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  Pref ace   

 The multidirectional interaction between the immune system, the gut and the brain 
has only become subject of more intense research interest in the last few years. 
Much work has been done in neuroimmunology and in the immunology and immu-
nopathogenesis of the gastrointestinal tract, and the infl uence of the nervous system 
on both immune functions (neuroimmunomodulation and nerve-driven immunity) 
and on gastrointestinal processes has been studied in detail. However, to date, no 
dedicated forum exists, either in the form of a scientifi c journal or in the form of a 
book, which addresses issues at the interface between the three biological disci-
plines, and in which the dialogue on specifi c common issues between neuroimmu-
nologists and immuno-gastroenterologists can take place. 

 Recent discoveries in fundamental immunology require an intensifi cation of this 
dialogue, so that understanding by scientists of one discipline of processes belong-
ing to the other discipline is possible. For example, the fact that the gut has a critical 
function in shaping systemic immune responses, through innate lymphoid cells and 
mucosa-associated lymphoid tissues, means that scientists and physicians studying 
immune-mediated neurological disease need to gain insight into the immunology of 
the gastrointestinal system. Also, as it has recently become clear that the gut micro-
biota has a profound infl uence on the shaping of the immune response, as well as 
other processes such as metabolism, not only in the gastrointestinal system but also 
in the nervous system, scientists and clinicians in these fi elds require knowledge of 
the microbiology of the gastrointestinal tract. Fascinatingly, manipulation of the 
microbiota and of the intestinal immune responses can be used to modulate neuro-
logical and other immune-mediated infl ammatory diseases. 

 Conversely, the nervous system and the psyche have signifi cant effects on the 
functioning of the gastrointestinal tract. 

 Collaboration and communication between neuroscientists, gastrointestinal 
researchers, microbiologists and systematic biologists is essential for the advance-
ment of this important fi eld. 

 This book, an editorial collaboration between a neuroimmunologist and an 
immuno-gastroenterologist and nutrition scientist couple, is a fi rst attempt at such a 
collaboration and communication. While not being an exhaustive, comprehensive 
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textbook on the subject, it is a collection of relevant topics that address many impor-
tant issues regarding the interaction between the nervous system, the immune sys-
tem and the digestive system in health and disease. 

 Introductory chapters into the immunology, the nervous system (enteric nervous 
system) and the microbiology of the gastrointestinal system, each written by experts 
in their research fi elds, provide necessary fundamentals of knowledge in these areas. 
The immunology chapter is written by gastroenterologists (Y Mahida and col-
leagues) with close attention to relevant disease entities. While not intended as a 
comprehensive review of the increasingly complicated landscape of the gut immune 
system, it provides essential information on this to allow the reader to put it in the 
context of immune-mediated infl ammatory diseases. The chapter on the enteric ner-
vous system, by a pathologist, M Constantinescu, in addition to a review of the 
anatomy of the nervous system of the gut, provides very useful information on the 
anatomic pathology of the enteric nervous system. 

 Important neurotransmitters, such as substance P (J Vilisaar and R Arsenescu) 
and vasoactive intestinal polypeptide (VIP, Ganea and colleagues), are discussed in 
particular with regard to their effect on the gut immune system and also their role in 
gut infl ammation. 

 The role of stress in the gut-brain connection is expertly reviewed in a thorough, 
dedicated chapter by B Bonaz. 

 Five chapters deal with how gastrointestinal infections or commensal fl ora infl uence 
immune-mediated infl ammatory diseases of the ventral and peripheral nervous system, 
while a separate chapter deals with the role of nutrition and macrobiotics in the gut and 
brain infl ammation. In this context, the most widely discussed condition is the infl am-
matory demyelinating disease of the central nervous system, multiple sclerosis (MS), 
which, almost from its fi rst clinicopathological descriptions by Charcot and his pupils, 
was postulated to have an infectious pathogenesis. Infections that potentially have a 
protective infl uence such as  Helicobacter pylori  (K Robinson, B Gran and colleagues) 
and intestinal parasites like  Necator americanus  (R Tanasescu) which is currently used 
in a phase II clinical trial of helminth immunotherapy in MS are thoroughly presented in 
separate chapters by established investigators in their respective areas, along with their 
potential immunomodulatory mechanisms in MS and its experimental model, experi-
mental autoimmune encephalomyelitis (EAE). On the other hand, the negative infl uence 
of certain gut bacteria can be inferred from a thorough account of intestinal microbiota 
dysregulation in MS, with particular emphasis on Japanese MS (the epidemiology of 
which can be explained through major nutritional changes in Japan in the last decades), 
presented by a pioneering researcher in the fi eld, T Yamamura, and by a comment on the 
role of certain bacteria and bacterial toxins in MS and neuromyelitis optica (NMO) by 
I-J Chou and CS Constantinescu. Nutrition and nutritional interventions, discussed in a 
chapter by V Arsenescu, for example, in the form of macrobiotics, are increasingly 
being studied in the context of infl ammatory diseases of both the gastrointestinal and the 
nervous system. In the peripheral nervous system, N Shahrizaila and N Yuki use the best 
known example of molecular mimicry in autoimmunity, between  Campylobacter  and 
peripheral nerve glycolipids, to discuss the role of  Campylobacter jejuni  infection in the 
Guillain-Barré syndrome (GBS). 
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 The coexistence between immune-mediated (autoimmune) infl ammatory dis-
eases of the nervous and the gastrointestinal system is another reason to support the 
development of neuro-immuno-gastroenterology. For example, MS is thought to 
coexist with infl ammatory bowel disease more often than just by chance. Although 
this has been challenged by studies suggesting this association is merely due to the 
increased susceptibility of women to both of these conditions, the association seems 
to be genuine even after correcting for gender in some studies, suggesting common 
mechanisms of immunopathogenesis. On the other hand, even if the association 
were purely by chance, the frequency of the conditions means that management 
issues need considerations when they coexist, and not only common but differing 
immunopathogenesis mechanisms are to be taken into account. Demyelinating dis-
ease during or following treatment with anti-TNF agents for infl ammatory bowel 
disease (and other immune-mediated diseases) is discussed in a chapter by SY Lim 
and CS Constantinescu. This is an unresolved issue, but the chapter provides a 
review of the information to date and balances the risk of coexistence of the condi-
tions (with or without treatment) with that of “induction” of MS by anti-TNF 
treatment. 

 Cannabinoids are molecules involved in many biological functions, produced in 
large amounts in the central nervous system as endocannabinoids are fulfi lling the 
defi nition of neurotransmitters (albeit nonclassical). The plant-derived or synthetic 
cannabinoids are also drugs that affect the immune, nervous system and gut func-
tions. A team of pharmacologists led by P Gershkovich discuss novel ways of 
exploiting their physicochemical properties (liposolubility) to improve delivery to 
the gut lymphoid tissue to achieve and/or enhance neuroimmunological effects. 

 The last four chapters are dedicated to established neurological disease entities 
where the immune system and the gut play essential parts. 

