the JAK–STAT signaling pathway and positively regulating
intestinal function by regulating the expression of specific target genes [80].

4. GI-tract signaling pathway

The gut-brain axis (GBA) is a two-way communication between the CNS and the
intestines that connects the emotional and cognitive centers of the brain to the func-
tions of the peripheral intestine. The interaction between the microbiota and the GBA
is two-way, meaning that they can communicate with each other through signaling
from the gut microbiota to the brain and from the brain to the gut microbiota using
neural, endocrine, immune, and humoral connections. This communication from
brain to gut includes the CNS, autonomic nervous system (ANS), enteric nervous
system (ENS), hypothalamic–pituitary–adrenal (HPA) axis, and vice versa from gut
to brain pathway including the ascending pain pathways, cytokines (e.g. TNF-α, IL)
and entero-endocrine cells (e.g. serotonin) [81, 82].

Evidence suggests that gut microorganisms can stimulate the vagus nerve and play
an important role in mediating effects on the brain and behavior. The vagus nerves
distinguish between non-pathogenic and potentially pathogenic bacteria, and can
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even mediate signals in the absence of overt inflammation and vagal pathways that,
depending on the nature of the stimulus, can induce anxiolytic and anti-anxiety
effects. By interacting with immune cells, mediators are released that reduce inflam-
mation. This role of modulating vagal nerve immunity has consequences for modu-
lating brain function and even a variety of moods [83]. Also, the response to HPA with
the initial modification of the gastrointestinal flora, and the effects of the initial stress
on the barrier function of the GI-tract and the flora, demonstrates the ability of both
systems to prepare each other for future problems [82].

All responses to food stimuli occur in the small intestine and also, especially the
colon. The colon is an essential part of the GI-tract and acts as a filter and facilitates
the absorption of nutrients from food, water, electrolytes, and vitamins through the
intestinal tract. Within these, “macro” environments are several “micro” environ-
ments where bacteria can live, such as the lumen of the bowel, the mucus layer
overlying the epithelium, mucus within intestinal crypts, and the surface of mucosal
epithelial cells. The intestinal epithelial cells (IECs) produce multiple tubular injec-
tions that form crypts that increase tissue uptake levels. In the crypt domain, the
intestinal stem cell (ISC) niche enables continuous regeneration of the intestinal lining
(e.g., enterocytes, neuroendocrine cells, tuft cells, Paneth cells, M cells, and goblet
cells), IECs can proliferate, differentiate, and move upward (mucus) until they are
replaced in the human colon five to seven days later. IECs also communicate with
microbiota, coordinate innate and adaptive effector cell functions. The IECs form a
continuous epithelium of cells that are tightly linked by different types of cell–cell
junctions that assist in maintaining the integrity of the barrier [84, 85].

The RAS superfamily of small GTPase including RAS, Rho/Rac, Arf, and Rab sub-
families are critical regulators of intestinal epithelial homeostasis and barrier function.
At the molecular level, RAS proteins cycle between an inactive state, where they are
bound to guanosine diphosphate (GDP), and an active STAT, bound to guanosine
triphosphate (GTP) [84].

To better understand the signaling pathways from gut to brain and brain to gut, we
need to examine these signaling pathways in two structures (prokaryote, eukaryote),
Since intestinal bacteria are the most active in terms of communication, in this
section, the focus will be on bacteria, which we will discuss below:

4.1 GI-tract prokaryotes signaling

Bacteria constantly monitor and interpret the conditions inside their cells and their
environment to maintain their survival to be able to adjust and provide appropriate
responses to the environmental changes around them. Therefore, they use a variety of
small molecules for extracellular and intracellular signaling. Hence, these bacterial
signals, which are seen in both intracellular and extracellular forms, play an important
role in creating or responding to environmental changes in establishing communica-
tion between bacteria with other members of their community or other living bacteria
that share environmental conditions [86]. Bacterial signaling systems located on their
cell membranes are complex and is recognized in three major types (i.e. one-
component system, two-component system, extra-cytoplasmic sigma factors), they
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can also communicate with each other and transmit functional signals as a cell-to-cell
signaling mechanism called Quorum Sensing(QS) [85, 87].

The adaptive responses to peripheral signals are mainly generated by transcrip-
tional regulators through two systems, one-component, and two-component signal
transmission systems. These systems scan small molecular proteins inside and outside
the cell and modulate gene expression to provide the appropriate physiological
response to the prevailing conditions [88].

One-component signaling systems include members of the ToxR family and they
do not contain a phosphoryl acceptor domain, therefore, representing the simplest
form of bacterial transmembrane signaling systems. In two-component systems, inte-
grated membrane histidine kinase generally acts as a sensor for various stimuli and is
also responsible for transmitting information across the membrane. The number of
systems regulating the histidine kinase reaction varies widely between bacterial spe-
cies. But the signaling system of the ECF sigma factors is small regulatory proteins that
bind to RNA polymerase and stimulate transcription of specific genes. Many bacteria,
particularly those with more complex genomes, contain multiple ECF sigma factors,
and these regulators often outnumber all other types of sigma factors [87].

Quorum Sensing (QS) may be used as a system for bacteria to prevent the popula-
tion from growing to levels that are unsustainable in their environment. If all the
nutrients are depleted and waste products are not removed from their environment, it
will be deleterious for the community as a whole. In fact, QS is used to determine the
fitness of a bacterial population. The QS is found in three major forms in bacteria: one
is used primarily by gram-negative bacteria, one is used primarily by gram-positive
bacteria, and one has been proposed to be universal. The paradigm for QS in gram-
negative bacteria is the LuxIR system. The LuxIR system uses the LuxI protein, or a
homolog of this protein, to synthesize an autoinducer (AIs) and LuxR (or a homolog
of LuxR) as a regulator that binds to the AIs and modulates gene expression. The QS
system used by gram-positive bacteria utilizes peptides as AIs signaling molecules.
These autoinducing polypeptides (AIPs) are produced in the cytoplasm as precursor
peptides and then cleaved, modified, and exported. The extracellular AIPs are
detected via two-component systems in which the external portion of a membrane-
bound sensor kinase protein detects the AIP and then phosphorylates and activates a
response regulator that binds to DNA and modulates transcription. And the third QS
system present in bacteria is found in a wide numbers of bacteria, including both
gram-negative and gram-positive species. This system, called the LuxS or
autoinducer-2 (AI-2) system, has been detected in more than 55 species by sequence
analysis or functional assays. This system is called LuxS/AI-2 system, which is
effective in communication between bacterial species [85].

4.2 GI-tract eukaryote cell signaling

The first gut signaling system is related to cell regulation. As mentioned earlier, the
RAS superfamily is critical regulator of intestinal epithelial homeostasis and barrier
function cells, the RAS superfamily has nine main effectors for several pathways
which are briefly described below:
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RAS:GTP ¼¼¼¼¼¼¼Effectors)

PIK3C2A ¼ Pathway

PIP3

AKT

BAD

P53

NFkB

mTORC1

8>>>>>>>>>>><
>>>>>>>>>>>:

⟨RGL2jRALGDSjRGL1⟩ ¼ Pathway

Ral

PLD

Sec5

RalPBP

Arf6

8>>>>>>>><
>>>>>>>>:

⟨RASSF5jRASSF2jRASSF4⟩ ¼ Pathway

MST1

MST2

LATS

8>><
>>:

⟨ARAFjBRAFjRAF1⟩ ¼ Pathway

MEK

ERK

ETS

8>><
>>:

ARP1 ¼ pathway

RAC

PAC

RHO

8>><
>>:

⟨RIN2jSNX27⟩ ¼ Pathway

ABL

RAB4

RAB5

8>><
>>:

MLLT4 ¼ Pathway

Actin

Nectin

Cadherin

8>><
>>:

⟨RAPGEF5jRASIP1⟩ ¼ Pathway
RAP

Signaling=adhesion

(

MYO9B ¼ Pathwayf Myosin=actin adhesion

8>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>>:

All the effector pathways had responses and effects on colon physiology (e.g., actin
or nectin and cadherin or RAP, signaling/adhesion can respond to cell–cell junctions).

RalGDS effector and the activation of Ral GTPases are critical for the regeneration
of intestinal stem cells, and also the RASSF-MST-LATS pathway coordinates intestinal
regeneration through cell proliferation, apoptosis, and differentiation functions.
AFDN is involved in the formation of cell–cell junctions and thereby controls adhesion
between different IECs [84].
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The second gut signaling system is related to immune regulation, which is regu-
lated by cytokines. As mentioned earlier the cytokine can be present in many tissue or
cells as regulator immune molecules, they are essential mediators of the interactions
between activated immune cells and non-immune cells, including epithelial and mes-
enchymal cells [89]. So, the cytokines regulate the intensity and duration of the
immune response by stimulating or inhibiting proliferation, differentiation, traffick-
ing, or emigration of lymphocytes all the while acting as a messenger for both the
arms of the immune system [90]. Cytokine production by Peyer’s patch (PP) cells was
examined in response to probiotic and pathogenic bacteria, some probiotics bacteria
(e.g., Lacticaseibacillus casei) have the ability to induced (e.g. IL-6, IL-8, IL-12) or
reduced (e.g. Th1 cells by IFN-γ secretion in PP cells) other cytokines as well [91].

The third gut signaling system is related to hormones. The gut hormones (e.g.,
cholecystokinin and glucagon-like peptide-1) released following a meal and act on
local receptors to regulate glycemia via a neuronal gut-brain axis and provide feed-
back via nutrient sensing and local hormonal signaling. The small intestine contains a
variety of regulatory signals including:

i. Proximal hormones within the duodenum and jejunum, cholecystokinin
(CCK) in I cells, and glucose-dependent insulinotropic polypeptide (GIP) in
K cells.

ii. Distal hormones in the ileum and large intestine within L cells, glucagon-like
peptide-1/2 (GLP-1/2), oxyntomodulin (OXN), and peptide YY (PYY).

The secretion of these hormones is stimulated by nutrients within the intestine that
then act on their respective receptors either centrally, or locally on vagal afferents that
are in close proximity to enteroendocrine cells, to regulate metabolic homeostasis
through various changes in food intake, gastric emptying, intestinal motility, and/or
energy expenditure [92].

5. Interaction and regulation between microbiota and the CNS and
immune system

The human immune system has evolved to maintain a symbiotic relationship
between the host and the microbiota, and disruption of the dynamic immune-
microbial interaction leads to profound effects on human health (e.g., interaction
between resident microbiota and immune signals, CNS development) as described in
below [94].

5.1 Inflammasome signaling pathway

Inflammasome is an innate immune signaling complex, which is activated in
response to diverse microbial and endogenous danger signals. Also, the various
pattern-recognition receptors (PRRs) in different families, including NLRP1, NLRC3,
NLRP6, NLRP7, NLRC4, and AIM2, have been identified to effect in inflammasome
activity. Inflammasomes activation recruits ACS (apoptosis-associated speck-like
protein containing a caspase recruitment domain) and the cysteine protease caspase 1
through caspase activation and recruitment domain (CARD) to induce the proteolytic
cleavage of pro-caspase1 to generate mature and active caspase 1, which further
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process pro-IL-1β and pro-IL-18 to the final production of bioactive IL-1β and IL-18
proteins [93].

5.2 IFN-I signaling pathway

IFN-I is a pleiotropic and ubiquitous cytokine that plays an essential role in both
innate and adaptive immunity and maintenance of host homeostasis. IFN-I is induced
by pathogen-associated molecular patterns (PAMPs). Secretion of endogenous IFN-I
depends on activation of several classes of PRRs. They play a significant role in
priming the host to various viral, bacterial, or tumor components. Effects of IFN-I on
inflammation and host hemostasis have been linked to the recruitment of Tregs. Also,
the commensal lactic acid bacteria have been shown to trigger TLR3-mediated IFN-β
secretion by DCs in the intestine [93].

5.3 NF-κB signaling pathway

The interaction between microbiota and NF-κB signaling is also responsible for
CNS inflammation. NF-κB family of transcription factors contribute to both innate
and adaptive immune responses and maintenance of the immune system. So, the NF-
κB family of transcription factors contribute to both innate and adaptive immune
responses and maintenance of the immune system [93].

6. Conclusion

In summary, the gut microbiome binds to intestinal epithelial cells and uses cell
signaling and junctions to communicate with each other and with the host CNS. A
complex diverse of microorganisms live in the GI-tract which is called gut
microbiome, profoundly affect many aspects of host physiology, including nutrient
metabolism, infection resistance, and immune system development. The GI-tract is
strongly innervated by a complex network of neurons that coordinate vital physiolog-
ical functions. In addition to CNS; ENS senses and response to the dynamic ecosystem
of the GI-tract by converting chemical signals from the environment into nerve
impulses that propagate throughout the intestine and other organs of the body, also
the local axonal reflexes and autonomic long-range sensory reflexes in GI-tract play an
important role in the regulation of immunity by parasympathetic or sympathetic
nerves. As a result, the interactions between the nervous system and the immune
system enable the gut to respond to the variety of food products it absorbs, and the
wide variety of pathogens and microbiomes it holds. Gut microbiota can promote
different subsets of immune cells through antigen stimulation and activation of
immune signaling pathways. All the interactions that the gut microbiome creates
reflect both on our mental states and in our immune system, and vice versa.

We can say that we and our gut microbes talk to each other through these signal
pathways, solve each other’s needs, and ensure each other’s safety.
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Abstract

Gallbladder cancer (GBC) is associated with a sinister prognosis, a short survival 
time, and early metastasis to distant sites. Chronic inflammation of the gallbladder 
due to gallstone disease and biliary bacteria remain key factors in the pathogenesis 
of GBC. The association of chronic bacterial infections with the development of 
GBC has provided a new perspective on the causation of GBC. A strong link between 
chronic Salmonella infection and enterohepatic strains of Helicobacter species with 
GBC has been suggested. It is believed that many other enteric bacterial strains, 
predominantly the Enterobacteriaceae species, are associated with the development 
of GBC. However, the available literature mainly comprises observational studies and 
small meta-analyses necessitating the requirement of a higher level of evidence. This 
chapter discusses the role of the gut microbiome, dysbiosis and its association with 
carcinogenesis, and the organisms associated with the causation of GBC.

Keywords: gallbladder neoplasm, dysbiosis, gut microbiome, brain-gut axis, 
gastrointestinal microbiome

1. Introduction

Gallbladder cancer (GBC) is the most common malignancy of the biliary tract 
with an aggressive clinical course and short median survival [1]. While being 
a rarity in the western world, GBC is one of the major causes of cancer-related 
morbidity and mortality in South Asian and Southeast Asian countries [2]. Females 
are more commonly affected than males. According to the cancer statistics of 2020, 
GBC accounts for 0.6% of the total cancer cases and is associated with 0.9% of 
total cancer-related deaths [3]. Around 10% of the global GBC burden is contrib-
uted by India, with the Northern, Central, and North-eastern parts as the highest 
contributors [4]. Only 10% of cases present at an early stage which can be owed 
to the aggressive tumor biology of this cancer and the lack of effective screening 
techniques for its early detection [5]. Chronic inflammation of the gallbladder 
remains a major factor in the pathogenesis of GBC, although the causes are multi-
factorial. Gall stones, heavy metals, environmental toxins, and carcinogens have 
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all been implicated in chronic irritation of the gallbladder mucosa, thereby leading 
to dysplasia and subsequent development of neoplasia.

The landscape of the microbiome populating our digestive tract has received a lot 
of scientific attention in recent years [5]. There is ample evidence linking the human 
microbiome and its metabolites to carcinogenesis. It is proven that balanced flora or 
microbial eubiosis is related to health while dysbiosis or unbalanced flora can lead 
to various diseases, including cancers [6, 7]. There can be multiple triggers caus-
ing dysbiosis, including fluctuations in the environment, inflammation, infection, 
medications, dietary changes, or genetic predisposition. The International Agency 
for Research on Cancer labeled ten microbial species as carcinogens [8]. Around 
15–20% of cancers are linked to microbial pathogens, with Helicobacter pylori (H. 
pylori), human papillomavirus, Hepatitis B virus, and hepatitis C virus being the 
four predominant species, driving 90% of infection-associated cancers [6, 9, 10]. 
However, there is very limited information available on the microbial species inhabit-
ing the human gall bladder, except for a few cultivable species of bacteria associated 
with cholelithiasis [11, 12]. It was seen that the biliary tract has an abundance of 
Enterobacteriaceae [13]. Microorganisms in the common bile duct of patients having 
gallstones were more commonly those that inhabited the human respiratory tract 
and oral cavity rather than intestinal microbes [14]. Very recently, culture-negative 
bile samples acquired from normal gallbladders were evaluated using 6S ribosome 
gene analysis. A very simple and less diverse bacterial flora was found comprising the 
Firmicutes, Proteobacteria, and Actinobacteria phyla [15].

Detection of some bacteria does not indicate its causality in inflammation or 
cancer. However, recent amassing evidence indicates that microbiota dysbiosis and 
chronic inflammation contribute to carcinogenesis [16]. Several reports point towards 
strains of Salmonella and Helicobacter colonizing the gall bladder and are linked 
to an escalated risk of developing GBC [17, 18]. Premalignant lesions were found to 
be coexisting with chronic Salmonella infestation, despite the absence of gallstones 
[19]. Various experimental studies and epidemiologic data support the induction of 
carcinogenesis due to dysbiosis of the gallbladder microbiome. However, results indi-
cating only cultivable species limit these claims. Also, despite the proximity of a large 
diverse microflora reservoir in the gut, little is known about its impact on the human 
bile microbiome. In this chapter, we aim to provide a comprehensive review of all the 
available literature on the gut and biliary microbiome and their association with GBC.

2. Understanding the human gut microbiome

The term microbiome has been derived from two words, “micro” and “biome”, 
meaning, a specific microbial community with distinct physiological and chemical 
properties, residing in a well-defined habitat which is their “theatre of activity”. 
This definition was proposed by Whipps while working on mycoparasites [20]. The 
term “gut microbiome” or “human microbiome” was coined by Joshua Lederberg 
in 2001 and since then it has been a topic for debate among researchers [21]. The 
human microbiome can be defined as a specific community of commensal, symbiotic 
and pathogenic micro-organisms that reside within our body spaces [22]. These 
include gut bacteria, eukaryotes, archaea, and specific viruses [23, 24]. In a healthy 
individual, these bacteria are responsible for various synthetic and metabolic func-
tions and detoxification of various xenobiotics [25]. They form an integral part of 
the “gut-brain axis” which is bidirectional communication between the gut and the 
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cognitive and emotional centers of the brain. This link is responsible for satiety and 
appetite regulation, elevation of mood, cognitive development, and neuroprotection 
[26]. Studies have also found a link between the gut microbiome and immune homeo-
stasis. The complex and bidirectional interaction between the gut microbiota and the 
host immune system is responsible for the development of both innate and adaptive 
immunity, thus preventing the body from pathogenic organisms [27, 28]. Moreover, 
the microbiota is also responsible for the maintenance of gut mucosal integrity and 
prevents the overgrowth of pathogenic organisms, thus maintaining the first line of 
defense against the pathogens [29]. Therefore, any imbalance in the gut microbiota 
may lead to the development of various autoimmune diseases. This concept of 
“dysbiosis” or “imbalance” in the gut microbiota may result in relative “blooms” of 
harmful bacteria, especially Enterobacteriaceae [30, 31]. Dysbiosis can be caused 
by a variety of factors, namely, dietary changes, inflammatory conditions, exposure 
to drugs, and toxins [32, 33] (Figure 1). The gut bacteria have been linked to a wide 
variety of cardiovascular diseases [34, 35], obesity [36, 37], inflammatory bowel 
disease [38], irritable bowel syndrome [39], and some neuropsychiatric diseases like 
depression [40]. But what has intrigued the researchers is the role of gut microbiota in 
the development of cancer.

3. Mechanism of carcinogenesis

To ascertain the role of gut microbiota in the development of cancer, we need to 
look at the mechanisms responsible for carcinogenesis. The normal cells get altered into 
cancerous cells, by changes at the cellular, genetic or epigenetic levels. This process is 
known as “cell transformation” [41]. TP53 is a tumor suppressor gene that encodes the 
protein P53. P53 acts as a tumor suppressor which causes a transient cell cycle arrest, 
allowing the cells to repair the damage caused to the DNA before the cell divides. The 
cells that are unable to repair the damage undergo apoptosis. This ensures that the 

Figure 1. 
Importance of gut bacterial microflora. The figure illustrates the role of enteric bacteria in the maintenance of 
homeostasis. The “eubiotic” bacteria display a complex interaction with the various synthetic and metabolic 
functions of our body as well as in the “gut-brain crosstalk”. Alteration or “dysbiosis” due to any factor (diet, 
chemicals, antibiotics, inflammatory conditions) may lead to “blooms” of harmful bacteria. The dysbiotic 
bacteria have now been linked to various cardiovascular, metabolic, neuropsychiatric diseases, including cancer.
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potentially oncogenic mutations are not propagated [42]. Chronic inflammation causes 
alteration in the TP53 gene, leading to its inactivation. This results in an unregulated 
cell cycle and cell division, leading to the accumulation of mutations and uncontrolled 
cellular proliferation. TP53 alterations were seen in biliary epithelia of patients with 
gallstone disease with an increased frequency with the disease progression from 
metaplasia to carcinoma [43]. TP53 was the most commonly mutated gene, followed by 
PIK3CA, SMAD4, ARID1A, KRAS [44–46] and amplification of ERBB2 [47].

The study of these genetic alterations and mechanisms of carcinogenesis has been 
made possible with the development of various ex vivo and in vivo animal models. 
These models have been used extensively to decipher the etiopathogenesis of GBC 
and to develop and test the treatment protocols [48]. Ex vivo models use cell lines 
to study the tumor characteristics and cellular and genetic abnormalities. But it was 
seen that different cell lines yielded different tumor characteristics for the same type 
of tumor, thus complicating the interpretation [49]. In vivo models were superior to 
the cell lines as they used genetically engineered animals that could retain the genetic 
mutations and could undergo cellular differentiation. The tumor cells with mutated 
or amplified genes were inoculated in them and studied for the development of cancer 
[49–51]. The drawback of these models was the lack of innate immunity which led to 
altered results as the cancer was not strictly recapitulated [51].

Although these models indicate a causal relationship between the risk factors 
and carcinogenesis, the human body reacts quite differently as compared to an 
animal model, thus necessitating the need for the development of an ideal human 
model.

4. Role of gut microbiota in cancer causation

There has been an ongoing debate among researchers on the role of gut micro-
biota in the causation of cancer as cancer is neither a contagious nor an infectious 
disease [16]. The first proposition of the possible role of gut microbiota in cancer 
causation was given by Russel in 1890, which was supported by positive results over 
the subsequent years [52–54]. However, in 1963, a group of scientists from NCI, USA 
claimed that the bacteria found in the cancer tissues were probably contaminants 
[16]. This subject remained controversial until Marshall, in his study, proved the 
association between H. pylori and gastric adenocarcinoma [55]. This was a break-
through study in this aspect and since then, a number of bacteria have been linked to 
a variety of cancers [56–58]. However, the mechanism by which the microbiota cause 
cancer is still unclear. While there is no concrete evidence supporting the causation 
of cancer, there may be a role of the bacteria in its progression [59].

Microbiota may act as a carcinogen in two ways, either by inducing a chronic 
inflammatory state or direct injury by material toxins and metabolites [16, 60–62]. 
Release of pro-inflammatory mediators like TNF-α and IL-1 and generation of 
reactive oxygen species (ROS) stimulates lymphoepithelial proliferation and cell 
division. This leads to immune dysregulation, thereby leading to tumorigenesis 
[27]. It causes alteration in the cell cycle leading to immunosuppression [63]. It 
also results in genetic and cellular damage and genomic instability which preclude 
carcinogenesis [64]. The bacterial toxins are genotoxins that cause DNA damage 
and may lead to the development of cancer [65, 66]. Thus, chronic bacterial infec-
tions demonstrate a dual role in carcinogenesis by both stimulating and inhibiting 
the immune system.
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5. The biliary microbiome

According to traditional thinking, the biliary tract has always been considered 
sterile. This is because of the anti-microbial properties possessed by bile which 
affects the bacterial membrane and DNA [67]. However, inflammatory conditions 
of the biliary tract, like acute cholecystitis and cholangitis have frequently cultured 
bacterial colonies commonly found in the human gut; the common organisms being, 
Escherichia coli, Enterobacter, Pseudomonas, and Citrobacter spp. [68]. This can be 
explained by the pathophysiology of these diseases, which is, biliary obstruction and 
gut bacterial translocation. However, recent studies have indicated that even under 
nonpathogenic circumstances, the human bile comprises a rich diversity of microbial 
flora which is actively involved in the regulation of the size and composition of the 
bile acid pool as well as the metabolism of bile acids [69, 70]. However, this normal 
biliary microbiome mainly included Firmicutes, Actinobacteria, Proteobacteria, 
and Bacteroidetes which were also found in the human gut [70, 71]. This can partly 
be explained by the close association of the human gut and the biliary tract and the 
involvement of enteric bacteria in enterohepatic circulation but the evidence is largely 
limited to animal models and an ideal human experimental model is required [72].

Dysbiosis of the gut bacteria has been implicated in the development and progres-
sion of various cancers, including gastric [73, 74], colorectal [75], and oral cancers 
[76, 77], however, their association with causation or progression of the hepatobili-
ary cancers is still in question. The natural synergy that exists between the bile acid 
metabolism and the biliary microbiome reaffirms the proposition that biliary micro-
bial dysbiosis may lead to various biliary tract diseases including gallstone formation 
and the development of cancer.

6. Mechanism of carcinogenesis in the biliary tract

Cholangiocytes are considered the potential cells of origin for biliary tract cancers, 
including gallbladder cancer [78]. Any insult to the cholangiocytes leads to the release of 
pro-inflammatory mediators like IL-6 and IL-1β which results in the differentiation of 
T helper cells (Th-17 cells). The cholangiocytes interact with Th-17 cells leading to their 
activation and proliferation, in order to compensate for the cell loss [79]. Moreover, the 
bacteria and their products are recognized by the cholangiocytes through the Pathogen 
Associated Molecular Patterns (PAMPs) present in the bile, which interacts with the 
pattern recognition receptors, that are, the Toll-like receptors (TLRs) and the NOD-like 
receptors (NLRs), leading to their activation [80]. This results in collagen deposition and 
fibrosis. The resultant cholangiopathy may lead to ductopenia, dysplasia, and malignant 
transformation [81]. Chronic inflammation leads to the release of mediators like IL-17, 
TNF-α, and TGF-β which cause genetic alterations in the tumor suppressor genes and 
the proto-oncogenes resulting in cell transformation [82]. These mediators are among 
the few which have been implicated in the causation of carcinogenesis [83–85].

7. Enteric bacteria and gallbladder cancer

Gallbladder cancer is the most common biliary tract cancer and the etiopathogenesis is 
multifactorial [86]. However, chronic inflammation [87] and gallstone disease represent 
the most important aetiologies in the development of GBC and are supported by Level II 
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evidence [88]. The recent development of culture and culture-independent techniques 
have identified various organisms which are associated with the formation of both 
pigmented as well as cholesterol gallstones [89, 90]. These dysbiotic organisms are mainly 
enteric bacteria that have the ability to form a biofilm, thereby resisting cellular and 
DNA damage caused by bile. They are namely, E. coli, Pseudomonas aeruginosa, Klebsiella 
pneumoniae, Enterococcus spp, Acinetobacter spp which were associated with the patients 
presenting with gallstones [91–93]. Clostridium, Bifidobacterium, Peptostreptococcus, 
Bacteroides were among the other bacteria leading to the formation of gallstones by inter-
fering with the enterohepatic circulation [94, 95]. With the development of Polymerase 
chain reaction—denaturing gradient gel electrophoresis (PCR-DGGE), various unculti-
vable bacteria like Staphylococcus hemolyticus, Enterobacter or Citrobacter spp, Morganella 
spp, Salmonella spp., Capnocytophaga spp, Lactococcus species, Bacillus spp, and H. Pylori 
have been isolated in different compositions [72, 96]. Some pathogens of the oral cavity 
have also been implicated in the formation of gallstones by affecting the motility of the 
gallbladder and the production of mucin [97]. These bacteria can be indirectly linked 
with GBC. Recent studies have demonstrated positive cultures of enteric bacteria in GBC 
patients projecting a direct association of the gut flora with GBC, however, the level of 
evidence is low [91].