 Gluten intolerance is an immune-mediated condition that is widely known to 
gastroenterologists. However, its neurological manifestations are less explored. 
Knowledge of these manifestations is important for gastroenterologists, nutrition-
ists and neurologists alike. This is discussed in detail in the chapter by M 
Hadjivassiliou and colleagues. A view of pernicious anaemia, with interesting his-
torical details, although the condition is certainly not a disease of the past, and in 
which often autoimmune mechanisms are critical, is provided by L Edwards. The 
profound effects in which the immune-mediated central nervous system disease, 
MS, affects the gut are expertly discussed by D Levinthal and K Bielefeldt. Finally, 
R Bassil and C Ionete review the neurological manifestation in the complex immu-
nopathogenesis of the primary gastrointestinal condition of Whipple’s disease. 

 The book does not aim to cover all aspects of neuro-immuno-gastroenterology. 
Functional neuro-gastroenterological disorders where infl ammation or infection has 
been implicated, including irritable bowel syndrome and other motility disorders, 
are not discussed in a dedicated chapter. The mucosal immunology of the gut is an 
ever-increasing fi eld as is the gut microbiota and its role in physiology and disease, 
so all very recent developments cannot be covered in a book like this. 

 However, the novelty of this book and the breadth of subjects covered offer a 
background of knowledge and an opening for the development of an important 
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interdisciplinary scientifi c and clinical area of research. We, therefore, hope that it 
will appeal to neurologists, gastroenterologists, nutritionists and other scientists 
interested in the complex interaction of the digestive, nervous and immune 
systems. 

 The idea of this book originated from many discussions between the editors and 
their colleagues, where the need for a more formalised interdisciplinary approach 
was recognised. We are grateful to all our colleagues involved in these fruitful dis-
cussions. We are also grateful to the Multiple Sclerosis Society of the UK and 
Northern Ireland, the funder of a large trial of helminth therapy in MS (the Worms 
for Immune Regulation in MS, or WIRMS Trial), which generated a number of the 
theoretical and practical questions that led to the idea of this book. We also are 
grateful for the readiness of  Springer  to consider and accept this novel idea. 

 The process of preparing and editing the multiauthored book is always slower 
than one wishes and at times frustrating, but the professionality, patience and edito-
rial skills of the Springer editorial team of Joanna Bolesworth and Michael Griffi n 
are gratefully acknowledged.  

    Nottingham ,  UK      Cris     S.     Constantinescu   
    Morristown ,  OH ,  USA      Razvan     I.     Arsenescu    
   Basking Ridge ,  OH ,  USA      Violeta     Arsenescu        
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    Chapter 1   
 The Immunology of the 
Gastrointestinal System                     

       Emily     Staples     ,     Tanya     M.     Monaghan     , and     Yashwant     Mahida     

    Abstract     Distinctive features of the gastrointestinal immune system include its 
size, organisation and perpetual exposure to dietary antigens and a large and com-
plex population of resident microorganisms. The mucosal immune system maintains 
homeostasis by avoiding tissue damaging responses to the luminal contents, whilst 
at the same time retaining the capacity to provide protection against pathogens. The 
luminal environment changes markedly from the proximal to the distal gastrointesti-
nal tract, which may explain the restriction of many immune-mediated diseases to 
specifi c regions. Diseases that are considered in this chapter include pernicious anae-
mia, coeliac disease, those related to immunodefi ciency, infl ammatory bowel disease 
and bacterial infections that affect distinct regions of the gastrointestinal tract.  

  Keywords     Stomach   •   Intestine   •   Autoimmunity   •   Infection   •   Infl ammation  

      Organisation of the Mucosal Immune System 

 The gastrointestinal mucosal immune system is estimated to contain more lympho-
cytes than all the other peripheral lymphoid organs combined. Its unique features 
include the organisation of its lymphoid structures, characteristics of some of the 
lymphocyte subpopulations and constant exposure to dietary antigens, microorgan-
isms (and their products) and other agents capable of modulating immune functions 
[ 1 ]. The majority of studies of the gastrointestinal immune system have involved the 
stomach, small intestine and colon. These regions have distinct luminal 
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environments and may be affected by immune-mediated diseases that are often con-
fi ned to the relevant parts of the gastrointestinal tract. 

 Secretion of gastric acid in the stomach provides protection against ingested 
pathogens, whereas the small intestine carries out the essential functions of diges-
tion and absorption of nutrients. By contrast, large communities of bacteria are resi-
dent in the lumen of the large intestine where they are normally in a symbiotic 
relationship with the host [ 2 ]. The mucosal immune system of the gastrointestinal 
tract has the key role of maintaining normal homeostatic interactions by avoiding 
tissue damaging responses to not only the resident microbiota but also ingested 
antigens and immunomodulatory agents. In addition to providing protection against 
the resident microorganisms, the mucosal immune system is also capable of initiat-
ing infl ammatory responses to invasive pathogens and their secreted products. At a 
cellular level, the above regions of the gastrointestinal tract are organised in distinct 
compartments that include (from luminal to the serosal surface) the mucosa, mus-
cularis mucosa and submucosa. Cells of the mucosal immune system are predomi-
nantly located in the mucosa, in inductive and effector sites. 

 Aggregates of lymphocytes are prominent in distinct organised lymphoid struc-
tures, such as Peyer’s patches in the small intestine, and they represent the main 
sites for the induction of intestinal adaptive immune responses. Specialised epithe-
lial cells (designated microfold cells) on their surface enable the uptake and trans-
port of luminal antigens to underlying antigen-presenting cells. Primed B and T 
cells exit the organised lymphoid structures via lymphatics and migrate via the mes-
enteric lymph nodes, thoracic duct and peripheral circulation, to home back to the 
effector compartment of the intestinal lamina propria, at sites distant from the initial 
antigen exposure [ 3 ]. The lymphocytes migrate from the peripheral circulation to 
the lamina propria via the adhesion molecules α4β7 integrin, which interacts with 
the mucosal addressin cell adhesion molecule 1 (MAdCAM-1) expressed on endo-
thelial venules in the intestine [ 4 ]. Vitamin A, via its major active metabolite reti-
noic acid (which can be generated by dendritic cells and epithelial cells), has been 
shown to induce gut-homing properties of lymphocytes [ 5 ]. 

 The majority of the immune cells in the effector compartment are present in the 
lamina propria of the mucosa, with smaller numbers of T cells (designated intraepi-
thelial lymphocytes) in the overlying surface epithelium. In humans, the majority of 
the intraepithelial lymphocytes express αβ T-cell receptor (TCR) and a minor pro-
portion are γδ TCR positive. In the lamina propria, there are more CD4+ than CD8+ 
mucosal T cells, and majority of them display an effector memory phenotype [ 1 ]. 
Subpopulations of the mucosal T cells include T helper (Th)1 cells, Th2 cells, regu-
latory T cells and Th17 cells. Large numbers of plasma cells are also present in the 
lamina propria, which mostly produce IgA1 or IgA2 that is transported by epithelial 
polymeric Ig receptor to the lumen (as secretory IgA). Mucosal innate lymphoid 
cells have recently been characterised, and their role in intestinal immunity and 
infl ammation is of signifi cant current interest [ 6 ]. Small populations of mucosal- 
associated invariant T cells (MAIT cells) and invariant natural killer cells (iNKT 
cells), which express invariant forms of the T cell receptor, have also been reported 
in the intestine [ 1 ]. It is of interest that MAITs have recently been implicated in 
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active lesions in the brain of patients with multiple sclerosis [ 7 ]. Macrophages and 
dendritic cells are prominent non-lymphoid cells in the lamina propria and 
 demonstrate phenotypic and functional heterogeneity in the normal and infl amed 
intestine [ 8 ]. In the intestine, macrophages and dendritic cells are prominent under 
the surface epithelium where they can readily sample luminal antigens and also 
provide protection in the event of epithelial injury. 

 A single monolayer of epithelial cells lines the stomach and intestine and inter-
acts closely with not only cells of the immune system but also luminal compo-
nents. In the intestine, stem cells in epithelial crypts give rise to distinct 
subpopulations of the differentiated cells absorptive enterocytes, enteroendocrine 
cells, goblet cells and Paneth cells. The majority of the cells of the intestinal epi-
thelium are replaced on a weekly basis, refl ecting the dynamic nature of this com-
partment of the mucosa. Paneth cells, which are located at the crypt base, make an 
important contribution to innate immunity in the small intestine via their capacity 
to produce a number of antimicrobial peptides (such as alpha-defensins) and pro-
teins (such as lysozyme) [ 9 ]. Mucin glycoproteins secreted by goblet cells provide 
a protective layer of mucus that lines the epithelial surface and consists of compo-
nents of innate immunity (such as antimicrobial peptides) and adaptive immunity 
(secretory IgA).  

    Resident Microbial Flora 

 The gut microbiota has been described as an assortment of microorganisms inhabit-
ing the length and width of the mammalian gastrointestinal tract. The composition 
of this complex microbial entity is host specifi c, evolving throughout an individual’s 
lifetime, and is susceptible to both exogenous and endogenous modifi cations [ 10 ]. 
In humans, gut colonisation commences immediately after birth and then undergoes 
ecological succession with progressive environmental exposures, commensal inter-
action and various host factors [ 11 ,  12 ]. On average, 3 years after birth, the micro-
bial community consists of a mixture of microbes that is largely similar to that 
found in the adult intestine [ 13 ]. The different phyla of bacteria in the microbiota 
are consistent from childhood to adulthood, but the species distribution is not con-
stant due to various factors. 

 The intestinal microbial community comprises 70 % of the total microbiota 
found on the human body (total 10 14  bacterial cells) and is highly diverse with well 
over 1000 bacterial species capable of colonising the human colon [ 14 ,  15 ]. It is 
estimated that the collective gene repertoire of the organisms comprising the gut 
microbiota contains well over 150 times more unique genes than the human genome 
[ 16 ]. The microbiota assembly and structure vary widely between different indi-
viduals and at different anatomical sites along the length of the intestinal tract [ 17 , 
 18 ]. The microbiota of the large intestine is more dense and diverse than that seen 
in the small intestine [ 19 ,  20 ], and the bacterial taxa in these two sites differ [ 18 ,  20 ]. 
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Likewise, the microbial populations associated with the mucus layer differ from 
those found in the intestinal lumen [ 10 ,  21 ]. 

 The vast genomic dataset of the Human Microbiome Project has provided unpar-
alleled insight into the composition, structure and temporal assembly of the 
 microbiota [ 11 ]. In humans and mice, the major bacterial phyla that occupy the 
intestine during homeostasis are the  Firmicutes ,  Actinobacteria ,  Proteobacteria  and 
 Bacteroidetes  [ 11 ]. Despite observed spatiotemporal differences in microbial com-
position, a health-associated microbiome is believed to be functionally conserved 
and contains a shared gene set necessary to perform important host physiological 
functions for the maintenance of human health [ 16 ]. These critical functions include 
aiding digestion of otherwise indigestible dietary polysaccharides into benefi cial 
and absorbable short-chain fatty acids, synthesis of vitamins and other benefi cial 
metabolites, degradation of xenobiotic substances, detoxifi cation of potentially 
harmful substances such as bile acids and bilirubin, immune system regulation and 
enhanced resistance against colonisation by pathogenic microorganisms [ 18 ]. The 
precise mechanisms through which the microbiota exerts its benefi cial or detrimen-
tal infl uences remain largely undefi ned, but include elaboration of signalling mole-
cules and recognition of bacterial epitopes by both intestinal epithelial and mucosal 
immune cells [ 10 ]. 

 Maturation of the intestinal mucosa and its immune system (including lymphoid 
structures such as Peyer’s patches) is dependent upon colonisation by the microbi-
ota [ 2 ,  22 ]. Using highly developed defence systems, in which the epithelium plays 
a critical role, the intestinal mucosa restricts the microbiota to the lumen. T cells, via 
subsets such as regulatory T cells and Th17 cells, maintain mutualistic interactions 
with the microbiota, whilst retaining the capacity to mediate host defences against 
microbial invasion [ 2 ,  22 ].  

    Autoimmune Gastritis/Pernicious Anaemia and Coeliac 
Disease 

 In autoimmune gastritis, chronic infl ammation leads to loss of parietal cells and hypo-
chlorhydria, which may progress to B12 malabsorption and pernicious anaemia (PA). 
The major target antigen is the H+/K + −ATPase located in the parietal cell canaliculi. 
This proton pump is recognised by pathogenic CD4+ T cells which recruit other 
infl ammatory cells, including B cells which can secrete autoantibodies to the H+/K + −
ATPase (parietal cell antibodies) and/or to intrinsic factor [ 23 ]. Parietal cell antibod-
ies are found at high frequency, particularly early in the disease, though they may 
decline at later stages with parietal cell loss. They are not specifi c and may occur in 
other autoimmune conditions and in some healthy individuals, especially the elderly 
[ 24 ]. Autoantibodies to intrinsic factor (IF), a 60 kDa glycoprotein secreted by gastric 
parietal cells, are considered a more specifi c marker of PA. IF binds and transports 
vitamin B12 to the terminal ileum where it is absorbed. Two types of antibodies to IF 
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are described: type 1 antibodies block the B12 binding site; type 2 antibodies prevent 
absorption but are rarely seen in the absence of type 1 antibodies [ 24 ]. 

 Autoimmune gastritis and  Helicobacter pylori  ( Hp ) can both cause gastric atro-
phy, but autoimmune gastritis typically affects the corpus with sparing of the antrum, 
whereas  Hp  infection usually results in more severe changes in the antrum [ 25 ]. 
Autoimmune gastritis and  Hp  infection may coexist. T-cell cloning studies identi-
fi ed some CD4+ T cells that proliferated and secreted IFN-γ in response to both  Hp  
antigens and the H+/K + −ATPase, raising the possibility that  Hp  infection could 
trigger autoimmune gastritis via molecular mimicry [ 26 ].  Hp  was detected more 
frequently in younger patients with PA [ 23 ]. Genetic factors also have a role as PA 
shows familial clustering and is associated with certain HLA-DR genotypes and 
with other autoimmune diseases, particularly autoimmune thyroid disease and type 
1 diabetes [ 24 ]. 

 Autoimmune gastritis can be asymptomatic if malabsorption is not a feature. 
Iron defi ciency may occur as a low gastric pH is required for optimal iron absorp-
tion. Onset of anaemia may be insidious. In pernicious anaemia, there is macrocytic 
anaemia, low vitamin B12, atrophy of the gastric corpus and autoantibodies to 
intrinsic factor and/or gastric parietal cells. Prevalence is estimated to be approxi-
mately 2 %, but this is diffi cult to ascertain reliably due to the complexity of the 
diagnosis and lack of biopsy data. Historically the Schilling test was used to assess 
B12 status, but this multistep test using radiolabelled vitamin B12 is now rarely 
performed. In addition to anaemia, defi ciency of vitamin B12 can affect rapidly 
dividing cells leading to glossitis, diarrhoea and malabsorption. Ineffective erythro-
poiesis may lead to jaundice. Neurological abnormalities may start with demyelin-
ation, axonal degeneration and then neuronal death if not treated, which may 
manifest as peripheral neuropathy, weakness, ataxia or motor symptoms (subacute 
combined degeneration of the cord). A range of mental disturbances can also occur 
[ 24 ]. Treatment is with parenteral vitamin B12 with iron and folate replacement as 
required [ 27 ]. 