Although various bacteria have now been identified and linked with the develop-
ment of gallstones and their theoretical association with GBC, Helicobacter species 
and Salmonella typhi have been extensively studied and are strongly implicated in the 
development of GBC [98, 99].

8. The Helicobacter species and gallbladder cancer

The Helicobacter species, especially H. pylori, have been largely implicated in the 
causation of gastric as well as intestinal cancers by the mechanism of inflammation-
induced tumorigenesis and are now being associated with the development of various 
hepatobiliary cancers [100].

H. pylori induces a chronic inflammatory state by resulting in the release of 
various pro-inflammatory mediators like TNF-α, IL-1, IL-6, and other vasoactive 
substances [101]. They also prevent cell adhesion and lead to the migration of the 
mutated epithelial cells [102]. Free radicals produced cause oxidative damage to the 
biliary epithelium [103]. IL-8 production may also promote inflammation and alter 
cellular proliferation and apoptosis [87]. The Cag- A protein secreted by H. pylori 
is one of the most extensively studied virulence factors responsible for producing a 
chronic inflammatory state as seen in gastric epithelial cells and increasing the risk 
of gallstones [90]. Some strains possess pathogenicity islands which produce a type 
IV secretion system and also result in a “hummingbird” epithelial phenotype of 
epithelial cells which are implicated in rival cell death, thus resulting in the death of 
the normal biliary microbiota and producing a Helicobacter “bloom” [104, 105]. This 
“bloom” of Helicobacter results in chronic inflammation of the biliary epithelium by 
the various mechanisms mentioned, leading to dysplasia and subsequent neoplasia.

Since the first evidence of H. pylori in gallbladder mucosa in a patient with cho-
lecystitis was detected by Kawaguchi et al. [106] in 1996, ample studies have shown 
an association of Helicobacter species, especially H. pylori, with the formation of 
gallstones [107–109] which have also been reiterated by recent meta-analyses [110]. 
Another study by Kuroki et al. [111] reported a higher biliary epithelial proliferation 
rate in patients infected with Helicobacter species as compared to the control group. 
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The isolation of bacteria in these studies was done using various next-generation 
sequencing techniques. These techniques are being utilized to establish an associa-
tion between the Helicobacter species and GBC. While some have shown promising 
results [112, 113], others have negated this theory [114, 115]. Apart from H. pylori, 
attempt at isolating other enterohepatic strains like H. bilis, H. hepaticus, and H. 
pullorum have been done in a number of studies [116]. Dewhirst and Fox [117] 
identified 5 strains of H. bilis, 2 strains of Flexisipira rappini, and one strain of H. 
pullorum using PCR analysis in patients with gallbladder diseases and GBC. Various 
studies have demonstrated high positivity of H. bilis in patients with biliary tract and 
gallbladder cancer, suggesting an association of H. bilis with GBC [118–120].

There have been several meta-analyses suggesting an association between 
Helicobacter infection and cancer of the biliary tract with conflicting results [121, 122]. 
However, a recent meta-analysis has suggested a significant association between H. pylori 
infection and biliary tract cancer [98]. The available research has suggested a strong 
association between Helicobacter species and GBC; however, these studies are largely lim-
ited to observational studies or small meta-analyses necessitating the need for a higher 
level of evidence in order to establish a general consensus.

9. Salmonella typhi and gallbladder cancer

Salmonella enterica serovar typhi is a gram-negative, flagellated, rod-shaped 
bacteria which is the causative agent of typhoid fever. It resides in the gallbladder and 
results in chronic inflammation of the gall bladder mucosa leading to the formation 
of gallstones [123]. It also produces a biofilm that prevents it from the anti-bacterial 
action of the bile and thus results in its persistence in the gallbladder leading to a 
chronic carrier state.

Salmonella typhi has been strongly associated with the development of gallstone 
disease and chronic infection with S. typhi is now being linked to GBC. The earli-
est evidence dates back to 1964 when Cargill et al. suggested a probable association 
between chronic typhoid and paratyphoid carriers and GBC [76]. In 1971, Axelrod 
et al., also reported a similar association between S. typhi and GBC. Since then, sev-
eral studies have reiterated the results [124–126]. There are certain proposed mecha-
nisms by which Salmonella may result in a chronic inflammatory state and subsequent 
development of cancer. The typhoid toxin is carcinogenic and causes alterations in 
the cell cycle and DNA damage [127]. AvrA, is an effector protein synthesized by 
Salmonella pathogenicity island 1 via Type III secretion system which subdues the 
host inflammatory response and prevents autophagy, thus resulting in the persistence 
of the bacteria and the chronic carrier state [128, 129].

Typhoid fever and GBC are endemic in the Gangetic belt and the northern 
states of India which provides strong evidence to suggest an association between 
S. typhi and GBC [7, 130, 131]. A study conducted in Northern India demonstrated 
that patients with gallbladder cancer had a higher Vi polysaccharide as compared 
to the control group and the risk of developing GBC in typhoid carrier patients 
was 8.47 times higher than the non-carrier group, thus concluding the chronic 
typhoid carrier state as a risk factor for GBC [130]. This has been reinforced by a 
number of recent studies [127, 132]. Although there is emerging evidence suggest-
ing a positive association between S. typhi and GBC but the data is limited, with 
conflicting results, thus requiring larger epidemiological studies to establish a 
consensus [99, 133].
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10. Miscellaneous bacteria and gallbladder cancer

Gene fragments of Collibacillus, B. fragilis, Klebsiella, C. perfringens and 
Clostridium spp. have been identified in the bile and gallbladder tissue of patients 
with GBC [134]. A positive correlation between the bacterial species of E. coli, E. 
fecalis, Klebsiella, and Enterobacter spp. B10 along with Peptostreptococcus stomatis, 
Fusobacterium, Firmicutes nucleatum, and Enterococcus faecium with the development 

Study/year Sample Bacterial strain Isolation 
technique

Inference

Welton et al. 
[125]

Deceased 
typhoid 
carriers

S. typhi Record registers Chronic typhoid carriers are 
6 times more likely to die of 
hepatobiliary cancer than controls 
(P < 0.001)

Caygill et al. 
[124]

Chronic 
typhoid 
carriers

S. typhi Record registers 167-fold higher risk of GBC in 
chronic typhoid carriers
Chronic, and not acute infection is 
a risk factor for GBC

Csendes et al. 
[137]

Tissue, bile E. coli, E. faecalis, 
Klebsiella
Enterobacter

Culture Both aerobic and anaerobic gram-
negative bacteria were found and 
may have a role in GBC

Shukla et al. 
[130]

Serum S. typhi IHA Vi antigen Significantly high Vi positivity 
in patients with gallbladder 
carcinoma compared to controls
Risk of developing GBC is 8.47 
times more in culture-positive 
typhoid carriers than the 
noncarriers

Dutta et al. 
[131]

Serum S. typhi ELISA Vi antigen Chronic typhoid carrier state is a 
risk factor for GBC

Dewhirst 
et al. [117]

Multiple 
sources: 
animal and 
human tissue, 
blood, stool, 
fetus

H. bilis, Flexisipira 
rappini, H. pullorum

PCR (16S rRNA) Correlation of Helicobacter 
species with GBC and other biliary 
tract diseases
Identified 5 strains of H. bilis, 2 
strains of Flexisipira rappini, and 
one strain of H. pullorum

Matsukura 
et al. [118]

Bile H. bilis PCR (16S rRNA) H. bilis infection in bile was 
associated with gallbladder cancer 
in Japanese and Thai patients

Fukuda et al. 
[112]

Bile, tissue Helicobacter PCR, Histology, 
IHC

Significantly high positivity of 
Helicobacter DNAs in 52.6% of 
patients with hepatobiliary cancer 
than that in the benign cases 
(P = 0.03)

Lu et al. [134] Tissue Colibacillus
B. fragilis,
Klebsiella
C. perfringens
Clostridium

PCR 16S rRNA Possible association of both 
aerobic and anaerobic bacteria 
with GBC

Murata et al. 
[119]

Tissue H. bilis Nested PCR (16S 
rRNA)

4 out of 14 cases with biliary tract 
cancer were positive for H. bilis 
which may indicate their role in 
GBC
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of GBC has also been found in recent studies [135–137]. These bacteria were commen-
sals of the gut and have been associated with colorectal cancer [138], gastric cancer 
[139], and metastatic melanoma [140]. Thus, their presence in gallbladder tissue and 
bile may indicate their association with GBC. Table 1 summarizes the various studies 
showing an association of gut microbiota with GBC.

11. Therapeutic perspective: “microbial therapeutics”

There is a complex interplay between the human body and its microbiome. While a 
normal gut flora is essential for homeostasis, dysbiosis may lead to a multitude of dis-
eases. Several mechanisms associated with carcinogenesis are now being utilized in its 
prevention. GBC has been associated with chronic inflammation and chronic typhoid 
carrier state; thus, many animal models have been developed to study the role of antibi-
otics in the eradication of Salmonella, thereby reducing the chances of development of 
GBC. But the results have been conflicting [128] and Cholecystectomy remains the only 
definitive treatment for eradication of the carrier state of Salmonella [128]. There was 

Study/year Sample Bacterial strain Isolation 
technique

Inference

Kobayashi 
et al. [120]

Bile H. pylori
H. hepaticus
H. bilis

PCR Helicobacter DNA was detected in 
bile of 86% of malignant biliary 
diseases
DNA fragments of Helicobacter 
species other than H. pylori, 
H. hepaticus, and H. bilis were 
commonly detectable

Bohr et al. 
[115]

Tissue Helicobacter spp. Culture, IHC, 
PCR (16S rRNA)

Helicobacter species do not 
play a predominant role in the 
pathogenesis of GSD and GBC in 
the German population

Shimoyama 
et al. [113]

Blood H. hepaticus ELISA H. hepaticus-specific antigen was 
significantly higher in patients 
with biliary tract cancer (P < 0.05)

Iyer et al. 
[132]

Tissue 143 HPV
S. typhi Ty2 S. typhi 
CT18
S. typhimurium-LT2
S. 
choleraesuis-SCB67
S. paratyphi-TCC
S. paratyphi SPB7

PCR analysis Association of non-typhoidal 
Salmonella species with GBC 
along with typhoidal strains
Chronic carrier state is a risk factor 
for GBC

Tsuchiya et al. 
[114]

Blood H. pylori ELISA No significant differences in 
antibody titers or H. pylori 
infection positivity rates between 
cases and controls

Song et al. 
[135]

Tissue Peptostreptococcus 
stomatis 
Enterococcus 
faecium

DNA extraction 
and metagenomic 
sequencing

Existence of an altered microbiota 
in GBC

Table 1. 
Studies show the association of the gut microbiome with gallbladder cancer.
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a rise in the number of prophylactic cholecystectomies owing to this but it also saw an 
increase in the number of colorectal malignancies due to gut bacterial dysbiosis, thereby 
emphasizing their role in the development of cancer [141].

The role of the gut microbiome in the maintenance of homeostasis encouraged 
the researchers to utilize their potential in the therapeutic management of the dis-
ease. Microbiome therapeutics consist of additive therapy, subtractive therapy, and 
modulatory therapy. Additive therapy with genetically engineered or natural probi-
otic agents has shown some benefit in colorectal cancer and is now being utilized in 
GBC. There is emerging evidence regarding the association of probiotics and dietary 
changes with a decreased incidence of gallstone disease, thereby reducing the chances 
of GBC, thus additive therapy with natural or genetically engineered probiotic organ-
isms may prove beneficial. However, there is still a dearth of evidence in this aspect 
[142, 143]. Subtractive therapy is being utilized by genetically engineered E. coli 
strains with a cloned antibiofilm protease Deg P gene or a cloned Lysine and Pyosin 
gene which results in inhibition of growth of pathogenic bacteria in the gut, thereby 
preventing dysbiosis [144, 145]. E. coli strains with a cloned antibiotic Microcin H47 
gene may also help in inhibiting and displacing Salmonella from the gut [146]. These 
two methods can be utilized in patients with a Chronic salmonella carrier state and 
may be used as an alternative to Cholecystectomy. This may also reduce the incidence 
of GBC in these patients. Apart from this, genetically engineered bacteria are also 
being used to test the effect and toxicity profile of chemotherapy [147, 148], develop 
cancer vaccines and targeted biological therapies [149].

12. Conclusion

The gut microbiome forms an integral part of the human body and is often 
referred to as the “forgotten organ”. Its role in health and disease has been studied 
extensively over the past two decades but the possibility of its role in cancer causa-
tion has caught the eye of researchers. The association between the gut microbiome 
and cancer has provided new insight into understanding the pathophysiology 
of cancer and planning the management strategies. There is a strong correlation 
between gut microbial dysbiosis and the development of colorectal and gastric 
adenocarcinomas, however, their role in hepatobiliary cancers, especially GBC 
remains poorly understood. This can be owed to the short survival of GBC resulting 
in vast unexplored domains of this disease and the difficulty to isolate the bacteria 
involved via routine culture methods. Moreover, the lack of an ideal animal or a 
human model has greatly limited the research. The advent of the next-generation 
sequencing methods has seen emerging evidence linking various bacteria to the 
etiopathogenesis of GBC, but causality is far from proven. A higher level of evidence 
either in the form of larger meta-analyses or larger epidemiological studies is needed 
to establish a consensus.
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Chapter 9

Celiac Disease, Management,  
and Follow-Up
Ángela Ruiz-Carnicer, Verónica Segura, Carolina Sousa  
and Isabel Comino

Abstract

Celiac disease (CD) is a systemic immune-mediated disorder characterized by 
a specific serological and histological profile triggered by gluten ingestion, which 
is given in genetically predisposed subjects. Heterogeneous clinical presentation 
is characteristic in CD, affecting any organ or tissue with gastrointestinal, 
extraintestinal, seronegative, or nonresponsive manifestations. CD diagnosis is based 
on several criteria, including genetic and serological tests, clinical symptoms and/or 
risk conditions, and duodenal biopsy. Currently, the available treatment for CD is a 
strict gluten-free diet (GFD) that essentially relies on the consumption of naturally 
gluten-free foods, such as animal-based products, fruits, vegetables, legumes, and 
nuts, as well as gluten-free dietary products that may not contain more than 20 mg 
of gluten per kg of food according to Codex Alimentarius. However, it is difficult 
to maintain a strict oral diet for life and at least one-third of patients with CD are 
exposed to gluten. Difficulties adhering to a GFD have led to new tools to monitor the 
correct adherence to GFD and alternative forms of treatment.

Keywords: celiac disease, gluten-free diet, gluten immunogenic peptides,  
dietary adherence, non-dietary therapies

1. Introduction

Celiac disease (CD) is a chronic immune-mediated enteropathy triggered by expo-
sure to dietary gluten in genetically predisposed individuals [1]. The diagnosis rate 
of this pathology has increased in the last 10 years [2], so worldwide epidemiologic 
data are now available showing that CD is ubiquitous, with a prevalence of 1.4% [3], 
higher in female than male individuals [2–7].

Clinically, CD presents with a wide variety of gastrointestinal and extraintestinal 
symptoms that differ considerably according to the age of presentation [8] or even be 
an asymptomatic disease. Digestive symptoms and growth retardation are frequent in 
the pediatric population diagnosed within the first years of life [9]. However, in adults, 
symptoms can be nonspecific gastrointestinal or extraintestinal of various kinds.

Currently, the only available treatment for CD is a strict, lifelong gluten-free 
diet (GFD), which requires significant patient education, motivation, and follow-
up [10]. Adherence to a GFD is not easy, with the ubiquitous nature of gluten, 
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cross-contamination of foods, inadequate food-labeling regulations, and social 
constraints [11]. Current methods to evaluate adherence to a GFD include the use of 
a dietary questionnaire and monitoring of serological findings or clinical symptoms; 
however, neither of these methods generates a direct nor an accurate measurement of 
dietary adherence [1, 11, 12]. Small bowel biopsy is the “gold standard” for CD diag-
nosis, but according to most clinical guidelines, its role in the follow-up of patients 
with CD is limited to cases involving a lack of clinical response or symptom recur-
rence [13–17]. Nonresponsive CD occurs frequently, particularly in those diagnosed 
in adulthood. Persistent or recurring symptoms should lead to a review of patients 
to exclude alternative diagnoses and a review of GFD to ensure there is no obvious 
gluten contamination and confirm adherence to GFD [1]. Possible causes include age 
at diagnosis, follow-up time, the existence of social differences, the intake of certain 
drugs (PPIs, NSAIDs), severe clinical symptoms at diagnosis, inadequate adherence 
to diet, or the presence of inadvertent contamination of the diet [18, 19].

In this chapter, we synthesized the latest research findings and evidence related 
to the management of CD and GFD, including emerging tools to monitor the correct 
adherence to GFD and the development of non-dietary therapies.

2. Pathogeny

Pathogeny development of CD is due to a combination of environmental (gluten 
and other factors), genetic (HLA system), and immunological factors (response of 
intestinal T lymphocytes).

2.1 Gluten

The major environmental factor responsible for the development of CD is 
gluten, which is a complex mixture of prolamin and glutelin storage proteins of 
certain cereals, such as wheat, barley, rye, oats, and their derivates. These common 
dietary proteins have unusual biochemical properties that include a high abundance 
of glutamine and proline residues, which render them resistant to degradation by 
gastrointestinal proteases [20], leaving large peptides. These peptides enter the 
lamina propria of the small intestine via transcellular or paracellular routes where, in 
affected individuals, an immune reaction occurs.

2.2 Immunological factors

The most accepted model for explaining CD immunopathogenesis is the two-
signal model mediated by a first innate immune response (direct toxic effect of 
gluten on the epithelium) followed by a secondary antigen-specific adaptive response 
(through CD4+ T lymphocytes of the lamina propria) [20, 21]. Some peptides, 
such as, the 19-mer gliadin peptide, trigger an innate immune response mainly 
characterized by the production of IL-15 by epithelial cells. Result is the disruption 
of the epithelial barrier, by increasing the permeability and inducing enterocyte 
apoptosis [20]. These peptides enter the lamina propria of the small intestine via 
transcellular or paracellular routes [20] where, in affected individuals, an adaptive 
immune reaction occurs that is facilitated by increased intestinal permeability that 
allows the passage of immunogenic peptides, such as 33-mer, to the lamina propria. 
At the same time, some glutamine residues of these peptides are catalytically 
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deaminated by tissue transglutaminase (tTG). This deamination, in turn, increases 
the immunogenicity of peptides due to high-affinity interactions between modified 
residues and ligand binding sites of HLA-DQ2 and HLA-DQ8 molecules [22] 
expressed by dendritic cells. Gliadin peptides are then presented to gliadin-reactive 
CD4+ T cells. During this process, antibodies against tTG, gliadin, and actin are made 
through unclear mechanisms. These antibodies might contribute to extra-intestinal 
manifestations of CD, such as dermatitis herpetiformis and gluten ataxia. Moreover, 
the immune response initiates a cascade of reactions that degenerate into crypt 
hyperplasia and flattening of the intestinal villi.

2.3 Genetic factors

The importance of a genetic component for the development of CD is evident, 
based on the familial occurrence and the high concordance among identical twins 
[23, 24]. Almost 100% of patients with CD possess specific variants of the HLA class 
II genes HLA-DQA1 and HLA-DQB1 that, together, encode the two chains (α and β) of 
CD-associated heterodimer proteins DQ2 and DQ8 that are expressed on the surface of 
antigen-presenting cells [25]. More than 90% of patients with CD are DQ2 positive and 
most of the others are DQ8 positive [26]. HLA-DQ2 and HLA-DQ8 risk heterodimers 
are present in approximately 30–40% of the general population, and of these, approxi-
mately 1% develop the disease, so HLA DQ2/8 seems necessary, but not sufficient for 
the development of CD [27].

Several studies have been carried out to identify non-HLA susceptibility genes. 
Among these are a large number of CD-associated genes basically encode interleu-
kins, interleukin receptors, and tumor necrosis factors or receptors that are involved 
in innate immunity and epithelial stress signals (COELIAC2, COELIAC 3, CTLA4, 
and COELIAC4) [28].

2.4 Other environmental factors

Other environmental factors that could contribute to the development of CD have 
also been studied, such as the time and manner of introduction of gluten, the type of 
delivery, the start and duration of breastfeeding, the microbiome or early exposure 
to antibiotics, among others [29, 30]. However, the studies carried out to date do not 
confirm the different hypotheses proposed. Recently, the link between viral infections 
and loss of oral gluten tolerance has been investigated, since infections caused by 
rotavirus, reovirus, astrovirus, enterovirus, and adenovirus are very common in 
childhood. This opens the door to a new field of knowledge that could allow the 
design of preventive strategies in the future of CD [31, 32].

3. Clinical manifestations

Clinical characteristics of CD differ considerably depending on the age of presenta-
tion, and it can also be profuse or simply present analytical abnormalities [33–36]. It 
can manifest clinically with a wide variety of symptoms that affect multiple organs 
and systems and that can be both gastrointestinal (diarrhea, vomiting, abdominal 
pain, bloating, bloating, constipation, gastroesophageal reflux, among others) and 
extra-intestinal (tiredness, dermatitis herpetiformis, anemia, osteoporosis, infertility, 
growth retardation, neuropathy, ataxia, delayed puberty, etc.) [8, 25]. Symptomatic 
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CD can be classified into classic and non-classic. Any case presenting with malabsorp-
tion is classified as a classic CD. Although the clinical presentation is changing toward 
an affectation of older individuals with milder symptoms. The symptomatic classical 
disease was previously the most common presentation, and although it remains a 
prominent mode of presentation, subclinical and nonclassical cases now make up 
roughly 30% and 40–60% of new cases, respectively [37, 38].

4. Diagnosis

The diagnosis of CD may require genetic and serological tests and a duodenal biopsy.

4.1 Genetic risk markers

The main genetic risk factor for CD is the presence of HLA-DQ2 and -DQ8 
heterodimers, which are identified in 90% and 5–7% of patients with CD, respec-
tively [7]. Since these alleles are found in 30–40% of the general population 
(HLA-DQ2 being the most common) [39], their absence is important due to their 
negative predictive value (NPV). Therefore, the HLA-DQ2/HLA-DQ8 test plays 
an important role in CD diagnosis and is recommended in the following situations 
[40]—(a) exclusion of the disease, especially in patients who have started GFD; 
(b) in situations of uncertain diagnosis due to negative serology, but histology sug-
gestive of CD; (c) to differentiate siblings in whom it is intended to ensure that it 
is unlikely that they will develop the disease from those who will need monitoring; 
(d) in subjects with autoimmune diseases and other diseases in which CD should 
be investigated.

A negative result for HLA-DQ2/HLA-DQ8 means a very low probability of devel-
oping the disease. Therefore, this test can be used to support the diagnosis of CD, 
since it has a high NPV, allowing exclusion with 99% certainty [41]. However, it has 
little positive predictive value (PPV) (only around 12%), so its determination has 
no diagnostic value in situations with elevated antibodies directed against tTG and 
should be reserved as second-line in patients with diagnostic doubt [42, 43].

4.2 Specific serum antibodies

Various serological tests have been developed to detect CD—antigliadin antibodies 
(anti-AGA), antibodies against deaminated gliadin peptides (anti-DGP), anti-
endomysia antibodies (anti-EMA), and anti-transglutaminase antibodies (anti-tTG). 
Serological tests are important for two reasons—(1) they select patients in whom 
duodenal biopsy should be indicated to confirm clinical suspicion, and (2) they 
confirm the diagnosis in cases in which enteropathy has been observed [43].

Anti-AGA has been used for decades and is reasonably safe when the probability 
of suffering from CD is very high. However, it has been shown that these antibodies 
present variability in their diagnostic precision, due to the fact that they have low 
sensitivity and specificity; therefore, they should not be included in routine tests for 
the diagnosis of CD [41, 44].

Anti-EMA has a relatively low sensitivity (80–90%), but its specificity is close to 
100%. However, they require more complex laboratory techniques and depend on the 
experience of the laboratory staff, remaining as a second-line test adequate to confirm 
clinical suspicion [1].
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Anti-tTG IgA has a sensitivity and specificity of 95 and 90%, respectively 
[41, 45]. Anti-DGP has shown good precision, although lower than anti-tTG IgA, 
so an isolated positive result for IgA and/or IgG-DGP in patients at low risk for 
CD, predicts the disease only in 15%, being in the rest of the cases false positives. 
Therefore, in a first approximation, anti-tTG are the preferred antibodies for the 
diagnosis of CD according to the ESPGHAN diagnostic criteria [46, 47]. Anti-
DGP is considered less sensitive or specific for the detection of CD compared to 
anti-tTG and anti-EMA. However, these last two antibodies are less sensitive in 
children under 2 years of age. It should also be taken into account that anti-tTG can 
be negative in 5–16% of patients with histologically confirmed CD [48]. Therefore, 
there is no serological test with perfect sensitivity and specificity [44]. In case of 
general IgA deficiency, which is observed in 2–3% of patients with CD, the IgG-
based test (anti-DGP IgG and anti-tTG IgG) should be performed. IgG anti-tTG 
has diagnostic utility in patients with selective IgA deficiency (IgA < 0.07 mg/dl). 
Regarding anti-DGP IgG, there is no evidence of greater efficacy compared to anti-
tTG IgG or anti-EMA IgG [41].

4.3 Intestinal biopsy

Duodenal biopsy of the small intestine is a key point in the diagnosis of CD. A 
distinctive pattern of histological abnormalities has been identified in this disease, 
including partial or total villous atrophy, elongated crypts, decreased villus/crypt 
ratio, increased crypt mitotic index, increased crypt density of intraepithelial 
lymphocytes (IELs), and infiltration of plasma cells in the lamina propria. An 
increase in IELs tends to be located at the tips of the villi and are usually CD8+ 
[37]. The presence of a diffuse and uniform infiltrate of these lymphocytes is the 
most sensitive finding, but it is not specific to CD. A count of at least 25 IELs/100 
enterocytes represents a definitive increase in IELs [49, 50]. Immunohistochemical 
studies have shown that the increase in IELs represents an expansion of cytotoxic T 
cells alpha-beta and gamma-delta. Gamma-delta T cells are observed in 1–10% of the 
normal small intestinal mucosa but increase in patients with CD, where they may 
represent 15–30% of all IELs [1]. In addition, the absence of the brush border can be 
identified, as well as alterations in epithelial cells.

There are three grading systems to establish the severity of histological damage 
proposed by Marsh, Oberhuber [51], and Corazza-Villanaci [52]. Marsh system, with 
three types of grades, was replaced in 1999 by Oberhuber [51], which proposes a 
better standardization with six types [51]. In 2007, a new, simpler classification was 
published by Corazza-Villanacci [52]. These classifications are qualitative and subjec-
tive [1, 37]. Marsh-Oberhuber classification is used by most pathologists both for 
diagnosis and to ensure regression of the lesion after GFD [1]. Generally, six stages are 
distinguished—type 0 without lesion, type 1 (infiltrative lesion), type 2 (crypt hyper-
plasia), type 3 (villi atrophy: 3a: partial; 3b: subtotal; 3c: total) [51]. Furthermore, 
these lesions are not pathognomonic for CD, and there is a wide spectrum of diseases 
that can produce indistinguishable microscopic lesions.