 The chronic infl ammation and further potential insults from infections able to 
colonise at the increased gastric pH make the stomach susceptible to development 
of hyperplastic and neoplastic lesions. Gastrin is secreted in response to the 
increased pH which can stimulate enterochromaffi n-like cell hyperplasia and some-
times neuroendocrine tumours (formerly known as carcinoids), which are typically 
small with good prognosis [ 27 ]. PA has traditionally been considered a preneoplas-
tic condition, but there is some controversy about the risk of development of gastric 
adenocarcinoma in this context as many of the studies were carried out prior to the 
discovery of  Hp , and detection of current or previous  Hp  infection may be diffi cult 
in the context of atrophy [ 27 ]. 

 Like autoimmune gastritis, coeliac disease is an autoimmune disease that occurs 
on a specifi c genetic background and involves mucosal pathology that is driven by 
CD4+ T cells with the development of autoantibodies. However, exogenous antigen 
in the form of dietary gluten is required for the development and maintenance of the 
small bowel enteropathy that occurs in coeliac disease. The vast majority of those 
with coeliac disease carry a particular variant of HLA-DQ2 or HLA-DQ8 [ 28 ,  29 ]. 
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Prevalence is widely estimated to be as high as 1 %, although many cases remain 
undiagnosed which has led to the concept of the “coeliac iceberg”. Gluten proteins 
have high glutamine and proline content, which makes them resistant to digestion, 
and include gliadins and glutenins in wheat, hordeins in barley and secalins in rye. 

 The autoantigen was identifi ed as tissue transglutaminase (TTG) in 1997 [ 30 ]. 
This enzyme is able to modify neutral glutamine residues to negatively charged 
glutamate residues that have higher affi nity for the HLA-DQ2/DQ8 binding pockets 
[ 31 ]. Antigen-presenting cells present these peptide-MHC II complexes to CD4+ T 
cells in the lamina propria, activating gluten-specifi c CD4+ T cells, which produce 
IFN-γ and IL-21 but not IL-17 or IL-22, and recruit and activate other lymphocytes 
[ 28 ,  31 ]. There are increased antigen-presenting cells and plasma cells in the lamina 
propria with expansion of TTG-specifi c IgA plasma cells [ 28 ,  31 ]. The transferrin 
receptor (CD71) can bind anti-gliadin secretory IgA facilitating the transport of 
intact peptide bound to IgA across the epithelial barrier to the lamina propria where 
it can prime more CD4+ T cells [ 31 ]. Increased frequencies of CD8+ T cells 
expressing the αβ and γδ TCRs occur in the epithelium of lesions from patients with 
coeliac disease, but it is the αβ TCR CD8+ intraepithelial lymphocytes that are 
thought to mediate most of the epithelial damage. They express NK receptors such 
as CD94 (NKG2C) and NKG2D that recognise the non-classical MHC class I mol-
ecules HLA-E and MICA, respectively, that are expressed by the intestinal epithe-
lium in coeliac disease. Expression of IL-15 is upregulated by the epithelium, which 
acts as a co-stimulatory molecule for the TCR and NK cell receptors and disrupts 
oral tolerance by promoting proinfl ammatory dendritic cells. Gluten may have a 
direct effect by upregulating expression of IL-15 and non-classical MHC class I 
molecules by the stressed epithelium [ 28 ]. Dysregulated activity of the cytotoxic 
intraepithelial CD8+ T cells leads to destruction of intestinal epithelial cells and the 
typical histopathological fi ndings of villous atrophy, crypt hyperplasia and increased 
intraepithelial lymphocytes. 

 Classic presenting features include diarrhoea, weight loss (or failure to thrive in 
children) and anaemia, but a broad range of gastrointestinal and extragastrointesti-
nal symptoms and signs are now recognised [ 29 ]. The National Institute of Health 
and Clinical Excellence (NICE) recommends that coeliac testing is offered or con-
sidered in over 30 conditions, including irritable bowel syndrome, neuropathy and 
unexplained subfertility [ 32 ]. Population screening is not currently recommended, 
but serological testing should be offered to those with autoimmune thyroid disease, 
type 1 diabetes, dermatitis herpetiformis and fi rst-degree relatives with coeliac dis-
ease due to the increased prevalence of coeliac disease in these groups [ 29 ,  32 ]. Risk 
of osteoporosis and bone fracture is increased, and coeliac disease is the most fre-
quent cause of functional hyposplenism, which results in reduced immunity to 
encapsulated bacteria [ 29 ]. 

 Diagnosis in adults is by a combination of serology and duodenal biopsy. 
Serological testing strategies vary between laboratories, but usually fi rst-line testing 
is for IgA antibodies to the endomysium, TTG or deamidated gliadin, unless the 
patient is known to have IgA defi ciency or low/absent IgA is detected. In this case, 
IgG-based serology may be undertaken, though this has lower sensitivity. Patients 
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with positive coeliac serology or negative serology and clinical suspicion of coeliac 
disease should be referred to a gastroenterologist for small bowel biopsies. 
Guidelines by the European Society for Pediatric Gastroenterology, Hepatology, 
and Nutrition propose that a diagnosis of coeliac disease may be made in symptom-
atic children without biopsies if they have TTG antibody levels greater than ten 
times the upper limit of normal, positive endomysial antibodies on a separate sam-
ple and the HLA-DQ2 or HLA-DQ8 genotypes associated with coeliac disease [ 33 ]. 
HLA typing is not used routinely in the diagnosis of coeliac disease in adults, but 
can help rule out coeliac disease in selected cases due to its high negative predictive 
value [ 29 ]. The mainstay of treatment is a gluten-free diet which leads to resolution 
of symptoms and histopathological and serological changes in most patients. 
Chronic infl ammation increases the risk of T-cell lymphoma with those with persis-
tent villous atrophy having the greatest risk [ 29 ].  

    Immunodefi ciency and the Gastrointestinal Tract 

 As the gastrointestinal tract is the largest lymphoid organ in the body and acts as a 
barrier that must distinguish innocuous antigens such as food and commensal bac-
teria from pathogenic bacteria and toxins, it is not surprising that immunodefi ciency 
or immune dysregulation often lead to gastrointestinal symptoms. Symptomatic pri-
mary immune defi ciencies due to genetic defects are rare but often affect a specifi c 
part of the immune system providing an opportunity to assess its function. An 
increasing number of immunodefi ciencies defi ned by single gene defects are being 
characterised [ 34 ]. Secondary immunodefi ciency is more common and has many 
causes including malnutrition, infection, malignancy, drugs, protein loss, metabolic 
disease and toxins [ 35 ]. There is also increased susceptibility to infection at extremes 
of age. Several factors may combine in an individual to render them vulnerable to 
infection. 

 X-linked agammaglobulinaemia (XLA) was the fi rst immunodefi ciency to be 
described by Bruton in 1952. A defect in Bruton’s tyrosine kinase (Btk) which is 
critical for the differentiation of pre-B cells into mature B cells is responsible. The 
classical immunological phenotype is low or absent B cells with all immunoglobu-
lins low or absent. Presentation is typically around 6 months of age as levels of 
maternal IgG decline. Diarrhoea is often a feature and is most frequently due to 
 Giardia lamblia  and  Salmonella  or  Campylobacter  infection. Enteroviruses can 
also infect the gut and may cause chronic meningoencephalitis, though this is rare 
now as effective treatment with immunoglobulin replacement is standard. Stricturing 
and fi ssuring of the small bowel can occur, but no granulomas or plasma cells are 
seen on histology [ 36 ]. Tonsils are absent and there are no germinal centres in the 
gut-associated lymphoid tissue. 

 The commonest primary immune defi ciency is selective IgA defi ciency with esti-
mated prevalence of 1 in 600. It is usually asymptomatic, but there is an increased 
risk of allergic and autoimmune disease, including coeliac disease. IgA-based coeliac 
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serology testing is unhelpful as IgA is undetectable in this condition. Gastrointestinal 
infections are surprisingly rare given that IgA is the main class of antibody involved 
in mucosal immunity. Giardiasis and the other gastrointestinal problems that occur in 
common variable immune defi ciency (CVID) can also occur in selective IgA defi -
ciency but less commonly [ 36 ]. In some cases, selective IgA defi ciency can progress 
to CVID and there is a common MHC type. CVID is the commonest symptomatic 
primary immune defi ciency (estimated prevalence, 1 in 25,000–50,000). It is a phe-
notypic diagnosis. Features include marked reduction in IgG and IgA and poor vac-
cine responses or low switched memory B cells [ 37 ]. This is a heterogeneous group 
of patients. The list of genes associated with subsets of patients with CVID continues 
to grow and includes genes involved in B-cell development and signalling (BAFF-R, 
TACI, CD19, CD20, CD21, CD81, PI3Kδ) but also genes involved in T-cell interac-
tions and regulation (ICOS, CTLA-4) [ 34 ,  38 ,  39 ]. Infections are frequently caused 
by  Giardia lamblia ,  Salmonella  or  Campylobacter  species, but may also be due to 
organisms more in keeping with defective cell-mediated immunity such as CMV and 
 Cryptosporidium . In the stomach a syndrome similar to pernicious anaemia with 
atrophic gastritis and malabsorption of vitamin B12 may occur, but antibodies to 
gastric parietal cells and intrinsic factor are absent. Screening for  Helicobacter pylori  
has been proposed in view of the increased risk of gastric cancer in this population 
[ 40 ]. In the small bowel, villous atrophy or nodular lymphoid hyperplasia (NLH) can 
cause malabsorption. The villous atrophy that occurs in this context may mimic coe-
liac disease, but coeliac serology is negative, plasma cells are reduced or absent, the 
typical HLA genotypes are often not expressed and there is frequently no improve-
ment on a gluten-free diet. In NLH multiple nodules are found in the lamina propria 
and/or submucosa. These contain large germinal centres and IgM +  cells [ 36 ]. NLH 
may occur throughout the small intestine and occasionally in the stomach or colon. 
Other gastrointestinal complications include infl ammatory bowel disease-like 
changes with microscopic or lymphocytic colitis. 

 Individuals with compromised cell-mediated immunity due to signifi cantly 
reduced T-cell numbers or function are vulnerable to opportunistic intracellular 
infections with mycobacteria, viruses and fungi, including  Pneumocystis jirovecii , 
in addition to bacterial pathogens. Examples of primary immune defi ciencies with 
reduced T-cell-mediated immunity include X-linked hyper IgM syndrome and 
severe combined immunodefi ciency (SCID). X-linked hyper IgM syndrome is due 
to mutations in CD40L (CD154). The lack of binding of CD40L on T cells to CD40 
on B cells and other antigen-presenting cells impairs switching of IgM to IgG or 
IgA and antigen presentation to T cells.  Pneumocystis  pneumonia is a common 
presentation. Patients are advised to drink boiled water to reduce the risk of 
 Cryptosporidium  diarrhoea and monitored for ascending cholangitis and liver com-
plications. SCID can be classifi ed as T − B +  or T − B −  depending whether B cells are 
present [ 34 ], but both groups have severe immune compromise as B cells are unable 
to function effectively in the absence of T cells. A number of genetic defects have 
been identifi ed [ 34 ]. Infections usually begin early in life. Features in the gastroin-
testinal tract include chronic candidiasis and chronic diarrhoea, often secondary to 
viral infection [ 36 ]. If the diagnosis is suspected, urgent advice should be sought 
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from a paediatric immunologist. Early bone marrow transplant improves outcome 
which has led to introduction of newborn screening for SCID in some countries. 

 Mutations in the T regulatory cell gene  FOXP3  result in immune dysfunction poly-
endocrinopathy, enteropathy, X-linked (IPEX). This presents in the fi rst few months 
of life with severe watery diarrhoea, demonstrating the key role of FOXP3 +  cells in the 
maintenance of the healthy gut mucosa. Autoantibodies against enterocytes, autoim-
mune enteropathy (AIE)-related 75 kDa antigen, have been reported [ 41 ]. 

 Innate immune defects can also have profound effects on the gastrointestinal 
tract. For example, in chronic granulomatous disease (CGD), the neutrophil oxida-
tive burst is defective due to mutations in components of the NADPH oxidase. The 
X-linked form where gp91 phox  is mutated is commonest, but autosomal recessive 
forms also occur. Patients with this condition are susceptible to infection with 
catalase- positive organisms such as  Staphylococcus aureus ,  Aspergillus ,  Nocardia  
and  Serratia , which may be deep seated, e.g. liver abscess and osteomyelitis. Gut 
involvement is common and may mimic Crohn’s disease with involvement of any 
part of the length of the gastrointestinal tract and non-caseating granulomas. Large 
granulomas may cause obstruction. 

 The commonest cause of immunodefi ciency worldwide is malnutrition due to 
lack of access to food or to chronic disease [ 35 ], though poor outcomes to infection 
in the malnourished are likely to be multifactorial. Studies in malnourished children 
have shown thymic atrophy and skewing of cytokines towards a Th2 response [ 42 ]. 
Antibody responses to vaccines are preserved in moderate malnutrition but become 
compromised in severe malnutrition. Intestinal barrier function is impaired [ 35 ,  42 ]. 
Studies suggest reduced chemotaxis and microbicidal activity of neutrophils and 
changes in intestinal fl ora compared to well-nourished children [ 42 ]. 

 Infections themselves can cause immunodefi ciency including viruses (EBV, 
CMV, measles, infl uenza) and acute and chronic bacterial infections. In most cases, 
there is transient lymphopaenia. HIV, however, causes chronic immune defi ciency. 
Approximately 35 million people were living with the HIV virus at the end of 2013 
[ 43 ]. The most affected region is sub-Saharan Africa, but it is important to consider 
and test for HIV infection in anyone with symptoms that could be consistent with 
HIV as highly effective treatment is available in the form of highly active antiretro-
viral therapy (HAART). HIV has tropism for CD4 +  cells, including T cells and 
macrophages. The gut-associated lymphoid tissue contains the majority of lympho-
cytes, and CD4 +  cells here become depleted in the acute phase of HIV infection 
along with CD4 +  cells in the peripheral blood. Intestinal CD4 +  T cells include regu-
latory T cells and Th17 cells which have roles in mucosal homeostasis and immu-
nity. Depletion of these cells is thought to contribute to loss of intestinal barrier 
function with increased translocation of bacteria contributing to the systemic 
infl ammatory response seen in HIV infection [ 44 ]. CD4 +  T cell help is required for 
optimal CD8 +  cytotoxic T-cell function, and T follicular helper cells are involved in 
priming humoral responses in germinal centre reactions. 