Currently, it is considered that, in patients with high levels of antibodies, the 
diagnosis could be based on the combination of symptoms, antibodies determination, 
and genetics, omitting in this case the duodenal biopsy [11, 46], unlike what was 
established in the previous ESPGHAN guidelines for the diagnosis of CD. However, 
confirmation of CD by biopsy is considered the gold standard in the diagnosis of CD 
in certain types of patients.
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The biopsy can be used to diagnose and monitor, but CD is a burden for patients. 
Therefore, less invasive and objective biomarkers are required to assess the disease. 
In addition, in certain patients, a challenge with gluten is necessary to make a correct 
diagnosis of CD. Based on this, Leonard et al. [53] investigated the ability of different 
biomarkers to diagnose CD after provocation. These biomarkers could, complement 
or replace histology in the diagnosis of CD. These authors evaluated traditional 
diagnostic techniques, such as biopsy, antibodies, symptomatology, as well as differ-
ent biomarkers to measure the response to two levels of gluten exposure, studying 
interleukin-2 (IL-2), the tetramer test, and the dot enzyme-linked immunosorbent 
assay (Enzyme-Linked ImmunoSpot Assay, ELISpot), among others. Results showed 
that the measurement of IL-2 in plasma might be the first and most sensitive marker 
for the evaluation of gluten exposure in patients with CD. This study provides a 
framework for the rational design and selection of biomarkers in future gluten chal-
lenge studies with the goal of incorporating them into clinical practice.

5. Treatment of celiac disease

5.1 Diet therapy: gluten-free diet

Only effective treatment available for CD consists of following a strict GFD, 
excluding gluten proteins from the diet from wheat, barley, rye, and oats, as well as 
hybrids of these cereals such as triticale and their derivatives (starch, flour, etc.) [14]. 
Nevertheless, such a diet is difficult to follow due to the unintended contamination 
of “gluten-free” products, improper labeling, social constraints, and ubiquity of 
gluten proteins in raw or cooked foods and pharmaceuticals. Thus, accidental gluten 
encounters are likely. Most patients with CD can safely tolerate approximately 10 mg 
of gluten cross-contamination daily. However, there is a tremendous degree of 
variability within this population, and some patients may have worsening histological 
changes with very low daily gluten exposure [1, 10].

Strict adherence to GFD leads to remission of gastrointestinal and extra-intestinal 
symptoms, normalization of serological tests, and recovery of the intestinal mucosa, 
in most cases [14]. Initiation of strict GFD generally results in a rapid improvement 
of clinical symptoms, while recovery of the intestinal villi requires several years of a 
strict GFD (around 2 years in 34% and 5 years in 66%) [44]. Therefore, it is essential 
that patient with CD is aware of adherence to GFD to avoid future complications.

5.1.1 Difficulties in following a gluten-free diet: transgressions

Although adherence to GFD is the cornerstone of the treatment of patients with 
CD, there are conditions that prevent it from being carried out and mean that a 
significant percentage of patients with CD do not adhere and commit voluntary or 
involuntary transgressions [10]. Among the conditions that can prevent the GFD 
monitoring, we highlight the high economic cost of gluten-free products, which 
are not accessible to a large number of people with CD. Another factor to highlight 
that can favor its involuntary intake is the ubiquity of gluten in a high percentage of 
manufactured products since many of the foods that are marketed contain gluten 
from wheat, barley, rye, or oats, including those that intervene only as a thickener or 
binder. In fact, several studies carried out to determine the gluten content in natural 
(unprocessed) gluten-free foods or in foods labeled gluten-free reveal relatively 
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high contamination rates, present in 9–22% of the samples analyzed [54–56]. In 
addition, many products contain hidden gluten, mainly due to cross-contamination 
with other gluten-containing foods that are processed or stored in the same place. 
The risk that these foods pose for patients with CD makes rigorous control of gluten 
content convenient [57]. Therefore, accurate detection and quantification of gluten 
in food are essential [10]. The Codex Alimentarius [58] has established that a food 
classified as “gluten-free” should not exceed 20 mg of gluten per kg of food, that is, 
20 parts per million (ppm). Currently, several methods are used for the detection and 
quantification of gluten in foods. Enzyme-Linked ImmunoSorbent Assays (ELISAs) 
are the most widely used methods, as they are sensitive, rapid, and relatively easy 
to perform. Most commercial ELISAs use monoclonal antibodies (moAbs) such as 
R5 and G12 [59–64]. Other methods, such as the Polymerase Chain Reaction (PCR), 
developed mainly for research, are far from being able to replace ELISA, as they are 
not suitable for the detection of gluten in highly processed or hydrolyzed samples 
due to DNA degradation. Lastly, liquid chromatography/mass spectrometry methods 
require expensive equipment and expertise [65].

All the factors described above cause nonadherence to GFD among patients 
with CD. Recent studies have indicated that inadvertent gluten ingestion occurs 
more frequently than intentional ingestion, and gluten contamination in naturally 
gluten-free foods is likely to be one of the most important factors in inadvertent 
nonadherence [66]. Other investigations based on the study of intestinal biopsies of 
patients with CD on GFD for more than 2 years have suggested that transgressions are 
relatively frequent, detecting a lack of recovery of the intestinal villi in 36–55% of the 
population studied [67–69]. These inadvertent or intentional violations are the main 
reason for uncontrolled CD in adult patients with CD [70]. Likewise, there is a small 
percentage of patients with CD (approximately 0.3–10%) who do not respond to GFD 
and have persistent symptoms of malabsorption and intestinal villi atrophy, which is 
known as refractory CD (RCD) [7, 71–74].

5.1.2 Gluten-free diet monitoring methods

The existence of a reliable method that makes it possible to verify whether or not 
patients with CD are following a GFD is undoubtedly useful not only in monitoring 
the patient to avoid long-term complications, but also when diagnosing RCD [16, 44]. 
Among the methods to monitor adherence to GFD is the determination of specific 
antibodies, dietary interviews, control of symptoms, biopsies, and the detection of 
gluten immunogenic peptides (GIP) in stool and urine (Table 1) [1, 41, 47, 75].

5.1.2.1 Serological tests

Anti-tTG and anti-DGP have been used frequently to assess CD follow-up [76]. 
Use of these serological tests has revealed that it takes several months for the specific 
serology of CD to return to normal values. A significant decrease in levels during 
the first year suggests adherence to the diet and, therefore, patients with CD whose 
serology tests do not improve should be reassessed regarding their exposure to gluten 
[16]. However, negative serological markers do not reflect strict adherence to a GFD 
and are a poor predictor of dietary transgressions [17, 43, 77]. Although serology 
shows high accuracy for the diagnosis of CD, these tests are not as useful in follow-up, 
since they do not correlate with histological findings or symptoms [78]. It is impor-
tant to note that a negative serology in a patient with CD on GFD does not necessarily 
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guarantee the recovery of the intestinal mucosa [14, 43]. In a recent meta-analysis, 
PPV of persistently positive determination of anti-tTG IgA was very low and showed 
a sensitivity of 38% in adults. NPV of serology in adult patients with CD on GFD for 
one year or more was higher, with a specificity of 80%. Therefore, the usefulness of 
serology in the follow-up of adult patients with CD is very limited [1].

5.1.2.2 Symptomatology

Among the most widely used methods to assess the presence of gastrointestinal 
symptoms in patients with CD is the Gastrointestinal Symptom Rating Scale (GSRS) 
questionnaire [79, 80]. This questionnaire serves to check symptoms and determine 
the improvement and evolution of CD. However, there are a large number of patients 
with CD who are asymptomatic or minimally symptomatic at the time of presentation 
and, in these cases, it would not be feasible to use the clinical response as an indicator 
of intestinal mucosal recovery and adherence to GFD [13, 70].

5.1.2.3 Intestinal biopsy

Histological lesion remains the gold standard test for the diagnosis of CD, recovery 
of the mucosa is the main marker of response to diet. The only method to verify this 
normalization of the duodenum is by performing an oral endoscopy with an intestinal 
biopsy, an aggressive and costly follow-up method. However, an intestinal biopsy 
is a method used clinically, especially in the evaluation of patients with persistent 
symptoms [81]. It seems advisable to perform a follow-up endoscopy in adults 

Strengths Weak points

Serological tests • High accuracy for the 
diagnosis of CD

• Late positives (6–24 months to normalize)

• False positives and negatives, for follow-up, 
no correlation with biopsy and symptoms

• I need a blood draw

Dietary questionnaires, 
symptomatology 
questionnaires, and 
dietary interviews

• Non-invasive

• Low cost

• Forgetfulness, omissions

• Falsified

• Tedious

• Non-objective

Intestinal biopsy • Gold standard test for the 
diagnosis of CD

• Invasive

• Expensive, consumes hospital resources

• Uncomfortable for the patient

Detection of GIP in 
human samples

• Simple and fast method

• Non-invasive

• Correlation with gluten 
intake

Other bookmarks 
(Calprotectin)

• Simple and fast method

• Non-invasive

• Non-CD specific

Table 1. 
A comparison of the strengths and weaknesses of the tools used to monitor GFD in patients with CD. CD, celiac 
disease; GFD, gluten-free diet; GIP, gluten immunogenic peptides.
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1–2 years after starting GFD to ensure recovery of the mucosa [82]. In this way, it 
would be possible to differentiate patients who are at low risk and in whom follow-up 
periods can be extended, from those at high risk who may need special supervision to 
maintain adherence to GFD [83].

5.1.2.4 Dietary questionnaires and interviews

Adherence to GFD can be assessed through dietary interviews or questionnaires 
conducted by a specialist. Dietitian has an important role in providing practical 
advice on lifestyle and food choices [16]. Evaluation of adherence to the diet through 
dietary interviews has been suggested because of its low cost and because it is not 
invasive; however, they are difficult to standardize and are subjective.

Different questionnaires assess the frequency of food and self-reported adherence 
to GFD [84]. Some of the more specific questionnaires are—(a) Gluten Free Score by 
Biagi et al. [85], whose four items provide a score from 0 to IV and in which levels 0 
and I indicate poor adherence to the diet and, (b) the Celiac Dietary Adherence Test 
(CDAT) developed by Leffler et al. [86], which is a brief questionnaire that allows a 
rapid and standardized evaluation. This last questionnaire comprises seven easy-to-
apply questions with optimal psychometric characteristics that assess CD symptom-
atology, self-efficacy expectations, reasons for maintaining GFD, knowledge of the 
disease, associated risk behaviors, and the perceived degree of adherence.

Nevertheless, there is considerable controversy about the validity of dietary ques-
tionnaires in the assessment of GFD because some patients with CD do not record the 
actual gluten consumed intentionally in some cases. Therefore, the measurement of 
adherence to GFD through questionnaires appears to be subjective and imprecise and 
does not allow involuntary infractions to be identified [25, 84].

5.1.2.5 Detection of immunogenic gluten peptides in human samples

Recently, new noninvasive methodologies have been developed to monitor gluten 
exposure in patients with CD based on the detection and quantification of GIP in stool 
and urine samples [87–90]. These immunological methodologies (ELISA and immuno-
chromatographic strips) based on G12 and A1 moAbs are capable of detecting GIP, which 
are gluten fragments resistant to gastrointestinal digestion, and mainly responsible for 
the immune response of patients with CD [60, 61, 91–95]. These tools make it possible to 
monitor adherence to GFD and detect violations cases, helping to identify the origin of 
clinical symptoms and avoid complications derived from gluten intake (anemia, osteopo-
rosis, increased risk of lymphoma, etc.). These techniques have represented a revolution-
ary worldwide advance in the clinical practice of CD and have been introduced in the 
new guidelines, both European and Spanish, for monitoring the GFD of patients with CD 
[1, 41]. Numerous rigorous studies have evaluated the use of GIP determination in stool 
and/or urine to monitor adherence to GFD compared to other tools (Table 2). The studies 
included children and adults diagnosed with CD and healthy volunteers. Overall, these 
studies indicated that this novel technique was highly sensitive for the detection of GFD 
transgressions and therefore could facilitate the follow-up of patients with CD.

5.1.2.6 Other bookmarks

Other markers have been proposed for monitoring GFD, such as the perme-
ability test [113] or fecal calprotectin [114, 115]. Determination of fecal calprotectin 
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concentration has established itself in recent years as a new useful marker of gastroin-
testinal pathologies. Several studies show that there is an association between calpro-
tectin levels and the degree of inflammation, so it can be used to monitor response to 
treatment and predict the risk of recurrence. In addition, results obtained by Oribe 
et al. [116] have shown that patients with positive anti-tTG IgA antibodies, that is, 
those in contact with gluten, showed significantly higher values of fecal calprotectin 
than patients undergoing GFD and non-celiac patients. These methods, by demon-
strating the presence of intestinal inflammatory processes, are generally not specific 
for CD and, therefore, if their values are modified, it could also be due to other causes 
such as infectious diseases, inflammatory bowel disease (IBD), or allergic processes.

5.2 Non-dietary therapies

Since strict follow-up of GFD presents many difficulties for patients with CD, 
additional treatments are needed for this disease. In recent years, CD research has 
focused on the search for non-dietary therapies to control GFD [17, 77]. Emerging 

Population Study design References

Stool Children Case-control study [87]

Cohort study [96]

Prospective study [89]

Transversal study [97]

Systematic revision [98]

Prospective study [99]

Observational descriptive study [100]

Children and adults Prospective study [88]

Transversal study [101, 102]

Adults Observational prospective study [103]

Prospective study [104]

Prospective study [105]

Urine Children and adults Controlled study [106]

Randomized controlled study [90]

Adults Transversal study [107]

Prospective study [108]

Prospective study [109]

Prospective study [110]

Stool and urine Children and adults Meta-analysis [111]

Adults Prospective study [80]

Prospective study [17, 77]

Prospective study [112]

Table 2. 
Studies based on GIP determination in stool and/or urine for monitoring of gluten-free diet. GIP, gluten 
immunogenic peptides.
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therapeutic options for CD can be broadly classified into one of the following strate-
gies—(1) removal of toxic gluten peptides before reaching the intestinal tract, (2) 
regulation of the immunostimulatory effects of toxic gluten peptides, (3) modulation 
of intestinal permeability, (4) immune modulation and induction of gluten tolerance, 
and (5) restoration of imbalance in the intestinal microbiota (Figure 1).

To date, only larazotide acetate is in phase III studies. Larazotide is an oral peptide 
that modulates tight junctions and prevents the passage of gluten peptides to the 
lamina propria by closing the intercellular junctions of enterocytes. Therefore, it could 
help prevent the development of the immune cascade in patients with CD, showing a 
reduction in symptoms as well as a reduction in anti-tTG antibody levels. In addition, 
some very promising therapies are PRV-015 immunotherapy, the use of oral gluten-
ases, as well as vaccine therapies (phase II). There are many other exciting drugs that 
are in the early stages of research, such as tTG inhibitors, HLA blockers, and probiotics 
[20, 117–128]. Similarly, some therapies are being evaluated in preclinical trials and are 
postulated as promising treatments for the pathogenesis of CD (Figure 1). Thus, we 
are faced with many promising and emerging options for the treatment of CD.

6. Conclusions

Research on CD is changing rapidly due to a steady increase in knowledge that 
addresses its pathophysiology, diagnosis, follow-up, and therapeutic options. 

Figure 1. 
Clinical and preclinical trials in the development of new non-dietary therapies in CD. CD: celiac disease; PEP: 
prolyl endopeptidases; TNF: tumor necrosis factor; and tTG: tissue transglutaminase [128].
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Diagnosis of CD is based on several criteria, including positive serology, a spectrum 
of duodenal damage, clinical symptoms and/or risk conditions, and response to a 
GFD in susceptible individuals. In the absence of some of these criteria, the diagnosis 
of CD becomes challenging. In this regard, studies based on gluten reintroduction 
combined with IL-2 measurements could provide a new clinical alternative to diag-
nose and monitor patients who already have a GFD.

Several patients have difficulty controlling their diet they regularly consume 
sufficient gluten to trigger symptoms. Despite the availability of diverse traditional 
GFD adherence markers, such as diet tests or serology, none of them is an accurate 
diet evaluation method. Thus, use of GIP detection in stool and/or urine has been 
developed as a direct and specific test for GFD monitoring. Furthermore, non-dietary 
therapies have shown encouraging preliminary results in phase II and III clinical 
trials, such as larazotide acetate, PRV-015, IMGX-003, vaccine, and drug therapy. 
However, a GFD is the mainstay of CD therapy for the immediate future. For all these 
reasons, a health-oriented lifestyle should be promoted for better management and 
control of CD, responding to the growing demand of society and the empowerment 
of patients with CD.
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Appendices and nomenclature

Anti-AGA antigliadin antibodies
Anti-DGP antibodies deaminated gliadin peptides
Anti-EMA anti-endomysia antibodies
Anti-tTG anti-transglutaminase antibodies
CD  celiac disease
CDAT  celiac dietary adherence test
ELISA  enzyme-linked immunosorbent assays
GFD  gluten-free diet
GIP  gluten immunogenic peptides
IBD  inflammatory bowel disease
IELs  intraepithelial lymphocytes
IL-2  interleukin-2
NPV  negative predictive value
PPV  positive predictive value
PCR  polymerase chain reaction
RCD  refractory celiac disease
tTG  tissue transglutaminase
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Chapter 10

Host-Microbiota Interplay in IBD: 
The Emerging Role of Extracellular 
Vesicles, Perinatal Immune 
Priming, and Gut-Resident 
Immune Cells
Surbhi Mishra, Juha Saarnio and Justus Reunanen

Abstract

The human gut is populated by innumerable microorganisms which govern  
equilibrium and well-being. Fluctuations in the composition and function of intestinal 
microbiota have been shown to result in persistent ailments such as inflammatory 
bowel disease (IBD). Yet, conclusive cause-effect studies must be formulated in this 
context. This chapter features current advancements in the field of host-microbiota 
interactions and their association with IBD. The role of bacterial extracellular vesicles 
(BEVs) and modification of intestinal EV proteomes with distinctive host-microbiota 
interactions in IBD, perinatal immune priming in offspring from maternal IBD and the 
function of gut-resident immune cells in IBD have been discussed here. These compel-
ling developments would be crucial in expanding our understanding of IBD pathogen-
esis, detection of novel diagnostic repertoire and therapeutic targets for this disease.

Keywords: gut microbiota, inflammatory bowel disease (IBD), host-microbiota 
interaction, extracellular vesicles, inflammation, immune cells

1. Introduction

A plethora of assorted microorganisms inhabits the human gastrointestinal 
tract. The flexibility of the hefty genome of this community allows it to adapt 
well within the intestinal environment and complement the host [1]. The depth 
of association of the microbiome with human biology is accurately demonstrated 
by the spectrum of tasks delegated to the microbiome including pathogen defence 
[2], nutrient metabolism [3], assisting immune maturation [4] and maintaining 
metabolic homeostasis [5]. Humans and their gut microbiota are thus known to be 
co-evolved in a symbiotic manner. The composition of the gut microbiota varies 
notably among individuals [6, 7] and determines the susceptibility of the host 
to several diseases including inflammatory bowel disease (IBD) [8–10]. IBD has 
emerged as a global health challenge in the last decade [11].
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IBD is a chronic and relapsing inflammatory disorder of the intestine and has two 
subtypes, Crohn’s disease (CD) and ulcerative colitis (UC) [12]. Although sharing 
some clinical features and being studied together in the past, these two diseases 
represent discrete pathophysiological entities. Crohn’s disease is characterized by 
segmental inflammation with clear distinctions between affected and unaffected 
bowel segments. The earliest mucosal lesions appear over Peyer’s patches and the 
terminal ileum is affected the most [13]. On the contrary, ulcerative colitis is char-
acterized by continuous inflammation extending proximally from the rectum to the 
colon. Inflammation is restricted to the mucosal layer, with neutrophils permeating 
the lamina propria and the intestinal crypts and forming cryptic abscesses [13, 14].

Compositional and metabolic changes in the intestinal microbiota have been 
extensively associated with chronic inflammation; however, several aspects of our 
understanding of IBD pathogenesis remained unclear. This chapter highlights the 
significant updates in the research related to the host-microbiota interactions as well 
as the role of the immune system in IBD, which might provide new avenues for disease 
prevention and treatment.

2. Extracellular vesicles and IBD

Extracellular vesicles (EVs) have gained recognition recently as novel mediators 
for cell-to-cell as well as interspecies and even interkingdom interaction [15]. EVs are 
submicron entities found circulating in all bodily fluids and in all species, including 
bacteria. EVs of the eukaryotic cells emerge either from the budding of the plasma 
membrane or the fusion of multivesicular endosomes with the plasma membrane. 
EVs derived from Gram-positive and Gram-negative bacteria may disperse in extra-
cellular space by outward budding of the prokaryotic membrane [16, 17]. EVs contain 
a bioactive cargo of nucleic acids (DNA, mRNA, microRNA, and other noncoding 
RNAs), proteins (receptors, transcription factors, enzymes, and extracellular matrix 
proteins), small molecular metabolites, and lipids, which can govern the functions of 
the recipient cell [18–20]. Based on their biogenesis and size, EVs have been catego-
rized into microvesicles, exosomes, ectosomes, oncosomes, and outer membrane 
vesicles (Table 1) [21].

EVs produced by commensal bacteria in the gastrointestinal tract are distributed 
throughout the gut lumen and carry a variety of compounds with a potential role in 
bacterial survival and host interaction [22]. EVs have been studied in many pathologi-
cal and non-pathological conditions, including colorectal cancer and IBD. The role of 
extracellular products from commensal bacteria in immunomodulation and main-
taining the homeostasis of the intestinal tract has gained attention since 1967 [23]. A 
recent study of bacterial extracellular vesicles (BEVs)-host interactions by Gul et al. 
investigated the effect of BEVs derived from the gut commensal bacterium Bacteroides 
thetaiotaomicron on host immune cells. Dendritic cells, macrophages and monocytes 
were of particular interest as they play key roles in regulating the immune response in 
IBD [24].

Genes expressed in each of the immune cell-types were identified by single-cell 
RNA sequencing and were assumed to be all translated into functional proteins to 
establish the host-microbe protein-protein interaction (PPI) networks. Even though 
there were a large number of BEV-human PPIs, most of the bacterial proteins were 
hubs with the potential to interact with thousands of host proteins. It was found that 
a total of 48 BEV proteins comprising of hydrolases, proteases, and other catabolic 
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enzymes without a specific cleavage site, communicate with the host immune cells 
(Figure 1). Toll-like receptor (TLR) pathway analysis revealed that targets for BEVs 
differ among different cells and between the same cells in healthy versus disease 

Ev type Diameter 
(nm)

Density 
(g/ml)

Origin Morphology Composition

Exosomes 40–150 1.13–1.19 Derived from 
the plasma 

membrane by 
multivesicular 

endosome 
pathway

Cup-shaped Surrounded by 
a phospholipid 

membrane 
containing 
relatively 

high levels of 
cholesterol, 

sphingomyelin, 
and ceramide 

and containing 
detergent-
resistant 

membrane 
domains

Microvesicles 100–1000 Unknown Released from 
the plasma 
membrane 
during cell 

stress

Cup-shaped Insufficiently 
known

Membrane 
particles

50–80, 
600

1.032–
1.068

The plasma 
membrane of 
epithelial cells

Cup-shaped CD133

Apoptotic 
vesicles

>2000 1.16–1.28 Plasma 
membrane, 
endoplasmic 

reticulum

Heterogeneous Histones, DNA, 
immature 

glycoepitopes

Table 1. 
Classification of extracellular vesicles.

Figure 1. 
Interactions of BEV proteins with immune cells in (i) Healthy state (ii) Ulcerative colitis (No. of expressed  
genes/No. of interacting proteins presented for each cell-type).



Immunology of the GI Tract - Recent Advances

200

(ulcerative colitis) conditions [25]. These findings thus, suggest the role of cell-type 
as well as health status in influencing BEV-host interaction.

Zhang et al. [26] elucidated the association of microbiome and intestinal EV 
proteins in pediatric IBD. Mucosal-luminal interface samples collected from a pediat-
ric IBD inception cohort were subjected to metaproteomic characterization for both 
the human and microbiota proteins. Microbial proteins related to oxidative stress 
responses were found to be upregulated in IBD cases compared to controls. Human 
proteins related to oxidative antimicrobial activities were found to be abundant in 
isolated free EVs and their expression was elevated in IBD cases, corresponding 
with the alteration of microbial functions [26]. Hence, EVs could serve as promising 
biomarkers with diagnostic and/or therapeutic potential in IBD.

3. Mother to child transfer of IBD

Pre- as well as post-natal bacterial colonisation plays a significant role in sculpting 
the immune system. Microbes transmitted from mother to infant presumably adapt 
to and persist in the infant gut than non-maternally acquired strains. Human trials 
have demonstrated the influence of maternal health status and microbiology on the 
development of the neonatal microbiome and immune system [27, 28]. The role of 
IBD in the maternal microbiome composition during pregnancy and its impact on 
the offspring’s microbiome was investigated by Torres et al. by sampling pregnant 
women with and without IBD for their stool and saliva at each trimester, combined 
with their clinical and obstetric records. Post-delivery, the neonates were pursued 
with serial stool samples at time points of 7, 14, 30, 60, and 90 days, respectively, 
along with thorough health and exposure metadata. Stool samples from mother–
baby pairs were then gavaged into 6–8 weeks old germ-free mice (GFM) for their 
immune phenotyping. 16S rRNA sequencing and microbiome analysis of the samples 
revealed that women with IBD maintained altered gut bacterial diversity through-
out the pregnancy, with an enrichment of Gammaproteobacteria and a reduction in 
Bacteroidetes, compared with healthy controls. Offsprings to the IBD mothers dem-
onstrated similarity to the bacterial diversity and composition trends of the mothers, 
to at least 3 months after birth compared with the offsprings to control mothers [29]. 
GFM inoculated with the stools from the third trimester IBD mother and 90-days 
infant showed a considerable reduction in the microbial diversity and fewer class-
switched memory B cells and regulatory T cells in the colon, indicating the possible 
role of microbial factors from maternal IBD in influencing the immune system of the 
offspring [30].

Another study by Kim et al. made use of fecal calprotectin (FC) to monitor intes-
tinal inflammation in pregnant women and their offsprings. FC is a non-glycosylated, 
calcium- and zinc-binding protein with antimicrobial, antiproliferative, and immu-
nomodulatory properties, and it is used as a surrogate marker of intestinal inflamma-
tion [31]. FC levels decreased gradually in mothers with IBD during the 3 trimesters 
of pregnancy, contrary to the control mothers in which small gradual increase in 
FC levels was reported [32]. The rising levels of FC in healthy pregnancy correlated 
with the increase in pro-inflammatory phylum Proteobacteria and a decrease in 
anti-inflammatory Faecalibacterium [33]. Babies born to mothers with IBD presented 
significantly higher FC levels compared with control babies starting at 2 months 
of life and throughout 36 months. FC levels in both pregnant women with IBD and 
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their babies were positively correlated with Streptococcus abundance and negatively 
correlated with that of Alistipes [32]. Consequently, maternal IBD has the potential 
to adversely affect the offspring’s intestinal milieu during early life after birth, which 
can have significant health-related consequences later.

4. Gut-resident macrophages and microbial dysbiosis in IBD

Intestinal epithelium mononuclear phagocytes (MPs) have been designated 
as the ‘sensors’ and ‘responders’ to the intestinal environment by virtue of their 
location and function. They are represented by heterogeneous dendritic cell (DC) 
and macrophage subsets which are vital for the induction of immune response 
and regulation of inflammation [34]. Mononuclear phagocytes keep the intestinal 
inflammation in check either through direct regulation of microbiota or through the 
release of local anti-inflammatory molecules. Mononuclear phagocytes expressing 
the fractalkine receptor CX3CR1 and displaying a macrophage phenotype, play a key 
role in the uptake and sampling of bacterial and fungal antigens from the intestinal 
lumen [35–39].