 Like patients with primary T-cell defects, HIV-infected patients with low CD4 +  
T-cell counts are susceptible to infection by a wide variety of pathogens, though 
opportunistic infections are less frequently seen in the developed world since the 
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advent of HAART. In the upper GI tract candida, HSV or CMV may cause dyspha-
gia. Causes of malabsorption and/or diarrhoea include crytosporidia, microsporidia, 
CMV and mycobacteria (including  Mycobacterium avium  complex). Kaposi’s sar-
coma secondary to HHV8 can occur anywhere along the GI tract and non- Hodgkin’s 
lymphoma most frequently in the stomach. Anorectal disorders also occur, particu-
larly in men who have sex with men. Proctitis may be the presentation of sexually 
transmitted infection with  Neisseria gonorrhoeae ,  Chlamydia trachomatis , HSV, 
 Treponema pallidum  and CMV being typical pathogens. Non-opportunistic infec-
tions including bacteria, viruses and parasites also infect HIV-infected individuals 
more commonly.  C. diffi cile  is a frequent cause of diarrhoea in patients with 
HIV. Non-infective causes of symptoms should also be considered. Antiretrovirals 
may cause diarrhoea, particularly protease inhibitors. Idiopathic AIDS enteropathy 
is a diagnosis of exclusion [ 45 ]. 

 In summary patients with immunodefi ciency frequently develop gastrointestinal 
complications which may be infectious, autoimmune, infl ammatory or malignant. 
The spectrum of likely pathogens will be determined by the immune defect. 
Atypical/recurrent presentation or lack of response to standard treatment should 
lead the physician to consider the possibility of immunodefi ciency.  

     H. pylori  Infection 

  Helicobacter pylori  ( Hp ) is the commonest bacterium to infect the stomach. Its 
prevalence in developed countries has decreased in recent years, but it continues to 
colonise the stomachs of an estimated 70 % of the population in developing coun-
tries and 30–40 % in industrialised countries [ 46 ].  Hp  stimulates innate and adaptive 
immune responses; however, infection and the resulting chronic infl ammation usu-
ally persist life-long unless treated. The majority of those infected have asymptom-
atic chronic gastritis, but the damage associated with the persistent infl ammation 
leads to peptic ulcer disease or gastric cancer in approximately 10–15 %. A number 
of bacterial virulence factors are associated with increased severity of infl ammation 
and increased disease risk [ 47 ]. 

 Innate defences include the barriers of the low pH of the stomach, the mucus 
layer and the epithelium. The virulence factor VacA can form pores in membranes 
allowing leakage of cell contents including urea, which acts as a substrate for ure-
ase, allowing  Hp  to buffer itself against the acid gastric environment. Most  Hp  is 
found in the mucus layer which is made up of glycosylated proteins known as 
mucins which can bind  Hp , preventing it reaching the epithelium, for example, the 
blood group antigen Lewis b can bind  Hp  virulence factor BabA. This layer also 
acts as a matrix for antimicrobial peptides. Gastric epithelium consists of a sheet of 
polarised cells bound together by tight junctions. The  Hp  virulence factor CagA is 
able to associate with the tight junction scaffolding protein ZO-1 to disrupt the epi-
thelial barrier. Epithelial cells secrete a number of cytokines, including IL-1β, IL-6 
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and IL-8, and express a number of toll-like receptors (TLRs), including TLR 4, TLR 
5 and TLR 9. Immune cells in the gastric mucosa may also recognise  Hp  via TLRs 
and other pattern recognition receptors (PRRs), but the ligands for PRRs expressed 
by  Hp  appear to be less potent than those expressed by many other bacteria, which 
may aid immune evasion [ 47 ]. NOD1 recognises intracellular peptidoglycan trig-
gering NF-κB activated proinfl ammatory pathways. This pathway is implicated in 
upregulation of β-defensin 2 by  Hp  [ 48 ]. This is probably the best studied antimi-
crobial peptide in the context of  Hp  infection, though others including β-defensin 4, 
α-defensins and LL-37 have also been found to be upregulated [ 47 ]. Relatively few 
studies have looked in detail at the cellular innate immune response, but neutrophils 
and macrophages infi ltrate the  Hp -infected gastric mucosa, and release of reactive 
oxygen species from these phagocytes is associated with tissue damage. In a subset 
of patients with severe gastritis or lymphoid follicles γδ, T cells were also increased 
[ 49 ]. Activated DCs have been identifi ed in the gastric mucosa. Studies in mice 
indicate that Peyer’s patches are an important site for induction of the adaptive 
immune response. 

 Mucosal and systemic IgG and IgA responses are mounted to  Hp . There is some 
evidence that maternal anti- Hp  IgA in breast milk can delay  Hp  colonisation in 
breastfed babies, but generally the antibodies seem to make little contribution to 
protective immunity. Serology is widely used to assess for current or recent  Hp  
infection. 

 T cells form the largest component of the infl ammatory cell infi ltrate in  Hp - 
associated gastritis, with an increase in CD4:CD8 T cell ratio compared to the unin-
fected gastric mucosa. In mouse models, αβ T cells were required for control of 
 Helicobacter  infection and development of precancerous changes [ 50 ]. MHC 
II-defi cient mice lacked protection in mouse vaccination studies, and transfer of 
CD4 +  T cells to T-cell-defi cient mice restored preneoplastic pathology [ 50 ]. IFN-γ- 
secreting Th1 cells are increased in  Hp  infection and are associated with infl amma-
tion in both  Helicobacter -infected humans and animals [ 51 ]. Th17 responses were 
associated with neutrophil recruitment and protection in a mouse vaccination model 
[ 52 ], and IL-17 expression also correlated with neutrophil infi ltration in patients 
[ 53 ]. Lower Th17 and higher regulatory T-cell frequencies were found in children, 
in keeping with the reduced  Hp -associated infl ammation and pathology typically 
found in children [ 53 ]. Mice and humans with low frequencies of regulatory T cells 
had lower density of  Hp  colonisation with more severe gastritis, with increased risk 
of peptic ulcer disease in the humans [ 47 ]. There is also a systemic regulatory T-cell 
response to  Hp  which may protect against allergy (see Chap.   6    ). Frequencies of Th2 
cells are increased in the  Hp -infected gastric mucosa [ 47 ]. IL-4 −/−  mice had more 
severe gastritis and higher levels of IFN-γ, suggesting a possible protective effect. 
In some patients, the ongoing infl ammatory response to  Hp  leads to the develop-
ment of the precancerous changes of atrophy and/or intestinal metaplasia. Other 
primary gastric infections are rare, but when atrophy occurs, with loss of the acid-
secreting glands, the stomach pH increases and superinfection with other bacteria 
may occur.  
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    Enterovirulent Bacteria and Immunopathogenesis 

 Enterovirulent bacteria colonise various sites in the human intestine.  Vibrio chol-
erae ,  Salmonella enterica  serovar Typhi, enteropathogenic  E. coli  (EPEC), entero-
toxigenic  E. coli  (ETEC) and diffusely adherent  E. coli  (DAEC) preferentially 
affect the small intestine, whereas  Shigella  spp.,  Campylobacter  spp., enterohaem-
orrhagic  E. coli  (EHEC), enteroinvasive  E. coli  (EIEC) and toxigenic  C. diffi cile  
infect the colon.  Yersinia  spp., enteroaggregative  E. coli  (EAEC) and  Salmonella  
spp. affect both the small and large intestines [ 54 ]. 