Gut microbiota has a crucial role in maintaining tolerogenic function i.e., 
immunological tolerance of intestinal macrophages and bacterial dysbiosis has 
strongly been associated with intestinal inflammation and IBD [40–42]. Intestinal 
epithelium-adhering bacteria can interact with CX3CR1 MPs to regulate the immune 
balance in health and diseases. The enrichment of adherent-invasive Escherichia coli 
in ileal mucosa has been described in active Crohn’s disease [43, 44]. This bacterium 
stimulates the production of IL-10 by CX3CR MPs and suppresses the Th17 immune 
responses [44, 45]. Klebsiella species derived from the oral cavity have been found to 
inhabit the intestine of IBD patients and induce severe colitis by the activation of Th1 
proinflammatory immune response [46].

Koscsó et al. [47] performed extensive phenotypical, transcriptional, and 
functional analyses of intestinal inflammatory MPs in Salmonella colitis model. 
CX3CR1+MPs were identified as the predominating inflammatory cell type and 
were further divided into monocyte-derived Nos2+ CX3CR1lo, lymph migratory 
Ccr7+CX3CR1int and mucosa resident Cxcl13+CX3CR1hi subsets. An increase in MPs 
in the inflamed bowel was found to be directly related to the increase in CX3CR1lo, 
CX3CR1int and CX3CR1hi macrophage populations and thus, have an apparent role 
in the induction of pathogen-specific mucosal IgA response [34, 47]. These studies 
suggest that CX3CR1 MPs are crucial in maintaining immune homeostatic conditions 
and controlling intestinal disease development.

5. Disease-specific signatures of Crohn’s disease and ulcerative colitis

Inflammatory bowel disease (IBD) involves chronic intestinal inflammation linked 
with critical ailment and has two subtypes- ulcerative colitis (UC), which directly 
affects the colon and Crohn’s disease (CD) which can affect any part of the gastro-
intestinal (GI) tract. Macroscopic patterns of inflammation can at times distinguish 
between UC and CD but an insight of mucosal and peripheral immunological as well 
as microbial signatures differentiating these two subtypes becomes necessary for the 
diagnosis, prevention of recurrence or complications, and effective treatment [48].
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5.1 Microbial signatures of IBD subtypes

Gut microbiota dysbiosis has been associated with disease phenotypes in IBD and 
may be a causative or synergistic factor in prolonged or chronic inflammation. Microbial 
dysbiosis in IBD is characterized by a significant reduction in bacterial diversity and 
alterations in some specific taxa, including enrichment of the phyla Proteobacteria 
and Bacteroidetes, and a reduction in Firmicutes [49–52]. CD has been presented with a 
decrease in the proportion of Firmicutes and a slight increase in Enterobacteriaceae when 
compared with controls and UC patients [53]. Bacteroides, Eubacterium, Faecalibacterium, 
and Ruminococcus are the main bacterial genera reduced in the fecal samples of CD 
patients [54, 55]. A reduction in Faecalibacterium prausnitzii has been implicated in the 
etiology of CD, suggesting a critical role for the organism as an integral component of the 
anti-inflammatory balance in health and in CD pathogenesis. The phylum Proteobacteria 
is highly abundant in patients with active UC and decreased significantly in patients in 
remission, where as vice-versa for Firmicutes. Patients with active UC show an enrich-
ment of Klebsiella, Enterococcus, and Haemophilus, while those in remission have higher 
numbers of Roseburia, Lachnospira, Blautia, and Faecalibacterium [56].

5.2 Immune cell signatures of IBD subtypes

An elaborated knowledge of the inflammatory landscape and immune markers 
of IBD in circulation and tissues become essential for the effective disease manage-
ment in IBD subtypes. In this view, Mitsialis et al. carried out multidimensional 
immunophenotyping of colonic mucosa and peripheral blood of IBD (UC & CD) 
and non-IBD subjects to provide a deep understanding of the disease-specific immu-
nophenotypes in UC and CD (Figure 2) [57]. Active ulcerative colitis (UCa) mucosa 
had relatively more B cells and fewer T cells and cytokine-producing effector memory 
(EM)-T cell subsets- IFNG+TNF+ were reduced whereas IL17A++CD161+ subsets were 
enriched. CXCR3+ plasmablasts were found to be expanded in UCa. HLA-DR+CD38+ 
memory regulatory T cells (mTregs) were also abundant in UCa and co-expressed 
various chemokine receptors implying an activated memory phenotype. UCa mucosa 
was enriched with granulocytes expressing chemokine receptors (CXCR3, CCR6) and 
unconventional granulocyte markers (HLA-DR, CD38, and CD56) described to be 
up-regulated on granulocytes in other human diseases (Table 2).

Figure 2. 
Disease-specific immunosignatures of Crohn’s disease (CD) and Ulcerative colitis (UC) mucosa and periphery.
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In case of active Crohn’s disease mucosa (CDa), HLA-DR+CD38+ T cells co-
expressing IFNG+TNF+ were diminished whereasIL17A+ HLA-DR+ CD38+ CD161+ 
DN EM T cells and IL1B+ HLA-DR+ CD38+ T cells demonstrated expansion. IL1B+ 
IFNG+ TNF+ naïve B-cell clusters were augmented in CDa mucosa and included 
CD44++ (marker of activated B cells), CCR7+, AHR+, HLA-DR+, CD38+ and CD11C+, 
a marker expressed in B cells and proficient in antigen presentation linked with 
autoimmunity [57]. Total CD14+ as well as IL1B+ macrophages/monocytes clusters 
were increased in peripheral CDa. Innate lymphoid cells (ILCs) signatures could 
differentiate Crohn’s disease from ulcerative colitis. ILC1 and ILC1-like clusters 
were increased more in the mucosa in case of CDa than UCa whereas ILC3 were 
specifically reduced in UCa mucosa (Table 2). These findings could be explored for 
targeted therapeutics and possibly harnessed for personalized approaches to IBD 
therapy in the future.

6. Conclusion

Even though there has been a massive upsurge in the research related to host-
microbiota interactions as well as the role of genetics, environmental factors, and 
the immune system in IBD, several facets of IBD pathogenesis remain obscure. This 
chapter collates the contemporary advancements in host-microbiota investigations 
which can be pivotal in detecting the hallmarks of IBD leading to upgraded compre-
hension of its pathogenesis, extension of the diagnostic repertoire and discovery of 
cutting-edge therapeutic targets for this disease.

EVs have emerged as prominent tools in deciphering the complex host-microbiota 
interactions in healthy as well as disease states. They not only regulate the gut micro-
biome communities, but also actively participate in the disharmony between bacteria 
and their hosts. EVs derived from gut commensal bacteria have been studied to play 
a crucial role in immunomodulation and regulating gut homeostasis in IBD [22]. The 

Ulcerative colitis (UC) specific 
immunophenotypes

Crohn’s disease (CD) specific immunophenotypes

B:T cell ratio + HLA-DR+CD38+ T cells

IL17A+ HLA-DR+ CD38+ CD161+ DN Effector 
Memory T cells

IL1B+ HLA-DR+ CD38+ T cells

-
+
+

Cytokine-producingeffector memory 
(EM)-T cell subsets:

• IFNG+TNF+

• IL17A++CD161+

-
+

IL1B+ IFNG+ TNF+ naïve B-cell clusters +

CXCR3+ plasmablasts + CD14+ and IL1B+ macrophages/monocytes 
clusters

+

HLA-DR+CD38+ mTregs + Innate lymphoid cells (ILCs):

• ILC1 and ILC1-like clusters

• ILC3

+
-Chemokine receptors CXCR3, CCR6 +

“+”= enriched; and “-” = reduced.

Table 2. 
Disease specific alterations of immune cells in IBD subtypes.
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first proteomic characterization of intestinal EVs from children with new-onset IBD 
illustrated the presence of host defense proteins in the isolated EV samples, especially 
the reactive oxidant-producing enzymes responsible for increased oxidative stress in 
the intestine [26]. Increased oxidative stress triggers microbial defense responses and 
functional alterations leading to gut microbial dysbiosis and mucosal inflammation 
[58]. This learning is crucial for the thorough analysis of host–microbiome interac-
tions underlying the development of IBD and the potential use of EVs as diagnostic 
markers and/or therapeutic agents.

Dysbiosis of microbiota in germ-free mice have been demonstrated to cause 
abnormal imprinting of the intestinal immune system [29]. It provides a potential 
link between early life exposures, microbiome and future risk of IBD, highlighting 
the consequences of the abnormal establishment of early life microbiome during the 
development of the immune system. Maternal IBD negatively impacts the develop-
ment of a baby’s intestinal ecosystem. Dysbiosis, in pregnant women with IBD or 
during early infancy can be aimed for promoting the development of a healthy 
microbiome in the offspring and reducing the potential risk of IBD.

Intestinal resident macrophages are acknowledged as key cellular sensors, 
integrating signals from the luminal microbiota to regulate intestinal homeosta-
sis. Recent studies affirm their role in promoting anti-inflammatory environment 
in the healthy gut and switching to a proinflammatory state in response to any 
alterations in the intestinal microbiota [59]. Follow-up studies should be done to 
devise tools for identifying patients with compromised resident intestinal macro-
phages function and evaluating the clinical advantages of targeting the microbiota 
and immune dysfunctions within this subset of IBD patients. Intestinal macro-
phage subsets also exhibit peculiar activity in stimulating mucosal IgA responses 
[47]. This differential activity can be harnessed for designing anti-inflammatory 
therapies aimed at modulating macrophage function in inflammatory bowel 
disease.

IBD includes Crohn’s disease and ulcerative colitis which are two distinct 
pathological conditions macroscopically, but often misinterpreted or difficult 
to distinguish on a deeper extent. There has been evidence of disease-specific 
statistical shifts in some bacterial species as well as phyla, peculiar to each subtype 
of IBD [56]. Single-cell analysis with CyTOF on IBD and non-IBD colonic mucosa 
and blood to identify disease-specific immune signatures revealed the abundance 
of HLA-DR+CD38+ T cells in both active Crohn’s disease (CDa) and ulcerative 
colitis (UCa) mucosa [57]. CD38 has been involved in colitis in mice [60] whereas 
CD38+ effector T cells in pediatric IBD [61], suggesting that CD38 could be tar-
geted for IBD therapy. Various disease-specific mucosal signatures associated with 
differential cytokine expression were also reported. IL1B signatures particular to 
CD involved HLA-DR+CD38+ T cells, naïve B cells, and DCs. IL1B+ macrophages/
monocytes were augmented in both CDa and Uca mucosa, along with a specific 
expansion of IL1B+ monocytes to only peripheral CDa [57, 62]. Thus, exploiting 
IL1B can be a promising therapeutic strategy for subsets of Crohn’s disease. These 
extrusive microbial and immunological signatures of IBD can also be of high 
biological and diagnostic potential. To sum up, the above-discussed studies have a 
robust potential of heralding state-of-art diagnostic as well as therapeutic avenues 
in the field of inflammatory bowel disease. Further translational work based 
upon these findings can lead to the upgradation of our insight and methodology 
towards gut disorders as critical as IBD with a prospect of personalized therapies 
soon.
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Molecular Impact of Dietary Fibre 
Metabolites on Intestinal Immunity 
of Host
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Abstract

Food contains several components that are essential for health. Dietary fibres 
are nondigestible foods that play an important role in the maintenance of health. 
Nondigestible carbohydrates are an important constituent of the diet. Intestinal 
immunity is the bedrock of host health and holistic health maintained by nutrition 
and the existence of the host supported by immunity. The gastrointestinal immune 
barrier is exposed to the environment or food, and immunity is maintained by several 
factors. Dietary fibres exert molecular effects through the production of short-chain 
fatty acids (SCFAs) and gut microbiota. Dietary fibres and microbial communi-
ties secrete metabolites that have the potential to regulate intestinal immunity. The 
gastrointestinal immune barrier is a primary target for dietary fibre metabolites, 
and these molecules exert a signalling effect on immune cells in the intestine. In the 
proposed chapter, we will discuss the molecular impact of dietary fibers on intestinal 
immunity and how innate immune response and gut microbiota are regulated by 
metabolites.

Keywords: metabolites, intestinal immunity, dietary fibers, gut microbiota

1. Introduction

In addition to maintaining human growth, fertility, and health, the diet is also 
essential to modulating and supporting the symbiotic microbiota and the microbial 
communities that inhabit the digestive tract. Our gut harbors trillions of microbes 
that play a significant role in datary fiber metabolism. The gut microbiome modulates 
maturation of the immune system [1], glucose and lipid metabolism [2], and juve-
nile growth [3]. The microbial diversity in the gut depends on the intake of dietary 
fibers [4] and any alteration of dietary intake of fibres may result in dysfunction of 
the gut and the development of chronic inflammatory diseases like intestinal bowel 
disease (IBD), autoimmune diseases, colorectal cancer (CRC), and allergies. The gut 
microbiome is affected by diet, which in turn affects the immune system. We won-
dered whether the results of the high-fiber diet intervention may have coincidentally 
impacted participants’ immune systems because the microbiota of the group differed. 
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Here we will discuss how dietary fiber impacts gut microbial ecology, host physiology, 
and health by specifically focusing on the molecular impact of dietary fiber metabo-
lites on intestinal immunity

Here, we specifically discuss the effects of the gut microbiota on immunometabo-
lism, and more precisely, on the intracellular metabolism of immune cells, in health 
and the potential consequences in diseases. In this chapter, emphasis is placed on the 
effects of dietary fiber metabolites as prime signaling molecules, through different 
signaling pathways and their link between gut microbiota and host health.

2. Dietary fibers and their metabolites in molecular function

Dietary habits, dietary patterns, and lifestyles determine the presence of differ-
ent microbial species [5]. In addition to modulating the gut microbiota composition, 
dietary fibers directly influence biological processes and homeostasis via the metabo-
lites that are a result of microbial fermentation of nutrients, such as short-chain 
unsaturated fats (SCFAs) [6]. The gut microbiota is vital for the metabolization of 
DFs, such as nondigestible carbohydrates (NDCs), proteins, and peptides, which 
have escaped digestion by host enzymes in the upper gut and have been absorbed in 
the lower digestive tract [7], which are known to have beneficial effects by behaving 
as signaling molecules via different pathways. Acetate is the most abundant SCFA 
produced, and it is used by many gut commensals to produce propionate and butyrate 
in a growth-promoting cross-feeding process. In addition, SCFA has been shown to 
regulate metabolic activity. Acetate affects the metabolic pathway via the G protein-
coupled receptor (GPCR) and free fatty acid receptor 2 (FFAR2/GPR43), while butyr-
ate and propionate transactivate peroxisome proliferator-activated receptors (PPAR/
NR1C3) and regulate Angptl4 in colonic cells. FFAR2 regulates insulin-induced 
lipid accumulation in adipocytes and inflammation, while peptide tyrosine-tyrosine 
and glucagon-like peptide 1 control appetite. Microbiota-dependent NDCs regulate 
glucose homeostasis, gut integrity, and hormones via GPCR, NF-kB, and AMPK.

Dietary fibers are metabolized by the microbiota in the cecum and colon result-
ing in the formation of major products, such as acetate (C2), propionate (C3), and 
butyrate (C4) SCFAs. Acetate is a major SCFA metabolite produced from pyruvate. 
Propionate (C3) is created when succinate is converted to methylmalonyl-CoA 
through the succinate pathway. Through the classical pathway, butyrate is produced 
by the condensation of two molecules of acetyl-CoA and their subsequent reduction 
to butyryl-CoA. Butyrate is then converted to butyrate by phosphorus butyrylase and 
butyrate kinase [8].

3. Intestinal immunity

The SCFAs activate different G-protein-coupled receptors (GPCR) e.g. propionate 
(C2), which is an activator of GPR43. The expression of GPR43 has been reported in 
the entire gastrointestinal tract including the cells of both the nervous and immune 
systems. In the GI tract, GPR43 is significantly expressed in endocrine L-cells of 
the ileum and colon of intestinal, PYY, and GLP-1 producing cells, as well as on 
colonocytes and enterocytes [9], that maintains the immunity and function of the 
intestine [10].
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4. Immunity and fiber in the diet

The share of CD4+ and CD8+ T-cells in GALT, as well as their in vitro responsive-
ness to mitogens, were considerably affected by the diet’s fiber intake. There was a 
bigger proportion of CD8+ T-cells in the IEL, lamina propria, and Peyer’s patches 
after consuming the high fermentable fiber diet, as well as a higher proportion of 
CD4+ T-cells in the mesenteric lymph nodes and peripheral blood except for a higher 
CD4:CD8 ratio [11, 12].

In the upper gastrointestinal system, prebiotic fiber is neither hydrolyzed nor 
absorbed, but instead assists as a selective substrate for one or a small number of 
beneficial colonic bacteria, modifying the gut microbiota. There is significant proof 
that prebiotic fibers (inulin and oligofructose) boost the percentage of good lactic 
acid bacteria in the human colon [13].

To yet, the mechanism(s) through which probiotics in the diet alter immune func-
tion has primarily been hypothetical. Immune activation via uninterrupted contact of 
the intestinal microbiota with GALT is one logical method. Small amounts of bacteria 
can pass through the intestinal epithelial barrier and into Peyer’s patches, affecting or 
contributing to the activation of other immune cells [14]. The production of TNF-α 
and IL-6 by macrophages, as well as the production of IL-2 and IL-5 by stimulated 
CD4+ cells, was dramatically boosted by coculture with bifidobacteria [15].

5. Short-chain fatty acids (SCFAs) are produced by fermentation of fiber

Through the fermentation of food fibers to SCFA, the gut microbiota may influ-
ence immune cells. Increased natural killer cell activity is an outcome of SCFA. SCFA 
has also been presented to have anti-inflammatory properties in other investigations. 
In the colonic cell line HT-29, butyrate was found to decrease both constitutive and 
cytokine-induced production of the transcription factor NFkB [13].

Finally, SCFA generation in the colon, particularly butyrate, may lessen the 
glutamine need of epithelial cells, freeing it up for other cells such as immune system 
cells. The fact that lactulose injection can raise serum glutamine levels, and glutamine 
is a vital energy source for immune cells, which supports this notion [16].

The addition of fermentable fibers to the diet has been shown to boost mucin syn-
thesis. The reduced incidence of bacterial translocation across the intestinal barrier 
observed in studies feeding dietary fibers could be due to increased mucin synthesis. 
The increased mucin formation may be due to the lower pH associated with SCFA 
production.

6. The effect of dietary fiber on the immune system of the gut

Carbohydrate polymers naturally occur in edible plants and are used up as 
vegetables, fruits, seeds, cereals, and tubers. Dietary fibers travel from the small 
to the large intestine, where they perform a physiological role. Fibers consist of 
two types soluble and insoluble. Soluble fibers undergo total fermentation in the 
colon whereas insoluble fiber undergoes fermentation to some extent. Dietary fiber 
consists of a range of organic polymers, each of which contains various monomers 
coupled by different glycosidic linkages, resulting in a complex and heterogeneous 
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structure. Many methods of classifying dietary fiber, such as solubility, viscosity, 
and fermentability, have been formulated to aid in the correlation of physicochemi-
cal features of dietary fiber with their physiological roles. Although particular nutri-
ents are known to play a role in the immune system’s development and function, 
little is known about the impression of dietary fibers on immunological function. 
Dietary fiber is essential for good health. Higher dietary fiber consumption is linked 
to a lower risk of disease and mortality, according to several meta-analyses. Dietary 
fiber consumption is linked to a higher risk of Western diseases with immune 
system abnormalities, implying that dietary fiber is vital for immunological homeo-
stasis. The preservation of the gut immune barrier is one direction through which 
fibers may protect against disease development4. The innate immune system that 
includes physical barriers such as the skin and mucous membranes, cell-mediated 
barriers such as phagocytic cells, inflammatory cells, dendritic cells, and natural 
killer cells, and soluble mediators such as cytokines, complement, and acute-phase 
proteins, delivering immunity to invading organisms without the need for prior 
exposure to these antigens. During the 4–5 days it takes lymphocytes to become 
activated, this arm of the immune system supplies the early steps of host defense 
that safeguard the organism. Macrophages and their precursor monocytes, as well 
as polymorphonuclear leukocytes (neutrophils), frame the innate immune system’s 
core cellular component.

The human body’s janitor is the gastrointestinal immunological barrier. It is made 
up of a mucus layer and an epithelial cell layer that keeps luminal molecules out of 
the immune-cell-filled lamina propria beneath. Improving intestinal barrier function 
by increasing dietary fiber intake could thus be a useful therapy for preventing or 
delaying Western immune-related illnesses. Moreover, Dietary fibers may interact 
directly with immunological barrier cells in the small intestine before being destroyed 
by microbial enzymes in the colon. The small intestine has a thin and loose mucus 
layer that boosts nutrient absorption while also allowing food compounds like fibers 
to interact directly with intestinal epithelium and immune cells. The ramifications 
of these interactions are that the mucus layer is strengthened, epithelial cell barrier 
function is improved, and intestinal immune responses are modulated as a result of 
these direct interactions with intestinal immune barrier cells. Dietary fibers’ direct 
contact with the gut immune system could be one of the processes by which they 
improve health and prevent disease. Dietary fiber can also have an indirect positive 
effect on the gastrointestinal immunological barrier by stimulating the proliferation 
and metabolic activities of gut microbiota communities.

The large intestine holds the place of most populated in terms of microbiota 
and immune cells. As a result of this research, it is becoming increasingly clear that 
intestinal metabolism has a significant impact on human physiology. Together with 
a mucus layer, the vast intestinal layer of specialized epithelial cells joined by tight 
junction proteins serves as a barrier that separates the host’s mucosa from the lumi-
nal environment. Enterocytes, which are in control of nutritional absorption, and 
goblet cells, which create, store, and exude mucin glycoproteins, are two key cells of 
the intestinal epithelium. The maximum density of goblet cells can be found here, 
which in turn leads to a wide range of microbiota and their subsequent conversions 
into products, and hence, these products lead to a large no. of consequences. SCFAs 
(short-chain fatty acids) are made mostly by the fermentation of non-digested 
carbohydrates. This fermentation produces not only the primary SCFAs of acetate, 
propionate, and butyrate but also lactate, a crucial intermediary in the synthesis of 
SCFA.
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Pectin, a soluble dietary fiber with recognized modulatory effects on the gastro-
intestinal immunological barrier, is an essential dietary fiber. Because pectins have a 
positive influence on microbial communities, they may indirectly look after the intes-
tinal barrier by increasing the growth and diversity of microbiota communities. The 
chemical structure of pectins has an immense impact on these actions. The well-studied 
prebiotics include inulin, oligofructose, and fructo-oligosaccharide (FOS). All β 
(2–1) linear fructans with varying degrees of polymerization are referred to as inulin. 
Inulin is not digestible by digestive enzymes in the small intestine due to the existence 
of β (2–1) bonds it enters the colon intact, where it is fermented to SCFA and gases 
by colonic bacteria. The well-studied prebiotics include inulin, oligofructose, and 
fructo-oligosaccharide (FOS). Moreover, commensal communities stimulated by 
dietary fiber are important taking into account, intestinal immunity. The microbial 
community secretes metabolites such as secondary bile acids and tryptophan, which 
together limit the growth of pathogens.

7. How does gut interaction affect health?

There is a substantial relationship between the intestinal barrier, the gut micro-
biota, and immune system cells. Increased epithelial permeability, often known as 
“leaky gut,” permits bacteria, antigens, and toxins from the lumen to the lamina 
propria to enter the bloodstream, which triggers both local and systemic immune 
responses. The symbiotic relationship between the gut microbiota and the immune 
system may be disrupted by an impaired intestinal barrier function, which has been 
linked to the advancement of illnesses and disorders such as inflammatory bowel dis-
ease and irritability. Based on their potential effects, gut bacteria can be categorized 

Figure 1. 
Anatomical structure and composition of the gut barrier. In order of importance, there are four types of 
barriers: Microbiota barrier, chemical barrier, physical barrier, and immune barrier. Microorganisms, IgA, and 
antibacterial peptides make up the chemical barrier. It consists of IECs, goblet cells (synthesis of mucins), Paneth 
cells (synthesis of AMPs), and intestinal stem cells. There are T cells, B cells, macrophages, dendritic cells, and 
mast cells that form the immune barrier. In this image, the real arrow indicates the route by which SCFAs affect 
immune cells, whereas the dotted arrow indicates a possible route not described [17].
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into three categories: Lactobacilli and bifidobacteria; potentially dangerous bacteria, 
such as some clostridia species and other commensal bacteria, such as Bacteroides, 
which can have both positive and negative characteristics (Figure 1) [18].

8. Getting enough fiber diet and how it affects immunity

The share of CD4+ and CD8+ T-cells in GALT, as well as their in vitro responsiveness 
to mitogens, were considerably affected by the diet’s fiber intake. There was a bigger 
proportion of CD8+ T-cells in the IEL, lamina propria, and Peyer’s patches after con-
suming the high fermentable fiber diet, as well as a higher proportion of CD4+ T-cells in 
the mesenteric lymph nodes and peripheral blood except for a higher CD4:CD8 ratio.

In the upper gastrointestinal system, prebiotic fiber is neither hydrolyzed nor 
absorbed, but instead assists as a selective substrate for one or a small number of 
beneficial colonic bacteria, modifying the gut microbiota. There is significant proof 
that prebiotic fibers (inulin and oligofructose) boost the percentage of good lactic 
acid bacteria in the human colon (Figure 2).

9. Dietary fiber strengthens the gut immune barrier

Pectin is a soluble dietary fiber with known modulatory effects on the gastroin-
testinal immunological barrier and is a noteworthy dietary fiber. Many fruits and 
vegetables, together with citrus fruits, apples, sugar beets, and potatoes, have had 
pectins separated from their primary and secondary cell walls. There are Linear 
1,4-Dgalacturonan (homogalacturonan) segments and branching rhamnogalactu-
ronan segments, which make up the majority. The degree of methyl-esterification, 
molecular weight, and neutral side chain topologies are all features that influence 

Figure 2. 
The immune barrier of the small intestine consists of colonocytes and goblets [19].
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pectin’s functional capabilities [20]. The β-glucan and inulin metabolites also 
improved intestinal immunity.

10. Integrity of epithelium is preserved by SCFAs

SCFA is produced from fermented dietary fiber either through stimulation of gut 
microbiota which by pattern recognition receptors such as TLR2. There is no evidence 
that it enhances epithelial integrity under healthy conditions, but it does maintain 
epithelial integrity in disease states. By maintaining tight junction structures, it 
protects the epithelial integrity from agents that disrupt the barrier [21].

11. Conclusion

It has long been known that dietary fiber and its gut microbial metabolite like 
SCFAs improved metabolism of the host body. Dietary fiber via SCFA increases 
plasma SCFA levels and improves hepatic metabolic health. Dietary fiber intake 
produces SCFAs via fermentation in the gut microbiota, mainly in colon L-cells, 
which produce GLP-1 and PYY located mainly in the distal ileum and colon. Fiber 
intake suppressed the HFD-induced liver weight gain and hepatic TG accumulation 
along with a change in hepatic lipid metabolism, while dietary SCFA intake improved 
hepatic metabolic conditions by activating FFAR3. A shift in gut microbiome produc-
tion of butanoate accompanied by up-regulation of microbiota and AMP-activated 
protein kinase (AMPK)-dependent gene expression contributes to intestinal integrity 
and homeostasis by influencing metabolism and transporter expression.
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Abstract

Autoimmune diseases have emerged as a pandemic in our modern societies,  
especially after World War II. There are currently more than 80 autoimmune diseases 
that compromise the lives of millions of patients around the world. There is a variety 
of factors that are involved in the pathogenesis of autoimmune diseases that vary from 
environmental factors to genetic susceptibility. The GI tract is one of the most suscep-
tible sub-systems in human bodies for autoimmune organ-specific diseases. There are 
five autoimmune GI tract diseases that are most common. This review consists of two 
chapters. In part I, we shed the light on introducing the concept of autoimmunity, the 
description of the disease’s pathogenesis and the diagnosis, the link between the gut 
and brain through what is known as the gut-brain axis, and the relationship of this 
axis in GI autoimmune diseases. In part II, we will shed light on the role of antibodies 
as markers for the prediction of the disease, artificial intelligence in GI autoimmune 
diseases, the nutritional role and implications in the five GI autoimmune diseases, 
and finally the treatment of those diseases.

Keywords: achalasia, atrophic autoimmune gastritis, celiac disease,  
eosinophilic esophagitis, inflammatory bowel diseases, Crohn disease, ulcerative colitis, 
immunological continuum, epithelial barrier dysfunction, gut-brain axis

1. Introduction

Autoimmune diseases (ADs) can be classified as the inability of the human systems 
to distinguish their own bodies from foreign bodies [1, 2]. There have been more than 
80 autoimmune diseases reported to date [3]. The immune system remains one of the 
most poorly understood systems in the human body. The COVID-19 pandemic has 
re-shed light on the immune system once again [4, 5]. ADs can be triggered in humans 
due to multiple factors such as environmental factors and genetic predisposition fac-
tors. The pathogenesis of the diseases can be hugely variable but the involvement of T 
and B lymphocytes from the adaptive immunity remains a hallmark for this umbrella 
of disease [6]. The increase in the detection and classification of ADs can be owed to 
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the development of serological tools to detect antibodies [7]. Autoimmune diseases can 
be classified as systematic and organ-specific diseases.

The Gastrointestinal Tract (GI tract) is a part of the digestive system in humans, 
and it is composed of six components: mouth, esophagus, stomach, small intestine, 
large intestine, and anus. The GI tract is prone to diseases, and it is affected by 
multiple factors in the pathogenesis of the disease and multiple manifestations of 
other systematic diseases appear in the GI tract. There are five common autoimmune 
diseases in the GI tract: (1) achalasia, (2) atrophic autoimmune gastritis (AAG), 
(3) celiac disease (CD), (4) eosinophilic esophagitis (EoE), and (5) inflammatory 
bowel diseases (IBD) which includes Crohn disease and ulcerative colitis (UC). 
The manifestation of other autoimmune diseases in the GI tract could be due to: (1) 
systematic mastocytosis, (2) systematic sclerosis and CREST syndrome, (3) auto-
immune enteropathy, (4) autoimmune hepatitis, (5) autoimmune pancretitis, (6) 
mixed connective tissues disease, (7) primary sclerosing cholangitis and autoimmune 
sclerosing cholangitis, and (8) systemic lupus erythematosus (SLE). The review of 
the manifestation in the GI tract is beyond the scope of this chapter. This chapter 
covers the definition and etiology of autoimmune diseases, the relationship between 
autoinflammation and autoimmunity, an overview of the five diseases, the common 
antibodies that are used as a predictor factor for the disease, the role of gut-brain axis, 
and the psychological link in the GI tract autoimmune diseases, the role of nutrition 
in GI autoimmune diseases, and the treatment available for the diseases.

2. Definition, pathophysiology, and etiology of autoimmune diseases

ADs are a cluster of heterogenous pathological events with an increasing number 
of registered cases worldwide and a prevalence of around 10% in the western popula-
tions, according to thorough epidemiological studies [8]. The hallmark of AD is the 
tissue injury and consequent malfunction resulting from a system or organ-specific 
inflammatory reaction due to the failure of self-antigen tolerance [9, 10]. Shaping 
the classification of AD advanced and these diseases were re-defined over the years: 
autoimmune inflammatory diseases used to be typically divided into autoimmune dis-
eases and autoinflammatory diseases [11]; this separation is based on the involvement 
of either the innate or the adaptive immune systems and the detection of increased 
titer of autoantibodies [11]. So according to this definition set, ADs are distinguished 
by the involvement of the adaptive immune system represented by T and B lympho-
cytes and the presence of autoantibodies [11]. Over a decade ago, McGonagle and 
McDermott suggested the “continuum model” in immunology, in which a spectrum 
of diseases is established including the autoinflammatory and AD in both extremi-
ties of the created spectrum [12]. Moreover, the authors suggested criteria to set the 
boundaries for diseases to be considered clinically autoinflammatory or autoimmune, 
based on the genetic mutations that occur in each type of disease [12]. Thus, margins 
of ADs are set by mutations linked to monogenic autoimmune diseases which exhibit 
predisposed to the adaptive immune system and the existence of autoantibodies. 
On the contrary, the margins are set for autoinflammatory diseases by mutations in 
elements that take place in the innate immune system mutations specifically in tissues 
that are prone to pathological events onset, where no evidence of the involvement of 
autoimmune mechanisms [12–14]. In the last few years, the concept of autoinflamma-
tion and autoimmune diseases kept being refined as several monogenic and polygenic 
common and novel disorders have been recognized, feeding into the updating of 
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knowledge of the pathophysiology of autoinflammatory and ADs [15, 16]. Thorough 
investigations associated with convincing pathophysiological hypotheses in model 
diseases from any extremity of the continuum reveal the intimate relationship 
between the mechanisms of innate and adaptive systems [17]. Advanced modern 
approaches including molecular imaging technologies, genome-wide association 
studies, and the characterization of tissue-associated factors in some diseases sup-
ported the idea of the interplay between innate and adaptive immune mechanisms in 
specific ADs [9, 13]. Eventually, these techniques also helped in the verification of the 
continuum model that was suggested by McGonagle and co-workers.

3.  Inflammation to autoinflammation and epithelial barrier dysfunction:  
a brief look into the developmental stage

The most challenging aspect in immunological diseases such as autoinflamma-
tory and autoimmunity diseases is to identify the early events that trigger immune 
dysregulation [18]. Autoinflammatory and autoimmunity are closely correlated and 
are sometimes confused by mistake. Although there are similarities and perhaps a 
continuum between them, but they nevertheless do not refer to the same thing. The 
biggest distinction line that can be drawn between autoinflammatory and autoim-
mune disease is that the autoinflammatory diseases is that autoinflammatory was 
referred to the dysregulations related to adaptive immunity while autoimmunity was 
defined due to the dysregulation in innate immunity [9, 19]. This definition is not 
entirely accurate and a little bit outdated as we will preview in this section how the 
innate and adaptive immunity are involved in both autoinflammation and autoim-
munity and what are the links between them. The pathological nature of the two 
process that are self-destructive and systematic that include monogenic and polygenic 
diseases [20]. A chronic activation of the immune system happens in both processes 
that lead to tissue inflammation or damage.

3.1 The role of innate and adaptive immunity

Immunologic defenses in vertebrates consist of two immunologic subsystems—
innate and adaptive immunities. Innate is the natural immunity by birth while the 
adaptive immunity is the acquired immunity [21].

3.1.1 Innate immunity

The innate immune system constitutes the first line of defense in an individual’s 
immune system. As a result, it detects pathogens as well as other harmful triggers that 
may cause inflammation and trigger adaptive immunity [22]. Among the effector 
cells of innate immunity are macrophages, dendritic cells, and antigen-presenting 
cells (APCs) [23]. Innate immunity identifies and recognizes the molecular pat-
terns expressed by pathogens (pathogen associated molecular patterns, PAMPs) or 
by damaged cells (damage associated molecular patterns, DAMPs) [24]. There are 
three types of pattern recognition receptors (PRR): TLRs (Toll-like receptors), RLRs 
(RIG-I-like receptors), and NLRs (nucleotide-binding oligomerization domain-like 
receptors) [25]. It is thought that upon recognition of foreign molecules, intracellular 
signal transduction pathways are induced, which induces the expression of interferon 
alpha (IFN) sequences, IFN-α sequences, TNF sequences, and interleukin 1 (IL-1) 
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sequences. Both autoinflammatory and autoimmune diseases can be caused by the 
dysregulation of these receptors, which mostly involves excessive or prolonged activa-
tion [11, 26]. The activation of the inflammasome is crucial to host defense against 
pathogens. Several inflammasomes are implicated in the immunological process of 
diseases, including NALP1 and NALP3, or cryopyrin inflammasomes. By activating 
pro-caspase-1, the inflammasome mediates the conversion of pro-IL-1ß and IL-18 
into the active forms. Genetic mutations in either pyrin, cryopyrin, or TNF receptor 
super-family genes have been associated with autoinflammatory diseases [27]. It is 
unclear how inflammasomes contribute to autoimmunity. Nevertheless, its role is still 
yet to be discovered as NLRI and IL-1ß as a primary suspect to look at. The upregula-
tion of IL-2 receptor that leads to B cell proliferation and enhanced antibody produc-
tion is caused by the crucial role of IL-1ß, which affects both B and T cells, thereby 
prolonging T cell survival [28]. Furthermore, they drive differentiation of the Th17 
cells as well. Therefore, IL-1ß stimulates T and B cells and may play a crucial role in 
linking the NLR activation with adaptive immunity response [20].

3.1.2 Adaptive immunity

For adaptive immunity to mature, it requires between three and five days. B cells, 
T cells, and cytotoxic T cells are involved in adaptive immunity [19]. Antigens are 
recognized by specific antigen receptors, primarily B and T cell receptors (BCR and 
TCR), which are highly specific. As such, innate immunity provides a first line of 
defense against damage and infection. Adaptive immunity, however, provides a more 
effective but slower resistance.

A significant role is played by adaptive immunity in the development and main-
tenance of autoimmune diseases. Despite this, different mechanisms contribute to 
the disease by the innate immune system. The autoimmune process is divided into 
two phases: During the initiation phase (phase 1), self-nucleic acids released by 
apoptotic cells are recognized and internalized by dendritic cells (DC) through TLR, 
causing IFN-α, production. The IFN- α stimulates the maturation of dendritic cells, 
the presentation of autoantigens, the recruitment of B and T cells, and the produc-
tion of autoantibodies. After entering a second phase, (self-sustaining amplification) 
plasmocytoid dendritic cells internalize autoantibodies and nucleic acids through 
Fcy-receptors (FcyRs). DC and T cells are stimulated and activated by IFN- α, result-
ing in self-perpetuation of antibody production and inflammation [6, 29].

3.2 The immunological disease continuum

IL-1 1β and type I interferon (IFN) are also polarized cytokines that are related to 
innate immunity, with IFN being more associated with autoimmune diseases, specifi-
cally Systemic Lupus Erythematosus (SLE), while IL-1β is associated with pure innate 
immunity. The importance of recognizing Type I IFN dysregulation driving autoim-
munity, as well as NLR dysfunction driving classical autoinflammatory diseases 
without autoantibody formation, has led to a polarization in the classification of 
immune diseases. From the original recognition of autoinflammatory diseases being 
linked to NLR cytoplasmic resident innate immune receptors (NLRP3 in particular). 
There have been several reports linking innate immune-mediated pathologies to 
inflammasomes, including NLRC4. It is remarkable that NLR family members show 
consistent association with both monogenic and polygenic autoinflammatory disease, 
whereas TLRs do not, possibly attributable to functional redundancy in TLRs.
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3.3  The epithelial barrier dysfunction: leaky gut as a third element of 
pathogenesis

The epithelium of the gastrointestinal tract or commonly known as the epithelial 
barrier is the largest mucosal lining that forms an interface between a mammalian 
host and the external environment [30]. Protecting the body from pathogens and 
foreign substances is the primary function of the epithelial barrier [31]. It is through 
the anatomical structure of the GI that processes such as digestion, absorption, and 
neuroendocrine network, as well as immune function balance, take place. Trillions of 
microbial inhabitants inhabit the lumen of the gut. These microbes play an important 
role in digestion and modulate the immune system [32]. The regulation of molecular 
trafficking between the intestinal lumen and the submucosa via the paracellular space 
maintains the capability of the intestinal permeability which interacts continuously 
with various bodies such as foodborne pathogens and antigens. Paracellular space is 
estimated to measure between 10 and 15 Å. Physiologically, solutes with a molecular 
radius of over 15 Å (~3.5 kDa) are not susceptible to uptake through this pathway 
[33]. The intestinal permeability is the property that allows solutes and fluids to pass 
between the lumen and tissues. Additionally, intestinal barrier function is determined 
by how well mucus and other extracellular components, such as mucus, prevent this 
exchange [32].

Transfers of macromolecules are largely affected by the paracellular permeability 
of epithelium, which is influenced by the intercellular tight junctions (TJs) [34]. 
The TJs are highly dynamic structures that serve a variety of functions both physi-
ologically and pathologically in the intestinal epithelium [35]. The Zonulin protein 
appears to modulate intercellular TJs, and it has been shown that Zonulin expression 
is elevated in conditions associated with dysfunction of TJs, such as celiac disease 
[36–40]. An impaired epithelial barrier is associated with a wide range of chronic 
diseases, including allergies, autoimmune diseases, and metabolic disorders [41]. 
Changes in the permeability of the GI tract’s epithelial lining facilitate a passage for 
commensal bacteria and their products from the lumen into the bloodstream creating 
what is known as a “leaky gut”. There has been a growing interest over the past decade 
in the role of leaky gut’s association with autoimmune diseases. There have been some 
suggestions that the leakage of pathogens into the body system results in autoim-
munity making the leaky gut a third source of pathogenesis besides environmental 
triggers and genetic predisposition [42]. A dysbiosis which is a perturbation of the 
structural dynamics of the microbial community in the intestinal tract causes leaky 
gut condition and it is closely entangled with autoimmune diseases. As discussed 
here, the microbiota and particularly the intestinal microbes are important in the 
immune system and their disturbance can be associated with autoimmune diseases.

There are various immune cells such as T and B cells as well as macrophages and 
dendritic cells which are found beneath the layer of lamina propria of the intestinal 
epithelium. These cells are crucial for the maintenance of hemostasis in the intestinal 
epithelium. Epithelial cells suppress inflammation by generating regulatory dendritic 
cells, regulatory T and B cells, as well as anti-inflammatory cytokines [43]. In the 
event of a leaky gut and damage to the epithelial barrier, some pathogens such as 
Staphylococcus aureus may colonize areas such as leaky barrier areas [41]. In turn, 
dysbiotic microbiota moves to the interepithelial and subepithelial spaces, activat-
ing a local or systemic inflammatory response suspected to contribute to many 
immune-mediated diseases. There then follows a series of events that lead to chronic 
periepithelial inflammation with leaky epithelial barriers. It is not understood that 



Immunology of the GI Tract - Recent Advances

228

the autoimmune response occurs before the epithelial barrier insult or post the 
insult. The causes of the epithelial barrier’s insults could be variable and include but 
are not limited to genetic predisposition such as filaggrins and TJ polymorphisms, 
environmental factors such as microplastics and food emulsifiers [44, 45], allergens 
such as house dust [46], microbiota’s flora, surfactants, and dietary factors [47]. For a 
detailed review, we refer the reader to [41].

The intestinal commensal is exposed to the host’s immune system in various 
organs due to epithelial intestinal barrier leakage and autoimmune diseases. It has 
been observed that few of the GI intestinal epithelial cells (IECs) are essential for 
maintaining intestinal homeostasis and in the function of the intestinal epithelium, 
as well as participating in IBD pathogenesis [48]. There is collective evidence about 
the role of the epithelial barrier in EoE. It is reported that EoE–linked calpain 14 is 
an IL-13–induced protease that mediates esophageal epithelial barrier impairment 
[49]. There is also a reported role of TGF-β1 in the alterial esophageal epithelial 
barrier function by attenuation of claudin-7 in EoE [50]. The role of epithelial barrier 
dysfunction is well established in EoE and we refer the reader for in-depth scope 
review [51]. In ADs, there is an association between leaky gut and the development of 
AD. For instance, in CD, an increase in the number of apoptotic IEC in the peritoneal 
mucosa is reported as well as impaired epithelial barrier function [52]. It is reported 
that epithelial barrier is dysfunctional through TJs defects [52]. This is a growing area 
of research and by shedding the light more on the relationship between epithelial bar-
rier dysfunction and what is known as leaky gut syndrome, the association between 
it and GI autoimmune diseases if confirmed can provide a therapeutic route in the 
treatment and prevention of GI autoimmune diseases.

4. The 5 common GI autoimmune diseases

4.1 Achalasia

Achalasia is a rare autoimmune motility disorder that is caused by the degeneration of 
the myenteric neuronal esophageal plexus that consequently results in an aperistalsis 
and impaired incomplete relaxation of the lower esophageal sphincter (LES) and 
ineffective contractions in the esophageal body [53]. In the distal esophagus and the 
lower esophageal sphincter, achalasia is characterized by a functional loss of myen-
teric plexus ganglion cells or chronic ganglionitis [54]. Since there is no known cause 
for the initial loss of inhibitory neurons in individuals suffering from achalasia, it 
could be considered an idiopathic disorder [55]. Nevertheless, the onset of neuronal 
degeneration may be caused by an indolent viral infection such as herpes simplex 
virus 1 (HSV-1), measles, and human papillomavirus have been proposed as poten-
tial antigens. Evidence indicates that HSV-1 DNA has been detected in esophageal 
tissue, and that isolated T cells from achalasia are monoclonal in nature and that 
they proliferate and release cytokines upon exposure to HSV-1 antigens [56, 57]. It is 
possible that this is since HSV-1 is a neurotropic virus with a predilection for squa-
mous epithelium, which causes selection loss of enteric neurons in the esophagus. 
Nevertheless, this theory is not entirely accurate, as HSV-1 DNA was also frequently 
detected in control individuals’ esophagus [58]. Thus, it might be argued that HSV-1 
only triggers persistent immune activation and subsequent loss of enteric neurons in 
individuals with genetically suspected hosts [59]. In patients who have an immunoge-
netic variation, viral infection may trigger a disordered immune reaction. Achalasia 
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may also be caused by muscular eosinophilia in some cases. It has been demonstrated 
that such inflammatory processes decrease, gradually destroy, or eventually elimi-
nate the esophageal myenteric plexus (MP) [60]. It has been found that achalasia is 
associated with several genes and immunological markers including Interleukin-10 
promoter polymorphism [61] and Interleukin 23 receptor [62], HLA class II gene 
polymorphisms [63], KIT (KIT proto-oncogene, receptor tyrosine kinase) [64, 65], 
and vasoactive intestinal peptide receptor 1 [66, 67], among others.

Achalasia is reported to have an annual incidence of 1 per 100,000 individuals 
worldwide [68]. There is an equal frequency of achalasia in men and women when 
they are adults [69] and among different ethnicities [70]. Other autoimmune diseases 
are prevalent in achalasia patients such as diabetes. Progressive dysphagia to both 
solids and liquids is the hallmark symptom associated with a diagnosis of achalasia 
[71]. In addition, regurgitation of undigested food, respiratory symptoms such as 
nocturnal coughs, recurrent respiratory infections, pneumonia, chest pains, and 
loss of weight may occur [58, 72, 73]. According to conventional manometry, the 
characteristics of achalasia are as follows: (1) absence of peristalsis, sometimes with 
increased intra-esophageal pressure associated with the stasis of food and saliva, (2) 
The LOS remains partially relaxed on deglutition (residual pressure > 10 mm Hg), 
and (3) the LOS often exhibits a raised resting tone.

4.2 Atrophic autoimmune gastritis (AAG)

Atrophic autoimmune gastritis (AAG) is an immune-mediated disorder charac-
terized by nonspecific symptoms [74–76]. A diagnosis of AAG is confirmed by the 
presence of circulating antibodies against the adenosine triphosphate enzyme H/K 
(parietal cell antibodies, PCA); the same antibodies are also found against anti intrin-
sic factor (anti-IF) [77]. In AAG, the native gastric glands within the mucosa gradu-
ally disappear or shrink over time [78]. Consequently, mucosal atrophy occurs sparing 
the antrum and extensive pseudopyloric or intestinal metaplasia occurs [79]. There 
may be involvement of both the antrum and corpus, but the corpus only has appar-
ent functional and clinical consequences [80]. Multiple modifications may precede 
atrophy, including focal atrophy, lymphoplasmacytic infiltrate in the lamina propria, 
parietal cells pseudohypertrophy, and enterochromaffin-like (ECL) cell hyperplasia. 
It has long been recognized that AAG, as well as other autoimmune disorders, tend to 
cluster in families, which could reinforce the genetic component of disease. Through 
using mouse models, it has been possible to discover AAG susceptibility genes (Gasa 
1, 2, 3, and 4) on chromosomes 4 and 6 and H2 region, three of which are located on 
the same locus as non-obese diabetic mouse diabetes mellitus susceptibility genes 
[12, 13]. The prevalence of autoimmune atrophic gastritis is relatively low. It may be 
attributed at least in part to the underdiagnosis of Helicobacter pylori-induced gastritis 
in many cases, and the absence of clinical manifestations in the early stages of the 
disease [81]. The incidence of AAG is three times higher in women than in men [82]. 
There is an age-dependent increase in the prevalence of AAG of 2% [83]. AAG occurs 
in 25 out of every 100,000 people each year. Patients with AAG have 3−5 higher risks 
of developing other autoimmune diseases, such as oral erosive lichen [84], myas-
thenia gravis [85], vitiligo [86], diabetes mellitus (DM) [87], autoimmune thyroid 
disease [88], and Addison’s disease [89]. Patients are usually diagnosed in advanced 
stages when the disease is irreversible or threatening symptoms have occurred, 
including abnormalities such as pernicious anemia, and neurological or gastric 
oncological complications [90–92]. The symptoms of AAG appear slowly and may 
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remain asymptomatic for a long period of time. Symptoms of the disease range from 
mild weakness to severe psychological manifestations such as paranoia (megaloblastic 
madness). Pernicious anemia is the main clinical manifestation of AAG. A common 
symptom of iron deficiency is fatigue, restless legs, brittle nails, hair loss, impaired 
immune function, and poor wound healing. Iron deficiency is independent of and 
precedes anemia. Shortness of breath, dizziness, tachycardia, and lightheadedness 
are some of the symptoms of anemia (regardless of the cause) [93]. The presence of 
AAG can be asymptomatic or cause symptoms, depending on the level of atrophy 
that affects the absorption of vitamin B12 or other substances, such as folate and iron. 
Deficiency in vitamin D can develop over a long period of time, and patients may 
not show symptoms until reserves are exhausted. The diagnosis of AAG can be done 
through serological tests, endoscopy, and histopathology biopsy. Antibodies that 
are used for serological tests such as APCA, anti-ID antibodies, and anti-H. pylori 
antibodies (anti-HP-IgM and anti-HP-IgG). AAG patients who have oxyntic gland 
atrophy often have elevated levels of gastrin (including Gastrin-17) and it is measured 
in many cases to confirm the diagnosis. Endoscopy has been often used in the diagno-
sis, although it has many limitations such as low sensitivity and specificity. There is, 
however, a golden rule when it comes to diagnosing AAG through endoscopy, which 
is the absence of normal capillaries resembling honeycombs and collecting venules in 
regular shape and appearance. Biopsy histology is the most reliable method. Before 
oxyntic mucosa is lost completely, AAG appears as a series of features: (1) infiltrated 
lymphocytes and plasma cells in lamina propria, (2) focal atrophy of oxyntic mucosa 
along with SPEM or IM, (3) pseudohypertrophy of parietal cells and (4) hyperplasia 
of the ECL [93].

4.3 Celiac disease

Celiac disease (CD) is a multisystem disorder characterized by enteropathy [94]. 
Genetically predisposed individuals develop CD when the immune system reacts 
inappropriately to a T cell-mediated immune response [95]. Almost any organ system 
can be affected by celiac disease, approximately half to two-thirds of patients suffer 
from extra-intestinal symptoms; some studies claim that they may be more common 
than gastrointestinal symptoms [96]. CD patients can be classified into two categories 
symptomatic and asymptomatic. Asymptomatic CD patients are those who at the time 
of their initial diagnosis of CD do not exhibit any symptoms even if they are directly 
questioned about their condition. The term symptomatic CD refers to those individu-
als who demonstrate clinically visible gastrointestinal and/or extraintestinal symptoms 
related to gluten consumption [97, 98]. Symptomatic celiac disease can be further 
divided into classical and nonclassical celiac disease. Some genes have been involved in 
CD. It is often considered that CD can be viewed as a polygenic disorder that involves 
both major histocompatibility complex MHC (human leukocyte antigen [HLA]) and 
non-MHC genes [99]. Currently, it is well-established that six MHC and 39 non-MHC 
loci, as well as several independent genetic variants, contribute to disease risk. The 
genetic variants are responsible for roughly 31% of CD heritability, and the MHC is 
responsible for 25% [100]. In CD, HLA-DQ2 and -DQ8 are key genetic markers, and an 
autoantigen is involved (tissue transglutaminase 2: tTG2). Approximately 25–35% of 
the general population has HLA-DQ2/DQ8 with only 3% of these individuals develop-
ing CD [101]. Globally, CD affects between 0.6% and 1% of the population [102]. 
CD affects both children and adults. The mean age at the diagnosis is 38, but 20% of 
the patients are diagnosed over the age of 60 [103]. Women however are diagnosed 
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at an earlier age and present more often with constipation, bloating, and anemia of 
iron deficiency than men [104, 105]. Gluten is the main etiology of CD. Gluten is a 
mixture of proteins found in grains of wheat (including gliadins and glutenins). CD 
can be caused by the presence of proteins from barley (hordeins) and rye (secalins). 
Among these, the gliadin peptides are the most immunogenic for CD [106]. Any case 
with malabsorption is defined as a classical disease and all other cases as nonclassical. 
Neoclassic CD manifests with largely extraintestinal symptoms, often monosymp-
tomatic (e.g. iron deficiency anemia, premature metabolic bone disease, infertility, 
elevated transaminase levels) in the absence of clinical malabsorption. Over time, 
diarrhea has become less common at presentation, but it remains the most common 
gastrointestinal symptom [104]. Potential CD is a clinical term to describe suspected 
CD patients. Potential CD is characterized by normal small intestinal mucosa with 
positive CD serologic findings [107]. The diagnosis of CD remains challenging as it is 
estimated that currently only 20% of patients who have CD have been diagnosed [108]. 
CD cannot be diagnosed with one tool only. There is always a need for a combination 
of clinical features, serology, and histology are needed together to confirm the diagno-
sis [109]. In serological tests, patients should be on gluten-containing diets. Positivity 
in tests for Serum immunoglobulin A (IgA) anti-tissue transglutaminase antibody 
(anti-tTG-IgA) is widely accepted for the diagnosis but has low specificity. Serum 
immunoglobulin A (IgA) anti-tissue transglutaminase antibody (anti-tTG-IgA) are 
100% specific but less sensitive [110–116]. Deamidated gliadin peptide (DGP) anti-
bodies of the IgG class are advantageous for younger children [117]. All patients with 
suspected CD should undergo a duodenal biopsy. Regardless of CD serology results, 
duodenal biopsies should be performed in high-risk symptomatic patients [118]. There 
is a four out of five rule that is common in the diagnosis of CD. According to this rule, 
four of the following criteria are sufficient to establish CD diagnosis: (1) apparent and 
typical signs and symptoms of diarrhea and malabsorption, (2) positive serological 
tests of antibodies, (3) a patient with HLA-DQ2 or HLA-DQ8 positivity, (4) damage to 
the intestines, such as villous atrophy and lesions and (5) the response of the patient to 
GFD. This rule is important in the diagnosis of the diseases as many CD subtypes can 
be classified naming the non-classical CD which has no malabsorption or diarrhea, 
seronegative CD patients who do not show responses to serological antibodies, and a 
potential CD which has no damage to the intestines, and non-responsive CD who show 
no responses to GFD [109].