 Human intestinal bacterial pathogens are equipped with a variety of sophisti-
cated weapons that provide them with mechanisms for subverting the cellular 
machinery and circumventing host innate and adaptive immune responses. 
Immunologists have frequently turned to  Salmonella  infection models to expand 
understanding of host immunity to intestinal pathogens. 

    Salmonella Infection 

  Salmonella enterica  is a fl agellated, Gram-negative, facultative intracellular bacte-
rial species that is the leading cause of enteric disease in humans and animal hosts. 
Infection manifests itself through a broad range of clinical symptoms and can result 
in asymptomatic carriage, gastroenteritis, systemic disease such as typhoid fever 
and, in severe cases, death [ 55 ]. The variations in the clinical features of infection 
with this intracellular pathogen relate to differences in the interaction between dif-
ferent  Salmonella  serovars and the host. Although about 90 % of the genes in  S. 
typhi  and  S. typhimurium  serovars are identical, more that 200 of the 4000  S. typhi  
genes are functionally disrupted or inactive [ 56 ]. This could in part explain the dif-
ferent immune responses both serovars induce upon entering their host [ 57 ].  S. 
typhimurium  and  S. typhi  express various virulence factors including the type III 
secretion (T3SS) system (secretes effector proteins into the target cell cytosol, 
which manipulate host cell signalling cascades), lipopolysaccharide and other sur-
face polysaccharides, fi mbrae, fl agellin and bacterial DNA that are essential for the 
intracellular lifecycle of  S. enterica  [ 57 ]. Genes for these factors are commonly 
carried on the  Salmonella  pathogenicity islands (SPIs) [ 58 ,  59 ]. 

 Following adherence to epithelial cells in the gut,  Salmonella  targets antigen- 
sampling microfold (M) cells overlying Peyer’s patches to translocate across the 
gut epithelium [ 60 ]. Indeed, M cells can transport a diverse array of mucosal entero-
pathogens across the intestinal epithelial barrier, including  Vibrio cholerae , 
 Campylobacter jejuni ,  Shigella  spp.,  Escherichia coli  and  Yersinia  spp. [ 61 ]. In 
fact, alongside Salmonella species,  Shigella  spp. and  Yersinia  spp. are capable of 
directly invading and destroying M cells and spreading the infection to neighbour-
ing enterocytes [ 61 ].  Salmonella  may also induce its internalisation in non-phago-
cytic enterocytes through its virulence-associated T3SS encoded by SPI-1 [ 62 ]. In 
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addition, invasion also has been proposed to occur by paracellular pathways follow-
ing disruption of tight junctions or via CX3CR1-expressing macrophages/dendritic 
cells, which intercalate between epithelial cells [ 63 ,  64 ]. When internalised, bacte-
ria reside within the cell cytoplasm within large vesicles called  Salmonella -
containing vacuoles (SCVs), where they replicate. The SCVs then transcytose to 
the basolateral membrane and release the bacteria to the submucosa, in which they 
are internalised within resident phagocytes and maintained by a second T3SS, 
encoded on a second pathogenicity island, SPI-2 [ 54 ]. SPI-2 promotes protection 
from reactive oxygen intermediates produced by macrophages, specifi cally nitric 
oxide (NO) and NADPH oxidase [ 65 ,  66 ]. The detection of  Salmonella  by TLRs 
has been shown to be crucial for Salmonella virulence, since it induces the acidifi -
cation of the intramacrophage phagosome which in turn provides a cue for 
 Salmonella  that it has reached its intracellular niche protected from extracellular 
immune responses [ 67 ]. Whilst non-typhoidal strains remain restricted to the GI 
tract, typhoidal  Salmonella  serovars then disseminate through the lymph and blood-
stream to the mesenteric lymph nodes and colonise systemic sites, such as the liver 
and spleen [ 68 ]. 

 Following invasion of the intestinal mucosa,  Salmonella -derived ligands are 
detected by a multitude of PRRs which include NOD-like receptors and TLRs, 
inducing a transcriptional response leading to the expression of key cytokines such 
as IL-18 and IL-23, which amplify the infl ammatory response by paracrine signal-
ling mechanisms, inducing the massive secretion of IFN-γ, IL-22 and IL-17 by 
mucosa-resident T cells [ 68 ]. These cytokines induce the increased production of 
mucins and antimicrobial peptides and promote the release of CXC chemokines 
leading to an infl ux of neutrophils into the mucosa [ 68 ]. Recent reports indicate that 
 S. typhimurium  exploits intestinal mucosal infl ammation to outcompete the micro-
biota and thus increase its growth in the lumen of the infl amed gut. Mechanistically, 
this pathogen induces host-driven production of reactive oxygen species that gener-
ate a novel respiratory electron acceptor, which can be used by  Salmonella  but not 
the microbiota [ 69 ]. Thus, the ability to trigger intestinal infl ammation is crucial for 
 S. typhimurium  to overgrow other microbes in the gut. Another recent study sug-
gests that  Salmonella  exploits IL-22 host defences to control their growth [ 70 ]. 
Normally IL-22 binds to receptors on colonocytes and promotes production of anti-
microbial molecules including lipocalin and two subunits of calprotectin. Lipocalin 
and calprotectin bind metal ions, which are essential for bacterial replication. 
However, Salmonella expresses proteins (salmochelin and ZnuABC) that can steal 
metal ions from lipocalin and calprotectin and thus successfully outcompete its 
nearest commensal neighbours,  E. coli  and other gut fl ora. In IL-22-defi cient mice, 
there are fewer antimicrobial factors expressed, and both  Salmonella  and  E. coli  
colonise the gut [ 70 ,  71 ]. 

 Flagellin injected into host cells by invading  S. typhimurium  induces infl amma-
some activation through NLRC4, a member of the nucleotide binding domain 
leucine- rich repeat (NLR) protein family that responds to cytosolic bacterial prod-
ucts [ 72 ]. During systemic infection, Salmonella avoids NLRC4 infl ammasome 
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activation by down-regulating fl agellin expression [ 73 ,  74 ]. Furthermore, activation 
of the NLRC4 infl ammasome occurs as part of the innate immune response during 
infections with  Yersinia  and  Shigella  species [ 75 ,  76 ]. 