4.4 Eosinophilic esophagitis

Eosinophilic esophagitis (EoE) is an immune-mediated condition in which 
eosinophils infiltrate into the esophageal mucosa and lead to symptoms of esophageal 
dysfunction [119]. In the absence of secondary causes, the disease is considered to 
belong to the spectrum of eosinophilic gastrointestinal disorders [120]. In the absence 
of treatment, EoE can lead to esophageal fibrosis, the formation of strictures, and 
esophageal narrowing leading to esophageal dysfunction [119, 121]. Throughout the 
world, the health care systems are burdened by EoE, a major factor in upper gastro-
intestinal morbidity [122, 123]. The US healthcare system is estimated to spend $350 
to $947 million burden annually on EoE [122]. It has been found that the EoE disease 
prevalence has been associated with Single Nucleotide Polymorphisms (SNP) in the 
Thymic stromal lymphopoietin (TSLP) and TSLP-Rwhich is correlated with increase 
in the TSLP levels [124]. There are several environmental allergens implicated. One 
of these allergens is food. Food allergens trigger EoE and the disease can be put into 
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remission by removal of specific foods, either via elimination diets or hypoallergenic 
elemental formulas [125–127]. It is commonly accepted that EoE, is due to a Th2 
inflammation driven by TSLP secreted by esophageal epithelial cells and is under 
the influence of genetic predisposition [124, 128–130]. EoE Th2 inflammation with 
a non-IgE-mediated trigger has been found to be triggered by certain foods [131]. 
It was reported that food that causes vomiting and abdominal pain is soy, wheat, 
egg, and milk [132, 133]. An elimination diet known as the six-food elimination diet 
(SFED) refers to the removal from the diet of EoE patients of wheat, milk, eggs, 
nuts, soy, fish, and shellfish that are considered to be allergens [134]. Th2 cytokines 
result in an increased Th2 response from T cells, basophils, Invariant natural killer 
T iNKTs, and mast cells in EoE. Th2 cytokines also enhance eosinophil survival and 
activation, thus resulting in fibrotic modification [135]. It has been reported that 
IL-4 enhances eotaxin-3 secretion by epithelial cells, which is responsible for the 
increased migration of eosinophils. IL-4 also causes fibroblasts to release periostin, 
collagen, and B-actin, promoting local fibrosis [136]. Eosinophils are mainly dif-
ferentiated, recruited, and survived by cytokine IL-5 [137]. The cytokine TSLP is 
primarily produced by epithelial cells at barrier surfaces such as skin, gut, and lungs 
because of danger signals, infectious agents, cytokines produced by atopic cytokines 
(IL-4, IL-13, TNFα), and environmental allergens [138]. The Th2 inflammation 
observed in EoE is most likely caused by TSLP. EoE prevalence estimates vary with 
location. The highest incidence occurs in western countries where EoE is more easily 
diagnosed and has an estimated prevalence of 56 per 100,000 people [139] in some 
statistics. However, several estimates place the prevalence of EoE at between 0.5 and 
1 case per 1000 individuals, yet the disease is detected in between 2.4% and 6.6% of 
patients undergoing endoscopy for any reason [140–144]. The primary symptoms of 
EoE in adolescents and adults is dysphagia, which affects 60−100% of patients, food 
impaction can affect more than 25%, and 30−60% of patients report heartburn and 
44% report noncardiac chest pain [145–150]. Diagnostic criteria must include both 
clinical and histological features: symptoms of esophageal dysfunction, the presence 
of at least 15 eosinophils in a high-power field, and exclusion of alternative causes of 
eosinophilia in the esophagus [119, 151].

4.5 Inflammatory bowel diseases

Inflammatory bowel diseases (IBDs) refer to both ulcerative colitis (UC) and 
Crohn’s disease, as well as other non-infectious inflammations of the bowel that 
are symptomatic of relapsing chronic disorders of the bowel [152]. There has been 
an increasing incidence of inflammatory bowel disease (IBD) globally. It has been 
commonly agreed that genetic susceptibility, external environment, microbial flora 
of the intestine, and immune responses are all components of IBD pathogenesis 
[153, 154]. Globally, IBD affects 4.2 million people, including 1.5 million Americans, 
and 2.2 million Europeans [154, 155]. First-degree relatives are five times more likely 
to develop IBD than those without IBD. There is a possibility that some genes are 
shared by both diseases since Crohn’s Disease and UC can occur within the same 
family. In both diseases, environmental factor leads to triggering events [156]. In 
recent studies, 163 IBD-associated gene loci have been identified, of which 110 are 
associated with both diseases, 30 with Crohn and 23 with UC. Genetic analyses have 
revealed the essential role of autophagy in immune responses to IBD and identified 
two autophagy-related genes, ATG16L1 and IRGM [157–159]. Autophagy plays an 
important role in intracellular homeostasis, working to degrade cytosolic contents 
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and organelles and resist infection, and eliminate microbes inside the cell. The coding 
mutation T300A is associated with an increased risk of Crohn since ATG16L1 is 
essential for all forms of autophagy [160]. Recent studies have demonstrated a link 
between IBD and IL23R (a coder for pro-inflammatory IL23 cytokine) [161]. IL23 is 
involved in Th17 cells [162]. IBD is well established to be caused by the Th17 and IL-23 
pathway, with susceptibility loci for UC and Crohn, identified in IL23R, IL12B, JAK2, 
and STAT3 [163, 164]. The incidence and prevalence of IBD are increasing worldwide 
but are highest in westernized areas. In Europe, the highest prevalence values have 
been reported (ulcerative colitis 505 per 100,000 in Norway; Crohn’s disease 322 per 
100,000 in Germany). Several countries in Europe and North America have a preva-
lence of inflammatory bowel disease that exceeds 0.3%. Caucasians are prone to IBD 
more than Africans and Asians. Crohn is slightly more likely than UC to have a family 
history of the disorder, although both disorders are polygenic [165, 166]. The peak 
incidence for UC and Crohn is in the second to fourth decade, and no significance 
influence on prevalence by gender [167]. IBD patients compared to that in healthy 
control have unstable gut microbiota and it is often considered one of the triggering 
factors of IBD [168, 169]. There is a reduction in the diversity of microbiota in IBD, 
possibly making the host more vulnerable to pathogens or pathobionts colonizing 
it [170]. A high level of NO2 and SO2 correlate with an increased risk of IBD with 
elevated levels of air pollution. This is related to an increase in circulating poly-
morphonuclear leukocytes and plasma cytokines in IBD [171–173]. Environmental 
priming with triggering events is involved in manifestation of both diseases. Several 
triggers exist, including geography, social stress, a fast-paced lifestyle, smoking, diet, 
and drugs [174]. It has also been correlated that low vitamin is associated with IBD 
[175]. Stress has been commonly associated with IBD patients and it has been labeled 
as a trigger cause through multiple immunopathogenic pathways [176]. Persistent 
diarrhea with blood and mucous is a common symptom of IBD patients. The results 
of laboratory tests could be valuable in diagnosing IBD. Among the initial tests to be 
performed are complete blood count (CBC), renal function tests, liver enzyme tests, 
stools cultures, and C difficile toxin [156, 177].

4.5.1 Crohn disease

Crohn’s disease is an inflammatory bowel disease characterized by skip lesions and 
transmural inflammation, leading to inflammation throughout the entire gastrointes-
tinal tract, from the mouth to the anus [178] There are three major locations of Crohn’s 
disease, involving the terminal ileum, the colon, and the small bowel in about 55% of 
patients, and the colon in about 20% of cases. In 25% of patients, fissures and fistulas 
may develop, as well as upper gastrointestinal disease or extraintestinal manifesta-
tions. In 10% of patients, isolated perianal complaints may develop [179]. Although 
Crohn’s etiology is not completely understood, genetics, immunology, and environ-
ment contribute to the onset and progression of this disease [180]. The annual inci-
dence of Crohn is approximately 3 to 20 cases per 100,000 people [154]. Incidence of 
Crohn is highest among patients younger than 30 years of age, although it is increasing 
in older individuals [181]. North America and Western Europe are the most common 
places where individuals experience Crohn’s disease, but Asia and Latin America are 
experiencing it in an increasingly more often manner as well [174, 182]. In general, 
the gender ratio of CD is almost similar with slightly higher prevalence in women. In 
western countries, there is no sex difference is apparent in incidence, whereas in Asian 
populations, Crohn is slightly more prevalent in men than in women. It was identified 
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that more than 200 loci were associated with Crohn’s risk [183]. The coding variation 
in the intracellular pattern recognition receptor gene NOD2 (also known as CARD15), 
is selectively associated with Crohn’s risk. There is considerable variance at a few loci 
that are associated with aggregate heritable risk, including IL23R, the IL-2 receptor 
gene, and NOD2 [184, 185]. Being homozygous at NOD2 increases the risk of develop-
ing Crohn’s by 20−40 times while being heterozygous increases it by 2−4 times [186]. 
Crohn’s pathogenesis is linked to NOD2 c.3019-3020insC and ATG16L1p.Thr300Ala, 
respectively as has been shown by novel immunopathogenesis study [187]. It has been 
shown that patients with early onset of Crohn have mutations in IL-10 receptor genes 
[188]. Crohn can be divided into three phenotypic subtypes: inflammatory, structur-
ing, and fistulizing. The inflammatory Crohn phenotype is characterized by inflam-
mation of the gastrointestinal tract with no evidence of stricturing or fistulizing. Over 
time, this inflammation may result in fibrosis and luminal narrowing, resulting in 
stricturing disease. The fibrosis is reversible and there would be a need for surgical 
intervention. Transmural inflammation can also result in the development of a fistu-
lous tract or sinus in patients with fistulizing Crohn. The bowel can develop a fistula 
with any adjacent organ (such as the bladder, vagina, or other parts of the bowel) 
[189]. Crohn typically manifests as weight loss, diarrhea with blood, iron deficiency, 
chronic and postprandial abdominal pain, fever, lack of rectal urgency, and nighttime 
awakenings [190]. C-reactive protein levels, sedimentation rates, or other acute phase 
reactants (e.g. ferritin and platelets) are commonly elevated in Crohn patients. Low 
B12 levels are also common. Family histories of IBD also significantly influence Crohn 
patients [178]. Just like other GI autoimmune diseases, some tests are used together to 
confirm the diagnosis such as serological tests, endoscopy, and histological tests for 
biopsies. Crohn is diagnosed by autoantibodies, such as anti- Saccharomyces cerevisiae 
antibodies (ASCAs), anti-outer membrane porin C antibodies, anti-Pseudomonas 
fluorescens-associated sequence I2 antibodies, and anti-CBir1 antibodies. Additionally, 
perinuclear antineutrophil cytoplasmic antibodies (pANCAs), antimannobioside car-
bohydrate antibodies, anti-laminaribioside carbohydrate antibodies, anti-chitobioside 
carbohydrate antibodies, as well as anti-laminarin antibodies [191–193]. In endoscopy 
findings for a diagnosis of Crohn are often characterized by a patchy distribution of 
inflammation and skip lesions. It might be apparent in endoscopy the presence of 
aphthous erosions or longitudinal ulcers.

4.5.2 Ulcerative colitis

UC is a chronic inflammatory disease of the colon characterized by a continu-
ous mucosal inflammation extending from the rectum to the proximal colon with a 
variation in the degree of extent [194]. Colitis of the colon and rectum is character-
ized by continuous areas of inflammation and ulceration, without any segments of 
normal tissue present. It typically affects only the innermost lining [195]. Tenesmus 
and bloody diarrhea are hallmark symptoms of UC. The patients also report mild 
tenderness, lower abdominal cramping as well as fatigue due to the blood loss. Even 
though the etiology of UC remains unclear, increasing evidence suggests it may be an 
autoimmune condition [196]. The disease can develop at any age but is most commonly 
diagnosed before the age of 30 [197]. It has been reported that the prevalence of UC 
varies globally between 2.42 and 298.5/100,000, with the highest incidence occurring 
in North America and Northern Europe [154]. UC affects both sexes equally, and it 
affects all ethnicity with 3−6 more prevalence in Jewish people [198]. A “Western 
diet,” left-handedness, and depression may increase risk for UC [199–203]. As part of 
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the diagnosis of UC, it was recommended to test for CBC to check for intestinal blood 
loss and anemia [195]. Additionally, erythrocyte sedimentation rate (ESR), C-reactive 
protein (CRP), fecal lactoferrin, and fecal calprotectin levels are used to assess inflam-
mation [198]. Nutritional status and deficiencies are assessed using serum albumin, 
iron studies, and vitamin B12 levels. UC is usually confirmed by sigmoidoscopy or 
colonoscopy if it has not been ruled out. It has a hallmark of the presence of continu-
ous colonic inflammation characterized by erythema, loss of normal vascular pattern, 
granularity, erosions, friability, bleeding, and ulcerations, with a clear distinct demar-
cation between inflamed and non-inflamed bowel (Table 1) [198].

5. The role of psychological association with GI tract autoimmunity

Stress occurs when a demand of the environment exceeds an individual’s ability to 
adapt [204]. Described by Selye in 1936, stress is defined as an organism attempting 
to maintain homoeostasis that faces either an actual threat (physical) or a perceived 
threat (psychological) for which it must adapt its behavior to survive [205]. Stress is 
not necessarily a negative effect as sometimes it can be a positive aspect for people to 
motivate them and enhance their performance in life in general and in this case, it’s 

Disease description Etiology Prevalence (%) Clinical manifestation

Achalasia Damage at the lower 
end of the esophagus 
prevents food from 

entering the stomach

Nerve damage 0.001 Dysphagia, regurgitation 
of undigested food, 
nocturnal coughs, 

pneumonia

AAG The parietal cells of the 
stomach’s corpus and 
fundus are destroyed

Pernicious 
anemia is caused 

by a lack of 
vitamin B12

0.025 Variable symptoms 
depend on level of atrophy 
but mainly iron deficiency 

symptoms

CD An enteropathy-
associated multisystem 

disorder

Gluten 
intolerance

0.6−1 Asymptomatic; 
symptomatic includes 
constipation, bloating, 

diarrhea, malabsorption, 
and iron deficiency anemia

EoE An immune-mediated 
condition that causes 

esophageal dysfunction 
when eosinophils invade 
the esophageal mucosa

Environmental 
allergens

0.05−1 Dysphagia, food 
impaction, heartburn, 

chest pain

Crohn 
disease

The entire GI tract 
exhibits skip lesions 

and transmural 
inflammation

Genetics, 
immunological, 

and 
environmental 

factors

0.02 Weight loss, diarrhea with 
blood, iron deficiency, 

abdominal pain, lack of 
rectal urgency, nighttime 

awakening

UC A continuous mucosal 
inflammation from the 
rectum to the proximal 

colon with varying 
degrees of extent

Genetics, 
immunological, 

and 
environmental 

factors

0.002−0.3 Tenesmus and bloody 
diarrhea, abdominal 
cramps, and fatigue

Table 1. 
Summary of the 5 GI autoimmune diseases.
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called eustress [206]. Trauma and significant life stressors, such as a loss of a loved 
one or a natural disaster, occur to almost all people at some point in their lives [207]. 
A decrease in an individual’s ability to adapt to environmental factors can lead to 
events that are negative and cause distress [208]. There are different kinds of stressors 
that can cause a disturbance: acute (lasting for minutes), brief (for a short dura-
tion), or chronic (lasting for a long time) [209]. As a result of their exposure to these 
stresses, a considerable number of people will develop serious psychiatric reactions, 
including posttraumatic stress disorder (PTSD). In addition, the acute stress reac-
tion may be best defined as a reaction triggered by a life event that causes great stress 
or a change in life that triggers an acute stress reaction. Hence, it is apparent that 
stress and psychiatric disorder can cause physiologic changes. It is possible that the 
hypothalamic-pituitary-adrenal axis and the autonomic nervous system are dis-
rupted, impairing immune function, and making people more susceptible to physical 
diseases. Many autoimmune diseases have unknown etiology. It has been speculated 
that there is a huge influence on the psychiatric reactions to life stressors and their 
influence in relation to autoimmune diseases. Many animal studies have suggested a 
close link between them [210]. Nevertheless, human studies are limited [211, 212].

5.1 Pathways for stress and related disorders

Stress causes activation of endocrine processes that provides a key pathway for 
further effects on health. Two main endocrine systems are involved: hypothalamic-
pituitary-adrenocortical (HPA) and sympathetic-adrenal-medullary (SAM) axes. 
Cortisol is the main culprit controlling several physiological processes due to HPA 
activation like anti-inflammatory processes, metabolism of fats, carbohydrates, 
proteins, and gluconeogenesis. In a similar way, catecholamine released because of 
SAM activation regulates several functions like cardiovascular, pulmonary, hepatic, 
skeletal muscles, and immune system in collaboration with autonomic nervous 
system. Exposure to stressors causes activation of these endocrine systems. Prolonged 
activation of HPA and SAM causes an impaired control of physiological systems 
responsible for physical and psychiatric illness.

5.2 Stress as a trigger for autoimmune diseases

Stress was shown to lead glandular disturbance including autoimmune endocrine 
disorders [213]. In autoimmune diseases, there is a close link between stress and major 
stress hormones as an etiological factor [214]. Immune dysregulation could lead to atopic 
autoimmune diseases due to the infiltration of cytokine production and increased host 
defense. The repetition and the duration of stress could lead to an acute phase response 
that results in a chronic inflammatory process [215]. The inflammatory response is 
contained within the stress response, implying that stress can affect the innate immune 
system and causing an inflammatory response [216]. There is an association between 
some sort of psychological stress especially PTSD with elevated T cells that can lead to 
hyperreactive immune responses, higher igM, and lower dehydroepiandrosterone levels 
which is found in many cardiovascular and autoimmune diseases [217].

5.3 Phycological associations with the GI autoimmune diseases

Many of the patients who have GI autoimmune diseases suffer from psychiatric 
comorbidities such as anxiety, stress, and depression. The link between them could 
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be bi-directional as anxiety, stress, and depression could be an etiology as well as 
comorbidities due to autoimmune diseases.

5.3.1 Psychological association with achalasia

It was noted that achalasia can occur after a long episode of chronic stress. Since 
achalasia is a rare disorder, not so many studies try to research the relationship 
between stress and anxiety and achalasia. In 2020, Kalantari et al. conducted a study 
that maps the experience of achalasia patients from initial symptoms to management 
of symptoms. In their findings, they found that people who had achalasia before the 
diagnosis had anxiety due to the uncertainty about their diagnosis [218]. According 
to a study from Germany, after the diagnosis of achalasia, patients were more likely 
to develop depression at significantly higher rates than those without the condition. 
Regardless of other comorbidities and the clinical characteristics of the patients, 
achalasia is associated with an increased incidence of depression according to their 
study [219]. The question whether stress, anxiety, or depression are a contributor 
or trigger for achalasia, or they are a secondary outcome of achalasia yet needs to be 
further studied.

5.3.2 AAG

It was also reported that acute stress can be a cause for AAG [220]. There is more 
evidence that AAG may lead to vitamin B12 deficiency, which may manifest as neuro-
psychiatric disorders, such as emotional instability, cognitive deficits, depression, and 
personality change [221]. In 2015, Tenca et al. found that the psychopathological pro-
file has a role in symptoms occurrence in AAG [222]. It was also reported that those 
with AG have a significantly higher risk of experiencing psychological distress, with 
younger females (<50 years) displaying the highest risk, regardless of whether they 
have an infection with H. pylori (HP) [223]. Zhao et al. found that chronic atrophic 
gastritis patients were 54.5% likely to experience depression, as the regression analysis 
indicated that interpersonal sensitivity correlated positively with depression [224].

5.3.3 Celiac disease

In CD, there is a clear relationship that associates celiac diseases with stress, anxi-
ety, and depression. Just like the other autoimmune GI diseases, the debate is not yet 
settled. However, it is suggested that CD has a role in these manifestations [225]. CD 
presents in many clinical presentations that are poorly understood such as changes in 
behavior are evident in cases of anxiety, depression, short-term memory loss, sleep 
disturbances, cognitive impairment, psychosis, and attention deficit disorder [226]. 
In CD, many patients have reported the symptoms of CD after stressful life events 
[227]. Addolorato et al. reported in a longitudinal study that 71% of people with celiac 
disease suffered from high levels of anxiety, the levels of anxiety were high in 24% of 
the control subjects, and 26% of the newly diagnosed celiac patients demonstrated 
anxiety [228]. In a Swedish study that evaluated patients with CD between 1973 and 
2016, they concluded that children with CD have an increased risk of developing 
psychiatric disorders in adulthood [229]. According to Wahab et al., CD is associated 
with anxiety and oppositional defiant behavior when it is combined with HLA-DQ2 
or HLA-DQ8 risk alleles [230] as a conclusion for their study on CD Autoimmunity 
and Emotional and Behavioral Problems in Childhood. Depression has been reported 
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in association with CD since 1951 [231]. Several studies have shown that people with 
CD are more likely to suffer from depression than people without CD [232–239].

Butwicka et al. found that children with CD had a 1.4-fold greater risk of devel-
oping mental disorders compared with the general population. Childhood CD was 
identified as a risk factor for mood disorders, anxiety disorders, eating disorders, 
behavioral disorders, ADHD, ASD, and intellectual disabilities in their study. 
Moreover, mood, eating, or behavioral disorders were more common before celiac dis-
ease diagnosis [240]. Individuals with CD have an increased risk of anxiety disorders, 
according to several studies [228, 241, 242]. These come in agreement with Clappison’s 
systematic review and meta-analysis on the psychiatric disorders association with CD 
[243]. Psychological symptoms before diagnosis could be caused by the general health 
of the patient, or by hypoperfusion of the brain in certain regions, a result of vitamin 
deficiency due to malabsorption. Also, Hyperphomocysteiemia can damage the 
blood-brain barrier, exposing the neuronal tissue to neuro-irritative substances [226]. 
Additionally, they may be associated with Ads such as thyroid disease, a risk factor for 
depression, panic disorder, and type 1 diabetes. There is speculation that one of the 
possible explanations could be due to the cytokines that are produced by the immune 
reactions, which can affect the brain circuits that control mood [226].

5.4 EoE

There is some evidence that EoE and its treatments can significantly reduce psy-
chological functioning, resulting in increased anxiety and depression [244]. Mental 
distress is a common problem among adult EoE patients, with an increased risk of 
significant anxiety among those younger than 35 years of age [245]. Mechanistically 
speaking, the protein Eotaxin-1/CCL11 which is involved in Eosinophil Recruitment 
could be the reason for the pathopsychological involvement in EoE patients. There 
has been evidence that eotaxin affects the central nervous system, and it was noted 
that eotaxin-1/CCL11 crosses the blood-brain barrier unaltered [246]. Eotaxin-1/
CCL11 inhibits neural progenitor cell proliferation in isolated neurons and neurons 
derived from neurospheres, as well as in hippocampal slices without affecting their 
ability to form neurons or astrocytes in vitro [247]. Neurons were not directly affected 
by eotaxin-1/CCL11. However, related chemokines were able to promote microglial 
migration and activation, producing reactive oxygen species, which exacerbated 
glutamate-induced neurodegeneration [248]. The serum levels of 22 cytokines/
chemokines, including eotaxin-1 and CCL11, were assessed in 49 patients with major 
depression, and 49 matched controls reported increased levels of the molecule in an 
inflammatory context [249].

5.5 Inflammatory bowel disease: celiac disease and UC

Stressors (i.e. environmental events) can affect the expression of symptoms in 
people with Crohn. It was suggested by Crohn himself, in his book Regional ileitisi in 
1949 [250]. It has been reported that stressful life events cause the disease to manifest 
since 1960 [251–255]. UC has been shown to be psychosomatic disease since 1969 
[256]. Psychological stress has been shown to promote systemic and mucosal proin-
flammatory responses, which could contribute to the exacerbation of UC in everyday 
life [257]. The UC patients exhibit hostility, somatization, anxiety, and depression 
even during remission, which is not surprising since the disease was entirely revers-
ible [258]. In general, IBD exhibit more psychological disorder. IBD patients suffer 
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from high rates of psychological distress and comorbid conditions, including depres-
sion, anxiety disorders, and bipolar disorder according to a cohort study [259]. An 
analysis of 1078 patients with IBD, including 303 patients with Crohn’s disease and 
775 patients with ulcerative colitis, found that 75% of patients believed that psycho-
logic stress caused an exacerbation of their symptoms [260].

5.5.1 The bidirectionality in IBD

According to a study that assessed perceptions of stress over time (2 years) in three 
subgroups, those with chronically active symptoms had the greatest perceptions of 
stress over time [261]. Over time, those with chronically inactive symptoms displayed 
the lowest levels of perceived stress [261]. Perceived stress scores were intermediate 
between those whose symptoms fluctuated from inactive to active over the 2-year 
period. In these studies, the directionality of the association between adverse men-
tal health and active symptoms of disease could not be established [262]. They do 
indicate, however, that adverse mental health is a problem for those whose disease is 
symptomatic. Psychological comorbidity is three times more prevalent in people with 
IBD than in the general population [262, 263]. More than 25% of patients with IBD 
may suffer from depression and more than 30% from anxiety during their lifetime 
[262, 264, 265]. Study of the Manitoba IBD Cohort Study population that underwent 
the CIDI and comparison with the Canadian Community Health Survey population 
that did the CIDI revealed that people with IBD were twice as likely to have a lifetime 
history of mood disorders than controls both within 12 months of diagnosis and 
within a year following diagnosis [262, 264]. Nearly 80% of those with IBD and an 
anxiety disorder had their anxiety disorder diagnosed more than two years before 
their IBD diagnosis. It is estimated that more than 50% of those with mood disorders 
were diagnosed before they were diagnosed with IBD. Therefore, it seems that not just 
chronic disease symptoms can lead to an increased level of anxiety and depression, 
but the presence of these psychological diseases could also predispose a person to 
develop IBD [262].

6.  Microbiome and autoimmune diseases: the gut-brain axis in GI 
autoimmune diseases

Mammalian microbiota consists of a variety of microorganisms, such as bacteria, 
archaea, fungi, and viruses. A symbiotic relationship exists between humans and 
bacteria, most of which are present in the gastrointestinal system [266]. An essential 
component of the host’s health and well-being is the gut microbiota, the collection 
of intestinal microorganisms throughout the GI tract [267]. Assemblage of the gut 
microbiome begins during birth, primarily from the mother’s vaginal and fecal 
microbiomes if naturally delivered, or from the skin and environmental microbes if 
delivered via cesarean section [268–270]. There are more than 100 trillion microor-
ganisms living within the GI tract, which together form the microbiota, a complex 
biosystem. Microbiota are organisms belonging to all domains of life, including 
Eukaryotes, Bacteria, and Archaea. The main components that comprise this micro-
universe belong to the bacterial group and are divided into four phyla: Actinobacteria, 
Proteobacteria, Bacteroidetes, and Firmicutes [271]. In terms of host health, microbes 
found in the gut are involved in nondigestible carbohydrates metabolism, immune 
system development, and drug metabolism. Human diseases linked to gut microbiota 
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include IBD, metabolic diseases, allergic diseases, and neurodevelopmental diseases 
[272, 273]. The microbiome of a newborn infant is affected by nutrition, physio-
chemicals, and biological properties of the body, as well as life events [274]. In this 
period of life, while breast milk is the primary source of nutrients, there are big shifts 
in bacterial taxa and much more variation between infants than between adults. 
Different immune responses to the microbes colonizing the host or other lifestyle 
factors could account for the large functional and phylogenetic variability [275]. The 
gut and brain developed from the same tissue, the neural crest, during embryogenesis 
and influence each other tightly [276].

As both are parts of the immune system, the gut, the brain, and multiple organs 
can all be affected by disturbances in this system. Communication between the gut 
and brain is known as gut-brain axis [277]. Communication between the brain and 
gut involves neural pathways, such as the enteric nervous system (ENS), vagus, 
sympathetic, and spinal nerves, as well as humoral pathways involving cytokines, 
hormones, and neuropeptides as signaling molecules [278]. The ENS controls the 
functions of the gut and includes blood flow absorption, motility, and secretion, and 
these four compromise the main function of the gut-brain axis [267]. The altera-
tion of the gut microbiota by any factor can lead to signaling to ENS resulting in an 
alteration in the hormone secretion. Chemical signals from the intestinal epithelium, 
enteric endocrine system, and immune system are highly receptive to this area, and 
it provides input to sensory pathways that signal the emotional and cognitive centers 
of the brain. ENS also receives efferent information from the brain via autonomic 
neural connections (sympathetic and parasympathetic) and hormonal pathways that 
modulate digestive functions [279]. Food intake regulation, glucose metabolism, and 
modulation of the GI-associated immune system include digestive processes, GI tract 
synchronization of physical and emotional states are all part of brain-gut axis inter-
actions [267]. The relationship between gut-brain axis and stress, depression, and 
anxiety is well established. These psychological conditions have biological mecha-
nisms and manifestations. Allostasis is process in which the body’s ability to restore 
homeostasis can result these psychological conditions. In allostasis, the hypothalamic-
pituitary-adrenal (HPA) axis regulates the body’s stress response systems, including 
neuroendocrine signaling and the glucocorticoids it produces, and BDNF it regulates, 
help with memory and learning [280]. Glucocorticoids is released from adrenal 
glands during stressful events, and it controls the homeostatic conditions. However, 
it can result anti-inflammatory responses [281]. It was shown that the gut microbiota 
helps to regulate the stress response as its absence results in an overproduction of 
Glucocorticoids after stressful events, particularly through Lactobacillus spp. in 
stress. In addition, it was shown that Lactobacillus rhamnosus reduces anxiety and 
Bifidobacterium spp. improves stress.

There is bidirectionality between gut and the microbiota in stress management. 
Through the release of cytokines and neurotransmitters, inflammation of the GI tract 
stresses the microbiome [282]. In conjunction with the increase in intestinal perme-
ability, these molecules then travel systemically. Rogue molecules from the perme-
able gut (leaky gut) are amplified when blood levels of TNF-a and MCP (monocyte 
chemoattractant protein) are elevated [283, 284]. Anxiety, depression, and memory 
loss result from their release [285]. It was reported that there is a relationship 
between elevation of IL-5 and TNF-a with depression and anxiety that suggest that 
these pro-inflammatory cytokines are involved in the development of anxiety and 
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depression which is also manifested in chronic inflammation and altered immune 
cells in the peripheral blood [284]. The hypothalamicpituitary- adrenal (HPA) axis 
can be simulated with pro-inflammatory cytokines. The hypothalamus can release 
corticotropin releasing factors simulating the adenohypophysis to release adrenocor-
ticotropic hormone (ACTH). The ACTH can induce the release of cortisol which is a 
stress hormone from the adrenal gland which acts as negative feedback in the pro-
inflammatory signal transduction. Hyperactivity of the HPA axis is a major cause of 
psychological responses such as stress, anxiety, and depression [286].

The research focus on gut-brain axis is recent and it’s not proceeding with the pace 
that it was expected to be. Nevertheless, it’s a complicated area of research due to vari-
ety of factors that are involved in the process and the multiple pathways that could 
play a vital role in the processes. In addition, the components of the gut microbiota 
are huge. Several neural, hormonal, metabolic, immunological, and microbial signals 
drive gut-brain communication [287]. In autoimmune diseases, many patients have 
reported psychological comorbidities and it’s not confirmed whether these comor-
bidities are due to quality of life with the disease, or they are one of the inducers that 
are involved in the pathogenesis of the disease. It could be bidirectional, nevertheless. 
There is an autoimmune component to major psychiatric disorders. In psychiatric 
disorders, disequilibrium of cellular processes in the GI tract is likely to contribute 
to immune dysfunction [288]. Symptoms of gastrointestinal diseases worsen psy-
chological complaints and vice versa, suggesting a significant role for an imbalance 
in the gut-brain axis in both conditions. The gut is strongly implicated in a variety 
of neurological diseases via direct and indirect mechanisms, according to growing 
evidence. Intestinal microbes and their products (e.g., metabolites) as well as immune 
education in the mucosal immune system, including the release of proinflammatory 
cytokines, are key components. The intestinal epithelium regulates these processes 
by translating signals from bacteria and inflammation to the immune system and 
secreting hormones and peptides which are involved in the metabolic processing of 
dietary nutrients [289]. Some of GI autoimmune diseases mechanisms of gut-brain 
axis role and the clear direct relationship of stress, anxiety and depression are well 
established such as IBD [290, 291] and CD [292]. Since this is a growing area of the 
research, more investigations need to be done to cover the relationship between the 
involved components.

7. Conclusions

To conclude, GI autoimmune diseases can be compromising to the patients’ life, 
and they can be due to multiple factors. Over the past few decades, the number of GI 
autoimmune diseases have increased exponentially. GI autoimmune diseases although 
they are organ specific. Nevertheless, there is a need for multidisciplinary approaches 
for diagnosing and understanding the pathogenesis of these diseases. Antibodies 
provide a current excellent predictor for those diseases. Nevertheless, the invest-
ment in biotechnology to develop more specific and sensitive tools for is needed. The 
understanding of the interwinding between the brain and gut as well as other etio-
logical factors can provide better approach in preventive medicine in dealing with this 
disease as well as increase in the quality of the life of the patients beside the current 
available pharmacological and surgical available options.
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Abstract

Autoimmune diseases (AD) have emerged as a pandemic in our modern societies,  
especially after the World War II. In part I, we have reviewed five main diseases 
and shed light on different aspects from introducing the concept of autoimmunity, 
the description of the disease’s pathogenesis and the diagnosis, the role of antibod-
ies as markers for the prediction of the disease, the link between the gut and brain 
through what is known as the gut–brain axis, and the relationship of this axis in GI 
autoimmune diseases. In this chapter, we review the role of antibodies as markers for 
the prediction of the disease, artificial intelligence in GI autoimmune diseases, the 
nutritional role and implications in the five GI autoimmune diseases, and finally the 
treatment of those diseases.

Keywords: achalasia, atrophic autoimmune Gastritis, celiac disease, eosinophilic 
esophagitis, inflammatory bowel diseases, Crohn disease, ulcerative colitis, 
autoantibodies, artificial intelligence, machine learning, immunological nutrition

1. Introduction

Autoimmune diseases can be defined as the inability of the human system to 
distinguish its own bodies from foreign bodies [1, 2]. The diagnosis of autoimmune 
diseases is not easy. However, with the emergence of the serological tool and our prog-
ress in understanding the science of the immunology, antibodies provide an excellent 
role in the prediction of GI autoimmune diseases. They serve as markers for the 
prediction or confirming the presence of an autoimmune disease. The emergence of 
artificial intelligence (AI) and the integration of machine learning (ML) algorithms in 
many applications and their incorporation into the health sector as well open the gate 
for improved diagnosis and management of the diseases. In ADs, they could be great 
asset as many of the diagnostic tests depend on imaging techniques that their inter-
pretations could vary from one clinician to another. The treatment of GI autoimmune 
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diseases could be variable from the need for elimination diets to surgical interventions 
depending on the case and the disease.

In the previous chapter, we provided an introductory background on autoim-
mune diseases, definition of pathophysiology and etiology of autoimmune diseases, 
a review of the five most common GI autoimmune diseases, the role of psychological 
association with GI Tract autoimmunity, and microbiome and AD: The Gut–Brain 
Axis. In this chapter, which is a continuation of the second chapter we discuss other 
aspects that include shading the light and in-depth review of the fascinating roles 
of antibodies as predictors for the GI autoimmune diseases, the role of dietary and 
nutritional implications, the use of artificial intelligence in diagnosis of GI autoim-
mune diseases, and the treatment of GI autoimmune diseases.

2. Antibodies as predictors of the GI autoimmune diseases

The presence of autoantibodies in patient’s serum has been considered a common 
symbol of autoimmune diseases. Autoantibodies are produced by pathogenic B cells, 
to target individual’s own tissues. Many have considered them a clinical marker of 
diseases that can diagnose and predict prognosis of the disease. However, one GI 
disease can have more than one autoantibody, and many other diseases share the 
same autoantibodies. Some autoantibodies are specific to specific diseases, and some 
are not [3, 4]. This section is intended to give an overview of the most common and 
important autoantibodies in GI autoimmune diseases.

2.1 Anti-parietal cell antibody (APCA)

Anti-parietal cell (APCA) is an autoantibody that targets H+/K+ ATPase, a het-
erodimer made of alpha- and beta-subunits. This enzyme is a proton pump located on 
parietal cells, that is involved in the production and release of high amount of hydro-
chloric acid [5]. Studies have shown that the isotypes of APCA immunoglobulins 
ate A, M, and G isotypes [6]. Many studies have associated APCA with autoimmune 
GI diseases, such as atrophic gastritis and Helicobacter pylori-associated atrophic 
gastritis. For example, H+/K+ ATPase has been considered a major antigen in H. 
pylori-associated antigastric autoimmunity [7]. Antibodies against this antigen are 
believed to have a crucial role in H. pylori-associated atrophic gastritis too. This was 
concluded by Ito et al., as the levels of APCA were significantly higher in patients with 
severe atrophy than in patients with mild atrophy (P = 0.01) [8]. Furthermore, H+/K+ 
ATPase is also a major antigen in autoimmune gastritis [9]. It is important to note that 
chronic gastritis, most commonly autoimmune gastritis and H. pylori gastritis, can 
result in atrophic gastritis [10]. To help identify atrophy, Claeys et al. state that APCA, 
which are closely associated with classical autoimmune gastritis, can be used as useful 
indicators for the atrophy of body mucosa in chronic H. pylori gastritis [7, 11].

Moreover, APCA can also predict one’s risk for developing atrophic gastritis and 
its severity. For instance, Zhang et al. detected an overall APCA prevalence of 19.5%. 
They discovered that APCA prevalence was strongly associated with an approxi-
mately fourfold increased risk of chronic atrophic gastritis (CAG) (46.2% vs. 18.0%, 
adjusted OR = 3.8; 95% CI: 3.1–4.7). This striking association was even more increased 
with raising severity of chronic autoimmune gastritis (CAG) defined by PGI levels. 
As a result, they concluded that examining APCA levels might be a useful marker 
to be added when screening patients for CAG [11]. De Block et al. also conclude that 
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individuals with positive anti-gastric parietal cell are at a higher risk for atrophic 
gastritis [12]. To summarize, occurrence of APCA can help predict the development 
of atrophic gastritis in the future.

2.2 Intrinsic factor antibodies (IFA)

Intrinsic factor antibodies are IgG autoantibodies that attack a 60-Kd intrinsic 
factor glycoprotein secreted by parietal cells that bind to vitamin B-12 and allow for 
its absorption. There are two types of those autoantibodies, the first is called Type I,  
which targets cobalamin binding sites and prevents the combination of IF and 
vitamin B-12. The other type is called Type 2, which targets ileal mucosa receptor 
and prevents IF-vitamin B-12 complex attachment to it [13, 14]. In addition to H+/K+ 
ATPase, intrinsic factor (IF) is also a crucial autoantigen in pernicious anemia [15]. 
IFA have been detected in 13 to 60% of patients with pernicious anemia [16–19] Type 
I IFA is found to be the predominant type in those cases. While Type II is only found 
in about half of those cases, Type II IFA is rarely detected in the absence of Type I 
IFA [14]. IFA has also been associated with autoimmune body gastritis. For instance, 
Lahner states that intrinsic factor autoantibodies are 100% specific for biopsy-proven 
autoimmune body gastritis. Moreover, they detected IFA in 27% of patients with ABG 
and none in healthy controls. Finally, Lahner et al. concluded that testing patients for 
IFA along with APCA can significantly increase the diagnostic accuracy for atrophic 
body gastritis and pernicious anemia [20].

2.3 Anti-transglutaminase (TGA)

Anti-transglutaminase (TGA) are autoantibodies targeting tissue transglutamin-
ase (tTG) or transglutaminase 2, which is a 76-kD calcium-dependent ubiquitous 
enzyme released during inflammation that catalyzes the post-translational modi-
fication of proteins [21]. This ubiquitously expressed enzyme also plays a role as a 
GTPase, ATPase, and protein kinase [22]. This enzyme has been considered a specific 
marker for celiac disease (CD). Dieterich et al. were one of the first scientists to 
determine the role of tTG in CD [23]. Sabatino et al., further explain that tTG has 
at least two roles in CD one is being a deamidating enzyme to enhance the immu-
nostimulatory effect of gluten, and the other as a target autoantigen in the immune 
response [21]. In a systematic review done by Ghatti et al., 11 studies detected 
intestinal transglutaminase 2 Immunoglobin A (IgA) deposits in 100% of adults 
with overt CD, while the prevalence in children ranged between 73.2 and 100% [24]. 
Similarly, in a study examining children, Borrelli et al. detected anti-TG2 IgA deposits 
in all 53 patients with confirmed CD and three out of three potential patients with 
CD. As a result, Borrelli et al. concluded that intestinal deposits of anti-TG2 appear 
early in the course of the disease and are of constant presence in patients with CD 
[25]. Furthermore, other studies detected TGA presence in serum of patients with 
CD. For example, Miller et al. detected TGA presence in 46 patients with untreated 
CD (sensitivity 100%) [26]. Moreover, in a study testing 37 patients with biopsy-
confirmed CD, Damoiseaux et al. found that 86.5% have IgA antirecombinant human 
tissue transglutaminase antibodies (rh-tTGA) [27]. In addition, Tola et al. found 
significantly high levels of TGA in patients with CD [28]. TGA can be even found 
in the serum of asymptomatic individuals who later in life develop CD [29], which 
further emphasizes its importance in detecting CD. In fact, Rubio-Tapia et al. have 
found that elevated IgA anti-TGA has been associated with an increased mortality rate 
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among men aged 50 years old. They also concluded that IgA anti-TGA could be used 
as a nonspecific marker of serious disease in older men [30]. There are few studies 
documenting IgA anti-TGA in Crohn’s disease; however, there are other conflicting 
reports about anti-TGA IgG presence [31, 32]. Tola et al. have found significantly low 
positive values in IBD (Crohn’s disease and ulcerative colitis (UC)). In addition, Tursi 
et al. also detected antitransglutaminase (anti-tTG) in 5 out of 27 (18.52%) patients 
with Crohn’s disease [33]. While Shor et al. also detected positive IgG tTG in 4 out of 
26 patients with UC, and 2 out of 194 in healthy controls (11.1% versus 1%; P = 0.018) 
[28]. As a result, TGA was not found to be useful in IBD; therefore, serological screen-
ing testing was only recommended if there is a relevant clinical suspicion of Crohn’s 
[34]. While in IBD, Watanabe et al. detected significantly higher levels of antibodies 
against tissue transglutaminase in patients, which also correlated with disease severity 
[35]. IgA against the autoantigen tissue transglutaminase (tTG) is frequently associ-
ated with untreated Crohn’s disease but disappears with gluten exclusion [23]. TGA 
has also been associated with Crohn’s disease and its severity.

Moreover, Fevre et al. also detected anti-tissue transglutaminase antibodies (TTG 
Ab) in 23% of patients diagnosed with eosinophilic esophagitis (EoE) during the 
study. Shor et al. also detected positive IgG tTG in 4 out of 26 patients with ulcerative 
colitis, and 2 out of 194 in healthy controls (11.1% vs. 1%; P = 0.018) [28].

2.4 Anti-gliadin antibodies (AGA)

Anti-gliadin antibodies are antibodies that are targeted toward Gliadin, a protein 
found in Bread wheat, rye, and barley [36]. AGA IgA antibodies have been shown to 
be one of the hallmarks of CD. For instance, Jassim et al. tested AGA-IgA and AGA-
IgG in 58 patients with celiac disease and 27 healthy control and found that both anti-
bodies were significantly higher in the CD patients than in control [3]. In addition, 
Damoiseaux et al. found that 73% of 37 patients with biopsy-confirmed CD have IgA 
AGA in their serum [27]. Moreover, Lindqvist et al. have found that patients with pso-
riatic arthritis have an increased prevalence of high serum IgA AGA and of CD [37]. 
In fact, CD was commonly found in patients with isolated positive AGA; therefore, 
Taylor et al. recommended that all those patients should be referred to gastroscopy 
(OGD) and D2 biopsy to undergo further investigation [38]. Both AGA and anti-tTG 
antibodies are considered good serologic indicators of CD, and they can be even found 
in the serum of asymptomatic individuals who later in life develop CD [29, 39]. The 
sensitivities detected for tTG, AGA IgA, and AGA IgG are 90 to 98%, 80 to 90%, and 
75 to 85%, respectively. While the specificities were found to be 95 to 97%, 85 to 95%, 
and 75 to 90%, respectively [40, 41]. Moving to Crohn’s disease, Tursi et al. detected 
AGA in 8 out of the 27 patients with Crohn’s disease (29.63%) [33]. Furthermore, Shor 
et al. detected high levels of AGA IgG in 17 out of 83 patients with Crohn’s disease, and 
20 out of 194 in healthy controls (20.5% vs. 10.3%; P = 0.023) [28].

2.5 Anti-endomysial antibodies (EMA)

The endomysium is a perivascular connective tissue that separates smooth muscle 
fibers from each other [42]. Dieterich et al. stated that tissue transglutaminase is the 
target antigen in endomysium in CD [23]. Detection of anti-endomysial antibodies 
(EMA) in blood has been used as the most specific test to diagnose CD. However, 
EMA lacks sensitivity, particularly in the earlier stages of disease exhibiting mild 
villous atrophy [38, 43]. On the other hand, Farrell et al. state that sensitivity of EMA 
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IgA is equal to or exceeds 90%, while the specificity approaches 100% in untreated 
patients with CD. Kanthi et al., similarly, mention that the sensitivity and specificity 
of IgA EMAs are found to be 85–98% and 97–100%, respectively. As a result of that, 
blood EMA testing is estimated to have a high positive predictive value [44]. Another 
characteristic of EMA includes that the antibodies’ levels fall after following a gluten-
free diet [45]. Similar to IgA AGA, IgA EMA antibody will also not be detected in IgA 
deficient CD patients [46]. As for using it, Keren et al. recommended testing for EMA 
to help select patients who would be qualified for a biopsy [47]. While others used it 
for screening and estimating the prevalence of CD [48]. Kanthi et al. stated that EMA 
IgG1 have been used for diagnosing celiac disease, especially in IgA-deficient patients 
[44]. EMA has also been detected in other diseases. For example, Damoiseaux et 
al. detected IgA EMA presence in 86.5% of 37 patients with biopsy-confirmed CD 
[27]. Moving on to Crohn’s disease, Tursi et al. only found anti-endomysial antibody 
(EMA) in 4 out of 27 patients with Crohn’s disease (14.81%) [33].

2.6 Anti-Saccharomyces cerevisiae antibodies (ASCA)

Anti-S. cerevisiae antibodies (ASCA) are autoantibodies targeted toward the 
mannose residues on unicellular fungus S. cerevisiae (S. cerevisiae) [49]. Several 
studies associated those antibodies with GI autoimmune diseases. For instance, Shor 
et al. detected high levels of IgA ASCA in 16 out 83 patients with Crohn’s disease 
patients, while only 2 of the 198 healthy controls had positive ASCA titers (19.3% vs. 
1%; P = 0.000). In addition to IgA ASCA, the high titers of IgG ASCA were detected 
in 23 out of 83 patients with Crohn’s disease, while only one healthy control of the 
194 had a positive IgG ASCA titers (27.7% versus 0.5%; P = 0.000) [28]. Even in a 
pediatric population, El-Matary et al. detected a correlation between both ASCA IgA 
and IgG titers and clinical Crohn’s disease activity [50]. Furthermore, Smids et al. 
detected IgA ASCA in 23% of Crohn’s disease patients and only 3% of UC patients 
[51]. However, ASCA is not a specific marker for Crohn’s disease, since it was also 
detected in patients with CD. Kotze et al. tested patients with Crohn’s disease, and 
3 groups of CD patients, including those at time of diagnosis, patients that follow 
gluten-free diet, and lastly, others who admit transgression in their gluten-free diet. 
Kotze et al. found statistically significant levels of ASCA IgA in patients with Crohn’s 
disease, in addition to patients with CD at diagnosis and others that admit transgres-
sion in their gluten-free diet. Furthermore, ASCA IgG was also positive in Crohn’s 
disease and in all groups of CD. They concluded in their study that ASCA detection 
is associated with the inflammation of small intestine [52]. Moreover, it was also 
detected in CD. For example, Damoiseaux et al. detected ASCA presence in 16 of 
37 patients with biopsy-confirmed CD [27]. Also, Granito et al. detected IgA and/
or IgG ASCA in 59% of 105 subjects with CD at the time of diagnosis. In their study, 
they did not find any significant correlation between ASCA positivity and severity 
of small intestinal mucosal damage. Furthermore, they tested 93% of revaluated 
coeliac patients again after they had followed a gluten-free diet and did not detect 
IgA ASCA. Instead, 83% of the subjects maintained their IgG ASCA reactivity 
[53]. ASCA can even help in predicting the development of CD in patients before 
they present with symptoms [53, 54]. Granito et al. called them the “potential/
silent” CD and suggested diagnosing them with CD in case of positive serological 
markers (EmA and tTG) and typical HLA predisposing genotype (DQ8 or DQ2) 
[55]. In a study involving a Korean cohort, Choi et al. detected a positive rate of 
ASCA in 44.35% of patients with intestinal Behcet disease, compared to 8.8% in 
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healthy control subjects [56]. Furthermore, Cheng et al. concluded in a metanalysis 
of 9 studies, that there is a strong correlation between ASCA and gastrointestinal 
Behcet disease, specially ASCA-IgG (OR = 5.50 (95% CI 2.58 to 11.55), p = 0.000) 
and ASCA-IgG + IgA (OR = 5.36 (95% CI 1.40 to 20.45), p = 0.014). The study also 
found that in gastrointestinal Behcet disease the positivity rate of ASCA was higher 
significantly than that in UC: IgA (OR = 2.13 (95% CI 1.30 to 3.50), p = 0.003); 
IgG + IgA (OR = 2.19 (95% CI 1.03 to 4.66), p = 0.042); IgG/IgA ((=2.03 (95% CI 
1.30 to 3.17), p = 0.002). Moreover, the frequency of ASCA-IgG was found to be 
significantly higher in patients with Crohn’s disease than in those with gastrointes-
tinal Behcet disease (OR = 0.48 (95% CI 0.28 to 0.83), p = 0.009, [57]. This shows 
that ASCA plays a significant role in pathogenesis of autoimmune gastrointestinal 
diseases. ASCA have also been detected in other diseases. Shor et al. also detected 
IgG ASCA in Crohn’s disease, Graves’ disease, SLE, vasculitis, and cryoglobulinemia 
patients [28].

2.7 Perinuclear anti-neutrophil cytoplasmic antibodies p-ANCA

Perinuclear anti-neutrophil cytoplasmic antibodies (p-ANCA) are a subset of 
anti-neutrophil cytoplasmic antibodies (ANCA) that target the heterogeneous col-
lection of antigens, such as myeloperoxidase (MPO), cathepsin-G, elastase, lactofer-
rin, and bactericidal/permeability-increasing protein. p-ANCA mostly recognizes 
MPO, followed by neutrophil elastase, lactoferrin, and other antigens [58]. Atypical 
p-ANCA binds to those antigens in neutrophil granules leading to the staining of 
rim of the neutrophil nuclei and intranuclear foci [19]. p-ANCA is thought to be 
more dominant in UC than in Crohn’s patients. For instance, p-ANCA has been 
detected in 40–80% of patients with ulcerative colitis compared to 5–25% of patients 
with Crohn’s disease [58]. In addition, Smids et al. detected p-ANCA in 45% of UC 
patients, and only 5% of Crohn’s patients [51]. Moreover, Ruemmele et al. state that 
p-ANCA are 92% specific for detecting ulcerative colitis, as those autoantibodies were 
absent in all non-IBD controls [59]. Smids also confirms p-ANCA specificity to UC 
(p = 0.0001) [51]. In addition to IBD, Freeman states that p-ANCA can also be pres-
ent in patients with histologically-defined celiac disease with or without concomitant 
lymphocytic colitis [60]. Damoiseaux et al. also confirm the presence of p-ANCA 
in celiac disease patients as they detected its presence in 8 of 37 patients with celiac 
disease (21.6%) [27].

2.8 Autoantibodies against epithelial cell adhesion molecules

In a study examining eosinophilic esophagitis (EoE) patients, Dellon detected 
higher levels of anti-DSG3 IgG4 in EoE patients’ serum compared to healthy controls 
(p = 0.02). In addition to that marker, he also detected very high levels of Anti-NC16A 
IgG4 EoE patient’s serum when compared with healthy controls (p < .001), which 
then led him to conclude that this marker is useful for diagnostic utility as a serum-
based EoE biomarker [61].

2.9 IgE/IgG to food antigens

It has been shown that EoE patients’ serum exhibited various IgE against food 
antigens. For instance, Roy-Ghanta et al. found that 82% of 23 patients with biopsy-
proven EoE exhibited serum IgE targeting one or more food-associated allergens. 
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Most common food allergens were onion, wheat, carrot, and tomato [62, 63]. 
Moreover, Erwin et al. have also concluded that EoE-sensitized patients have higher 
IgE titers in comparison to nonsensitized patients (median, 150 vs. 13 IU/mL; 
P < .001) [64]. It is also common for EoE patients to have IgE targeting some milk 
proteins. For example, using ImmunoCAP assays for specific milk allergens, Erwin et 
al. have detected positive IgE antibodies in 31 out of 34 EoE patients. He then detected 
a strong correlation between IgE antibodies targeting Bos d 4 (α-lactalbumin) and 
Bos d 5 (β-lactoglobulin) and milk extract (R = 0.89 and R = 0.76 respectively; 
p < 0.001) [65]. In another example, Schuyler et al. also confirm the prevalence of 
antibodies against milk proteins in EoE patients. He found that 79% of 67 children 
diagnosed with EoE had cow milk (CM) sensitization (sIgE ≥0.10 IU/mL) compared 
with unselected controls, where only 22% of 101 had CM sensitization. When com-
paring specific IgG4 and total IgG4, both were significantly detected in EoE patients 
in comparison to unselected controls (p < 0.001 vs. p < 0.01, respectively). Just like 
Erwin et al., Schuyler et al. also found significantly high titer of antibodies against 
alpha-lactalbumin; however, the antibody was sIgG4, when compared to control 
(p < 0.001). He also detected another targeted protein in milk which was caseins 
(p < 0.001) [66]. Clayton also reports the presence of IgG4 targeting food in EoE 
patient’s serum [67].

2.10 Aeroallergen-specific IgE

There can be a difference in aeroallergen-specific IgE serum levels between age 
groups in EoE patients. For instance, Erwin et al. have noticed that children have 
higher aeroallergen-specific IgE serum levels than adults. Regarding specificities, 
Erwin et al. have shown that prevalence of sensitization to one or more aeroallergen 
specificities was higher than that in children (93% vs. 65%), while the sensitization to 
each individual aeroallergens ranged from 12 to 61% [65].

2.11 Circulating antimyenteric autoantibodies (CAA)

CAA are circulating antibodies that target the myenteric neurons located in the 
GI tract. Several studies have associated those autoantibodies with the pathogenesis 
of achalasia disease. For instance, Storch et al. have detected IgG antibodies directed 
at Auerbach’s plexus, also named myenteric plexus, in patients with achalasia with 
varying duration and stages of diseases (specificity 93%, sensitivity 64%, p < 0.0001) 
[68]. Furthermore, Verne et al. also detected them in 7 out of 18 achalasia patients. 
Those autoantibodies were found to stain most of the neurons found within plexi in 
the intestinal and esophageal sections, even nitric oxide synthase positive and nega-
tive neurons. While none of the controls exhibited neuronal staining [69]. Moreover, 
Ruiz-de-León et al. also confirmed CAA association with achalasia, as he found CAA 
in 54.3% of patients with achalasia and only 7.5% of healthy individuals (P < 0.001) 
[70]. When examining nuclear or cytoplasmic fluorescence patterns, Kallel-Sellami 
et al. found significantly high titers of CAA in patients with achalasia, in comparison 
to healthy controls (33% vs. 12%, P = 0.03 and 48% vs. 23%, P = 0.001 respectively) 
[71]. On the other hand, Kraichely et al. did not detect any specific myenteric neuro-
nal antibody in all the 70 patients with primary achalasia he examined. Instead, they 
found significantly high levels of GAD65 autoantibody in patients with achalasia, 
which is an autoantibody found in other autoimmune diseases such as type 1 diabetes 
mellitus (P < 0.0001) [72].
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3. Artificial intelligence (AI) in the diagnosis of GI autoimmune diseases

Artificial intelligence is a study of methods capable of imitating intelligent human 
behavior (e.g., making decisions under uncertain conditions) [73]. Machine learning 
(ML) is a subset of AI. The introduction of machine learning (ML) has revolution-
ized the image processing and analysis field in medicine. ML in computer science 
can be defined as the process by which computers can learn without being explicitly 
programmed. Machine learning is intended to assist in learning from data. There 
are many datasets available today, leading to an increase in ML demand [74]. The 
information extracted from the data can sometimes be difficult to interpret after 
viewing it. The use of ML can make machines more efficient at handling data. There 
are two famous models in ML which are unsupervised and supervised machines 
[75]. Supervised learning is an optimum choice for smaller volumes of data and 
clearly labeled data [76]. For large datasets, unsupervised learning generally results 
in better performance and results. If a large dataset is readily available and labeled, 
deep learning techniques are optimum for use [77]. The application of AI and ML in 
healthcare has a promising potential in providing medical solutions for the healthcare 
sector. One of the aspects that could be a valuable addition to the healthcare sector is 
the incorporation of AI into the diagnosis. In this section, we aim to shed the light on 
some of the recent applications of AI in GI autoimmune diseases.

3.1 AI in achalasia diagnostics

AI has not explored much of achalasia diagnosis. One of the scarce examples is the 
work of Carlson et al. where they used functional luminal imaging probe panometry 
as a method to detect achalasia subtypes using ML. Manometry was performed on 180 
patients with achalasia’s 3 subtypes. FLIP is a technique that is used to measure disten-
sive pressures and distension-induced esophageal contractions. Correlation analysis, 
single tree, and random forest were adopted to develop classification trees to identify 
achalasia subtypes. Their decision tree model accurately identified spastic (type III) 
versus nonspastic (types I and II) achalasia with 90% and 78% accuracy, respectively. 
The train and test cohorts correctly identified achalasia subtypes I, II, and III with 
71% and 55% accuracy, respectively [78]. In a recent conference proceeding, Jiang 
et al. reported an automated real-time esophagus achalasia detection method for 
esophagoscopy assistance through the use of convolutional neural network (CNN) 
to detect all achalasia frames in esophagoscopy videos. Since it is hard to distinguish 
achalasia features, they further introduced dense pooling connections and dilated 
convolutions in the CNN to better extract features from esophagoscopy frames. They 
reported a real-time achalasia detection system that achieved 0.872 accuracy and 
0.943 AUC score on their dataset [79].

3.2 AI in AAG diagnostics

The atrophic gastritis can benefit from the applications of AI in the diagnosis as 
well. It is often hard to distinguish between the different types of gastritis. One of the 
most promising applications is the recent report by Franklin et al. that utilized a CNN 
machine learning model that can distinguish between cases of HPG and autoimmune 
gastritis with accuracy equal to GI pathologists [80]. This could be beneficial particu-
larly in AAG since it is hard to diagnose pathologically depending on the expertise of 
the clinician.
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3.3 AI in celiac disease diagnostics

Diagnosis of celiac disease (CD) is difficult because its symptoms are shared 
with many other diseases. However, AI can be used to further facilitate the diag-
nosis of CD. Joceli et al. proposed a web-based Clinical Decision-Support System 
(CDSS) using ML algorithms to identify CD. The database used for testing and 
training the algorithms consisted of clinical data of patients with 35 attributes of 
CD-related symptoms recorded per case. For the training set, a total of 178 cases 
were recorded out of which 46% were diagnosed with CD. For the testing set, a total 
of 38 cases were recorded out of which 37% were CD positive. The study used dif-
ferent variations of 13 algorithms equating the total number of models to 270. The 
algorithms were trained on the training set, and the best variation of each algorithm 
was used on the testing set. The selection criteria were the area under the curve of 
the receiver operating curve (AUC ROC). The results were compared with clinical 
diagnosis and the golden standard, and the results showed that the best algorithm 
was able to diagnose the CD cases with great accuracy. This preliminary work 
shows the prospective of using AI can be used to aid physicians in their diagnosis of 
diseases like CD [81].

3.4 AI in EoE diagnostics

The applications of AI in EoE have been on rise. One of the most recent applica-
tions by Guimarães et al. is the utilization of CNN networks in endoscopic images of 
EoE. Their study examined 484 real-world endoscopic images taken from 134 sub-
jects within three distinct categories (normal, EoE, and candidiasis). In their results, 
they found that global accuracy (0.915 [95% confidence interval (CI) 0.880–0.940]), 
specificity (0.936 [95%CI 0.910–0.955]), and sensitivity (0.871 [95%CI 0.819–0.910) 
were all higher than for the endoscopists on the test set. The global area under the 
receiver operating characteristic curve was 0.966 [95 %CI 0.954–0.975] [82]. One 
study by Dnaiel et al. applied machine learning to EoE biopsies and created a dataset 
for training a multilabel segmentation deep network. Their model was able to seg-
ment intact and notintact eosinophils with a mean intersection over union (mIoU) 
value of 0.93. This segmentation was able to quantify intact eosinophils with a mean 
absolute error of 0.611 eosinophils and to classify EoE disease activity with an accu-
racy of 98.5%. Their model achieved 94.8% accuracy, 94.3% sensitivity, and 95.14% 
specificity in detecting EoE disease activity when using whole slide images from the 
validation cohort [83]. EoE diagnosis could be flourished with the introduction of AI 
as more already ongoing research on it in the literature [84–87].

3.5 AI in IBD diagnostics

AI has also been explored widely in IBD diagnosis. The need for AI in identify-
ing IBD and correctly identifying the type of Crohn’s disease and ulcerative colitis 
has been pointed out by Suandram et al. The problem with diagnosing IBD through 
endoscopy is the subjectivity of the endoscopist in interpreting the results rather than 
the endoscopic result visualization. To aid in the decision-making, making AI-based 
applications exist, such as computer-aided diagnosis (CADx). The works reviewed 
by Suneha et al. have shown great accuracy in detecting and differentiating IBM 
diseases. Mossotto, 2017 was able to classify UC and Crohn’s disease with an accuracy 
of 83.3% using pediatric data involving endoscopic images and histology [88]. Barash, 
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2021 was able to diagnose CD ulcer severity with great accuracy based on capsule 
endoscopy images [89]. On the other hand, Gottlieb, 2020 used an endoscopy video to 
the grade the UC severity [90]. Takenaka, 2020 predicted the UC remission with 90% 
accuracy using endoscopic images and histology [91]. For detailed reviewing of AI in 
IBD, we refer the reader to in-scope reviews (Table 1) [92–101].

4. The role of dietary in GI autoimmune diseases: Nutritional implications

The value of the nutrition in the treatment and the prevention of the diseases has 
been known for thousands of years before the current modern medicine. The growing 
interest in the value of nutrition made it clearer that many of the diseases that have 
boomed in the modernism era are entangled with the poor nutrition and the lifestyle 
of the individuals. In this section, we aim to explore the role of the nutrition in the GI 
autoimmune diseases.

4.1 Role of dietary interventions in achalasia

Nutrition in patients with achalasia has often been overlooked. Achalasia is ini-
tially characterized by dysphagia when eating solid and liquid foods. Solid food tends 
to cause more dysphagia than liquids. Most patients modify their eating habits to ease 

Study Disease Classification 
Technique

Predicting 
Classes

Accuracy 
(%)

Sensitivity 
(%)

Specificity 
(%)

(Carlson  
et al. 2021)

Achalasia Decision Trees Type I 55 9 86

Type II 72 23

Type III 64 97

(J. Zhang 
et al. 2021)

Atrophic 
Gastritis

Improve-
DenseNet

AG/
Non-AG

98.63 95.42 93.87

(Y. Zhang 
et al. 2020)

DenseNet 121 Mild, 
Moderate, 
and Severe

94.24 94.58 94.01

(Tenório  
et al. 2011)

Celiac Disease Bayesian 
Classifier 

(AODE-F1)

CD/
Non-CD

80 78 80

(Manandhar 
et al. 2021)

Inflammatory 
Bowl Diseases*

Decision Trees IBD/
Non-IBD

0.72 ± 0.02 0.81 ± 0.04 0.63 ± 0.04

Elastic Net 0.69 ± 0.02 0.77 ± 0.05 0.62 ± 0.06

Neural 
Networks

0.63 ± 0.04 0.80 ± 0.22 0.46 ± 0.18

Random 
Forrest

0.74 ± 0.02 0.84 ± 0.03 0.64 ± 0.04

Support Vector 
Machines

0.67 ± 0.02 0.77 ± 0.06 0.58 ± 0.06

Inflammatory 
Bowl Diseases*

Random
Forrest

Crohn’s/UC 0.83 ± 0.03 0.85 ± 0.04 0.80 ± 0.06

Table 1. 
AI applications summary in GI tract autoimmune diseases.
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the progress of the food bolus: eating more slowly or using certain maneuvers, such as 
raising the arms or arching the back [102].

The disease is extremely rare and has a high success rate in treatment. The clini-
cians usually recommend the patients to eat what they can tolerate and usually the 
patients resume the regular diet after the treatment. An adequate nutrition modifica-
tion should be a part of the therapy. If the patient experiences swallowing difficul-
ties, they may be advised to reduce their fiber intake as soluble fibers increase the 
viscosity of the bolus, decreasing its absorption, while insoluble fibers have a high 
water-binding capacity, increasing the bulk of the bolus. Low-fiber diets would be 
physiologically advantageous in situations where luminal narrowing is present, such 
as in achalasia due to high LES pressure. There is a possibility that some patients will 
have to switch to high-calorie/protein liquids if this is necessary for their condition. 
Patients with persistent vomiting might also benefit from supplementation with 
thiamine (and other vitamins and minerals). Achalasia patients who continue to have 
difficulty meeting their nutritional needs orally may need gastric access for enteral 
feeding, but this is rarely needed due to the effective treatment options available 
[103–105].

4.2 Role of dietary interventions in AAG

AAG patients are reported to have the malabsorption of food-bound vitamin B12 
due to decreased IF production resulting in hematological, gastroenterological, and 
neuropsychiatric disorders. In addition, they are reported to have malabsorption of 
iron resulting in microcytic anemia. They are also reported to have a vitamin C defi-
ciency that leads to decreased antioxidant defense, immunity, and protein synthesis. 
They are also reported to have calcium deficiency that could lead to osteopenia/osteo-
porosis. Furthermore, they are reported to have vitamin D deficiency that could lead 
to secondary hyperparathyroidism, osteopenia/osteoporosis, decreased immunity, 
and an increased risk of autoimmune disease development [106]. It is recommended 
that patients with AAG to follow an anti-inflammatory diet and avoid the food that 
causes inflammatory responses [107]. Some foods in particular such as garlic could be 
of beneficial use in the anti-inflammatory intake [108–111]. In addition, probiotics 
that can have positive influence on the gut microbiota have been shown to be good for 
the diet of AAG patients [112].

4.3 Role of dietary interventions in celiac disease (CD)

Gluten is considered an environmental trigger for CD. Unlike other autoim-
mune diseases, the progression and chronic dynamics of CD are reversible. The 
reconstruction of the mucosa is also achievable when accompanied by total gluten 
avoidance [113]. Hence, a strict gluten-free diet (GFD) results in intestinal and 
extraintestinal symptoms improvement, intestinal villi regrowth, and autoantibod-
ies negativity. Furthermore, this diet reverses the complications of CD that includes 
malabsorption, osteopenia, osteoporosis, diarrhea, bloating, constipation, and 
abdominal pain [114]. Besides a GFD, lactose present in milk and most dairy prod-
ucts should be avoided at the early stages of treatment due to a brush border lactase 
deficiency that is a secondary result of the surface epithelial cells damage [113]. 
Another thing to consider is a diet low in fermentable, oligosaccharides, disaccha-
rides, monosaccharides, and polyols (FODMAPs). Since irritable bowel syndrome 
(IBS) symptoms are prevalent in 38% of CD-treated patients, these symptoms 
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persist even when they are following a strict GFD [115]. Lactose-free milk/yogurt, 
feta, cheddar, mozzarella, parmesan, brie, butter, and plant-based milk/yogurt are 
good alternatives that have low lactose content. A variety of dairy products that are 
low in lactose could provide CD patients with sufficient calcium. However, when 
choosing nondairy, lactose-free products that are made from soy, rice, and nuts it is 
crucial to find products that are supported with calcium since plant-based products 
are poor in calcium. CD individuals should aim for 200 − 300 mg of calcium/250 ml 
per serving [116].

Oats, rice, corn/quinoa/millet bread, sourdough, starch, corn tortilla, potato, 
soba/rice sticks/kelp/brown rice noodles, sago, samp, wonton wrapper, rice-based 
products, quinoa-based products, and quinoa/chickpea/sourdough pasta are all good 
substitutes that are gluten-free and would help CD patients to have a varied and bal-
anced diet.

4.4 Role of dietary interventions in eosinophilic esophagitis

In most cases, but not all, EoE is triggered by food antigens. Hence, the nutrition 
plays an important part in both the pathogenesis and the treatment of the disease 
[117]. In pediatric and adult populations, food antigens are clearly antigenic triggers 
for EoE induction and exacerbation [118]. In 1995, Kelly and Sampson proposed that 
acid persistent esophageal eosinophilia can be caused by food antigen exposure in 
children [117]. Ever since the direction toward studying the role of food allergens 
in the pathogenesis and the treatment of EoE has been established. Some of the 
therapies that have proven the efficacy are the empiric elimination diets, such as the 
famous 6 food elimination diets (6-FED). These six foods are wheat, milk, egg, nuts, 
soy, fish, and eggs [119]. In animal studies, it was shown that accumulation of eosino-
phils in the murine esophagus occurred after the introduction of peanuts and eggs 
[120, 121]. Statistics show that 77% of patients with EoE have at least one positive 
skin-prick test (SPT) for at least 1 food allergy and up to 50% of adults have at least 1 
positive test for food allergy [122, 123].

Currently, there are diets approaches that are used for EoE patients: 1) A crystal-
line amino acid-based elemental diet (ELED), 2) 6-FED, 3) 4-FED, 4) 2-FED) 5) 
Cow’s milk elimination diet [124–126]. The amino acid diet is useful as it can elimi-
nate all possible allergens and it has shown improvement in the symptoms in many 
cases, and the diet can last for 6 weeks. Initially, the 6-FED was studied in pediatric 
patients from Chicago in 2006, in which six food groups responsible for most IgE-
mediated food reactions were eliminated for 6 weeks [127]. All studies have consis-
tently shown that nuts and fish/seafood rarely trigger EoE in response to a 6FED, but 
cow’s milk is by far the most common cause of EoE, followed by wheat/gluten, egg, 
and, to a lesser extent, wheat/gluten [118, 127–132]. The 4-FED is based on the elimi-
nation of the most common food triggers in EoE (animal milk, gluten-containing 
cereals, eggs, and legumes). Cow’s milk (85%), egg (35%), wheat (33%), and soy 
(19%) were the most common food triggers. The 2-FED is based on the elimination of 
milk and gluten [126]. After reintroduction of individual foods, cow’s milk was found 
to be the only trigger food in 55% of pediatric responders [133]. Therefore, the 1-FED 
or the cow’s milk elimination diet could be recommended for some patients. One of 
the clinical practices in the dietary therapy is that a clinician could start with a 1-FED 
diet, if no response is observed the clinician could upgrade to 2-FED, 4-FED, or 
6-FED. Patients could have more than food allergens; therefore, 6-FED is considered 
the most efficient diet (Figure 1) [125].
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4.5 Role of dietary interventions on inflammatory bowel disease (IBD)

The triggers of IBD include internal (enteric microflora) and external (food) trig-
gers [134]. Overconsumption of sugar and refined carbohydrates was associated with 
the manifestation of Crohn’s disease. Furthermore, excess intake of sugar over the years 
could alter the intestinal bacterial flora and general milieu, which could damage the 
mucosa or alter bile acid composition. These alterations could be the result of infective 
agents or sugar fermentation [135]. A balanced diet that includes fruits, vegetables, meat, 
olive oil, and fish (blue fish particularly) should be prescribed to IBD patients. Insoluble 
fiber might have negative effects in case of major intestinal stenosis coexisting with IBD. 
However, insoluble fiber intake should not be restricted in IBD patients. Moreover, dairy 
products are a crucial part of IBD nutrition intervention due to their calcium content. 
Products that contain lactose could be avoided if the patient had lactose intolerance and 
substituted with plant-based products that contain enough calcium. Supplementation 
with calcium and vitamin D3 might be required along with systemic steroids treatment 
as well as other treatments that have greater local effects such as budesonide or beclo-
methasone. Furthermore, iron and folic acid deficiencies should be closely monitored 
due to their huge prevalence in IBD patients. Deficiencies in iron or folic acid contribute 
to anemia in this population and could be easily treated orally or intravenously [134].

5. Treatments of GI autoimmune diseases

5.1 Achalasia

Esophagectomy is only necessary for 5% of patients with end-stage achalasia. 
Among the options for treating achalasia are botulinum toxin injection, pneumatic 
dilation, laparoscopic Heller myotomy, and peroral endoscopic myotomy (POEM). 
Botulinum toxin injections are one of the first-line treatment options in achalasia. 
The injection reduces the lower esophageal sphincter (LES) pressure by inhibiting the 
release of acetylcholine from nerve endings [136]. The injection is extremely safe and 
rarely causes any adverse reactions. The injection is, however, limited in its durabil-
ity, which lasts only for a few months [137–143]. Another common treatment option 
is the pneumatic dilation. Under fluoroscopic guidance, the balloon dilates the LES 
fibers through intraluminal dilation and can be either 30, 35, or 40 mm in diameter. 
If no success is achieved, the clinician will go for a bigger balloon size. The success 
rate as per Eckardt score is achieved in 84% of the patients [144]. Another common 
treatment is the laparoscopic Heller myotomy. This treatment was based on surgical 
myotomy to disrupt the LES fibers through an incision but now it has been minimally 

Figure 1. 
The various types of food elimination diets.
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invasive laparoscopic myotomy with a partial fundoplication. Clinical success is not 
purely determined by Eckardt’s scores. The primary outcome measure was improve-
ment of dysphagia, which was treated as a dichotomous variable. Overall, 87.7% of 
studies reported improvement in dysphagia through this treatment [144]. POEM 
is the last common treatment in achalasia, and this treatment was only established 
12 years ago [145]. The clinical success in POEM was 98% [144].

5.2 Autoimmune atrophic gastritis (AAG)

In the early stage of AAG, due to the reduced gastric acid secretion and intrinsic 
factors the clinician should focus on preventing the deficiency of B12, iron, and folate 
as the development of anemia could be prevented with supplementation of these 
nutritions. In case of the presence of pernicious anemia already, the clinician should 
consider B12 repletion, cyanocobalamin, and iron supplements to restore hemoglobin 
function. Also, clinician should note that AAG is usually associated with autoimmune 
diseases, such as autoimmune thyroid disease, type 1 diabetes mellitus, and Addison 
disease [146–156].

5.3 Celiac disease

A lifelong strict GFD can be considered the only treatment for celiac disease [157]. 
For patients who have refractory type celiac disease, they might need a pharmacologi-
cal intervention besides the strict GFD diet. The use of drugs that work on proteolytic 
destruction of gluten peptides, inhibition of intestinal permeability to prevent gluten 
absorption, inhibition of TG2, or modulation of the immune response to gluten to 
prevent T cell activation is a promising option [158, 159]. Currently, the most promis-
ing treatment is the vaccine Nexvax2, which is an adjuvant-free mixture of tripep-
tides immunodominant epitopes for gluten-specific CD4-positive T cells. However, it 
is still in the preliminary stages [160–162].

5.4 EoE

Overall, EoE is treated with three main categories: drugs, diet, and dilation 
[163–165]. The diet therapy has been discussed in a previous section. Pharmacological 
treatment includes topical corticosteroids, such as fluticasone or budesonide, swal-
lowed rather than inhaled, for an initial duration of 8 weeks. It has been shown that 
the patients’ symptoms have improved as decreased esophageal eosinophilia was 
apparent, and were generally well-tolerated by patients [166–172]. Proton pump 
inhibitors (PPI) are usually given to the patients of EoE since the patients usually suf-
fer from regurgitation and acid reflux. The response to PPI is hugely variable between 
30 to 70% [173]. PPI-responsive and PPI-resistant EoE have yet to be identified. In 
patients with PPI-responsive EoE, expression of the potassium channel gene, KCNJ2, 
is lower. CYP2C19 rapid metabolizers and allergy patients are more likely to lose EoE 
control despite continued PPI treatment [174]. Since the long-term use of corticoste-
roids can result in harmful effects, immunomodulators, such as 6-mercaptopurine 
and azathioprine, are often used for the treatment of the patients. They might have 
a role in inducing and maintaining long-term clinical and histologic remission in 
EoE in limited cases but their side effects can be discouraging [175, 176]. Monoclonal 
antibodies have been investigated in the last few years against EoE including some 
famous drugs including mepolizumab (anti-IL-5), reslizumab (anti-IL-5), QAX576 
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(anti-IL-13), omalizumab (anti-immunoglobulin-E), and infliximab (anti-TNF-α) 
[177]. IL-5 produced by Th2 lymphocytes has a critical role in eosinophil activation. 
Animal studies have shown that overexpression of IL-5 can induce EoE [178, 179]. 
IL-5 receptors, which are mainly expressed on the surface of eosinophils, are blocked 
by mepolizumab, a monoclonal antibody against IL-5 [180]. The use of mepolizumab 
seems promising in decreasing the number of eosinophils and reducing the depen-
dency on corticosteroids but more clinical studies need to be conducted [181–183]. 
Another humanized anti-IL-5 mAb called reslizumab prevents IL-5 from binding to 
its receptor. The available trials show an improvement in eosinophil count but not 
in the symptoms and the drug was generally safe [184–186]. In the pathogenesis of 
EoE, IL3 plays a multifunctional role. An anti-IL3 therapy could be efficient in EoE 
one of the most famous anti-IL13 drugs is QAX576. Patients tolerated QAX576 well. 
Patients decreased by 60.0% and sustained for 6 months on the QAX576, which is 
an anti-IL3 drug. Unfortunately, the primary endpoint was not reached. A trend for 
improved symptoms was observed particularly dysphagia. Six months after treat-
ment, QAX576 helped to improve expression of esophageal transcripts related to EoE, 
such as eotaxin-3, periostin, and markers of mast cells and barrier function [187]. 
Since mast cells are involved in the pathogenesis of EoE, targeting them directly could 
be an efficient treatment for EoE. Malizumab is a monoclonal anti-IgE antibody that 
prevents mast cell activation by binding to IgE [188]. However, in most of the trials, 
the response was poor in patients or reoccurrence of symptoms presented after a 
short time [189–191]. TNF-α and IFN-γ are found in esophageal mucosal biopsy of the 
EoE patients. A potent inhibitor of TNF-α is infliximab that is a chimeric IgG1mAb. 
Infliximab was not shown to be of no benefit for EoE patients [192].

Dilation is also sometimes used in the treatment of EoE. The most common use of 
esophageal dilation is in adults with EoE and strictures. Conservatively applied, this 
approach is safe and has a low complication rate. Dilation treats structural alterations 
in EoE. Although esophageal dilation is well tolerated by patients and can provide 
long-term symptomatic relief, it does not improve histologic changes [193–195].

5.5 IBD

IBD can have a wide range of treatments. In Crohn’s disease, treatments include 
immunomodulators, corticosteroids, and monoclonal antibodies. 5-aminosalicylates 
is the most commonly prescribed for symptoms management in mild and moderate 
disease [196]. Corticosteroids are efficient, prednisone can be efficient in the course 
of treatment [197]. Budesonide (Entocort EC) may be preferred for diseases affecting 
the ileum and/or proximal colon since it is delivered specifically to those areas [196]. 
Immunomodulators, such as thiopurines and methotrexate are the most effective 
immunomodulators used in Crohn’s disease [198]. Anti-TNF agents, anti-integrin 
agents, and anti-interleukin-12/23p40 antibody therapy are considered the most 
efficient in treating Crohn’s disease. The continuation of any of them in the treatment 
plan depends on the remission success [199]. In moderate- to high-risk patients, anti-
TNF agents, such as certolizumab pegol (Cimzia) and adalimumab (Humira) induce 
and maintain remission, or patients with inadequate responses to corticosteroids or 
immunomodulators [200]. In anti-integrin agents, vedolizumab is the most favorable 
drug because of its specificity to leukocyte trafficking in the gut and has demon-
strated effectiveness in achieving clinical response, remission, and corticosteroid-free 
remission [201]. In, anti-interleukin-12/23p40, ustekinumab is promising for Crohn’s 
disease as it was recently approved by FDA [202]. In Crohn’s disease, 57% of the 
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patients might need surgical intervention to treat fistulas, abscesses, perforation, 
obstruction, strictures, uncontrolled bleeding, dysplasia, malignancy, and perianal 
disease [196, 203].

In UC, the treatment options do not differ much from Crohn’s Disease. The 
mainstay of therapy for mild-to-moderate UC is sulfasalazine and other 5-ASA 
agents [204]. Corticosteroids are also efficient in UC patients and it’s usually 
given to the cases of severe symptoms. Prednisone is the most used corticosteroid. 
Immunomodulators are also used such as their usage in Crohn’s Disease. Azathioprine 
and 6-mercaptopurine (6-MP) are purine analogs that are the commonly most used 
in the treatment [205]. Also, monoclonal antibodies used in UC such as infliximab 
has proven their efficiency [206]. In addition, vedolizumab has proven to be efficient 
as well in UC [207]. Surgical treatment is an option as well in UC. This is generally 
considered a last resort when all other options have failed. The most common type of 
surgery is a subtotal or total colectomy with a temporary stoma [208]. Also, laparo-
scopic surgeries are a safe option in UC (Table 2) [209].

6. Conclusions

To conclude, GI autoimmune diseases can be compromising the patient’s life. 
Nevertheless, the exploration of more diagnostic options, such as the antibodies, 
the growing applications of artificial intelligence in autoimmune diseases diag-
nosis, understanding the interaction of nutrition whether in the pathogenesis or 
the management, and the efficient treatment plans can help for better diagnosis, 
management, and treatment of GI autoimmune diseases, which is a sub-category of 
autoimmune diseases that are considered a pandemic in our modern societies.
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Disease Treatment

Achalasia Esophagectomy for end-stage patients
botulinum toxin injection, pneumatic dilation, laparoscopic Heller myotomy, and 
POEM

AAG B12, Iron, and Folate nutritional supplementation therapy

CD Gluten-Free Diet (GFD)
Drugs that can destruct gluten peptides, inhibition of intestinal permeability to prevent 
gluten absorption, inhibition of TG2, or modulation of the immune response to gluten
Nexvax2 vaccine

EoE Diet: FED diets and amino acid formula diets
Dilation
Drugs: PPI, glucocorticoids, anti-IL5, Anti IgE, anti IL13, and anti-TNF-α

Crohn’s Disease Drugs: Glucocorticoids, ant-TNF, anti-integrin agents, and anti-IL12/23p40

UC Does not differ much from Crohn’s treatment

Table 2. 
Common treatments for GI autoimmune.
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