 In terms of adaptive immunity, there is good evidence that murine  Salmonella  
infection induces the expansion of antigen-specifi c CD4 T cells in secondary lym-
phoid tissues and may have a role in clearing primary infection as well as also 
being required for acquired resistance to secondary infection [ 77 ,  78 ]. Activated 
CD4 T cells acquire the ability to home to sites of infection and produce IFN-γ to 
activate infected macrophages [ 79 ]. Recent studies also suggest that protective 
immunity may be conferred by regulatory T cells which modulate the potency of 
 Salmonella - specifi c Th1 cells  in vivo  and Th17 cells [ 79 ]. In contrast, B cells are 
dispensible for resolving primary Salmonella infection but are required for protec-
tion against secondary challenge [ 80 – 82 ]. However, the mechanism by which B 
cells contribute to protective immunity against  Salmonella  remains unclear. It is 
postulated that antibody has direct access to  Salmonella  after phagocyte cell death 
when  Salmonella  are presumably found in the extracellular compartment. In this 
regard, opsonisation of bacteria with Salmonella-specifi c antibody impedes bacte-
rial colonisation  in vivo  [ 83 ]. However, susceptibility to typhoid infection has been 
reported to occur despite the presence of elevated titres of antibodies against O, H, 
and other  S. typhi  antigens [ 84 ]. For more detailed discussions on humoral and cell-
mediated immunity to  S. typhi  and  S. paratyphi  acquired through natural infection, 
experimental challenge and vaccination, the reader is referred to an excellent 
recently published review [ 84 ].  

    Other Type III Secretion System Effectors 

 Alongside  Salmonella , several other enteric bacteria such as EPEC and EHEC, 
 Shigella  and  Yersinia  species, use T3SS effectors to facilitate their own attachment 
or invasion, subvert endocytic traffi cking, block phagocytosis, modulate apoptotic 
pathways and manipulate innate immunity and host responses as part of the initial 
infection process. These are extensively reviewed elsewhere [ 85 ].  

     Campylobacter jejuni  Infection 

 The food-borne pathogen,  Campylobacter jejuni,  is a Gram-negative, microaero-
philic, spiral-shaped and motile bacterium, which is the most prevalent cause of 
bacterial gastroenteritis worldwide [ 86 ,  87 ]. Bacterial factors implicated in host cell 
invasion and disease pathogenesis include capsular polysaccharide, adhesive fac-
tors, fl agellar apparatus, cytolethal distending toxin and post-translational glycosyl-
ation [ 88 ,  89 ]. Despite increasing knowledge of the role of these virulence-associated 
factors in disease pathogenesis, the mechanisms and consequences of the host 
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immune response to  C. jejuni  infection remain unclear, particularly with respect to 
its role in the development of infl ammatory disease. 

 It is well established that  Campylobacter  cells are able to invade and translocate 
intestinal epithelial layers both  in vivo  and  in vitro  in the absence of T3SS, but the 
mechanisms that control cell entry are not fully understood [ 54 ]. Human intestinal 
epithelial cell transcriptional regulation and secretion of antimicrobials (β-defensin) 
and chemokines (IL-8, monocyte chemoattractant protein 1 and macrophage infl am-
matory protein 1β) have been proposed to play a role in  C. jejuni -mediated intestinal 
infl ammation [ 90 – 92 ]. Currently, it is believed that  C. jejuni  stimulates innate 
immune responses through activation of NF-κB signalling pathways via the 
mitogen- activated protein kinase family [ 93 ]. Activation of these pathways occurs 
secondary to binding of bacterial cell wall compounds to NOD or to TLRs. Evidence 
links the cytosolic NOD1 receptor in the host cell recognition of  C. jejuni  cell com-
ponents and IL-8 signalling [ 94 ]. In addition,  C. jejuni  surface polysaccharides 
induce IL-6 secretion from intestinal epithelial cells via TLR2 in a MyD88- 
independent manner [ 95 ]. Moreover, an important role for TLR4 signalling in  C. 
jejuni  immunopathology has been confi rmed in murine models of disease [ 96 ,  97 ]. 

 Further, NF-κB’s capacity to stimulate various cytokines in turn mediates matu-
ration of dendritic cells into antigen-presenting cells, which shape subsequent B- 
and T-cell responses. Corresponding IgA and IgG antibodies produced by mature B 
cells against  C. jejuni  are considered to contribute to long-term protection against 
reinfection, but they might be detrimental when cross-reacting with gangliosides in 
neurons which in turn results in neurological sequelae such as Guillain-Barré syn-
drome in about 1 in 900 infected patients [ 97 ].  C. jejuni  also induces adaptive intes-
tinal T-cell responses in  ex vivo  infected explants of infected human colon tissue 
stimulating the release of IFN-γ, IL-22, IL-17A, IL-12, IL-23, IL-1β and IL-6 from 
neutrophils, macrophages and dendritic cells [ 98 ]. In addition to their known anti-
microbial functions, IL-17 family members reduced the number of intracellular  C. 
jejuni  in intestinal epithelia [ 98 ].  

     Clostridium diffi cile  Infection 

  C. diffi cile  is a Gram-positive rod-shaped and toxin-producing bacterium that is 
capable of forming highly resistant endospores that facilitate its transmission. 
Following the loss of protection mediated by resident bacteria,  C. diffi cile  spores 
can germinate and grow as vegetative bacteria, resulting in the development of dis-
ease that ranges from mild diarrhoea to colitis and toxin megacolon [ 99 ,  100 ]. At 
endoscopy, characteristic pseudomembranes may be seen, which are due to focal 
areas of infl ammatory exudate. Colonic infl ammation is mediated by two secreted 
toxins, toxins A and B, that after uptake inactivate the Rho family of GTPases by 
glycosylation, with subsequent disruption of the cell cytoskeleton [ 100 ,  101 ]. 
Inhibition of these critical signalling molecules leads to actin cytoskeleton disrup-
tion, intestinal epithelial cell damage and apoptosis by caspase activation. 
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 Toxins that gain access to the epithelium initially induce loss of barrier function 
and expression of cytokines, with subsequent cell death by apoptosis [ 100 ]. In addi-
tion to induction of IL-8 secretion by epithelial cells, innate immune responses 
induced include caspase 1 infl ammasome activation via pyrin [ 102 ]. Pattern recog-
nition receptors (PRRs), such as NOD1 and TLR 2, TLR 4 and TLR 5, have also 
been implicated in disease pathogenesis [ 100 ]. 

 A number of studies suggest that humoral immune responses to toxins A and B 
may determine the nature of clinical presentation following colonisation with toxi-
genic  C. diffi cile  [ 100 ]. Thus, high serum concentrations of antitoxin antibodies 
have been associated with asymptomatic carriage, whereas low antibody levels have 
been reported in those with recurrent disease. The role of cell wall-associated anti-
gens, which may be involved in bacterial adhesion to epithelial cells, is also cur-
rently under active investigation.   

    Infl ammatory Bowel Disease 

 Infl ammatory bowel disease consists of two chronic infl ammatory conditions, ulcer-
ative colitis and Crohn’s disease. Prevalence of the two diseases is approximately simi-
lar in Europe and North America, together affecting about 400 individuals per 100,000 
population [ 103 ]. These diseases have distinct and shared clinical and histological fea-
tures. Ulcerative colitis only affects the colon, with continuous mucosal infl ammation 
extending for variable distances proximally from the rectum. Crohn’s disease can 
involve any part of the gastrointestinal tract, but the small and large intestine are the 
commonest regions affected. In contrast to ulcerative colitis, chronic infl ammation in 
Crohn’s disease may occur in distinct segments of the intestine (skip lesions), often 
with largely uninvolved intervening mucosa. Infl ammation is confi ned to the mucosa 
in ulcerative colitis, but often affects the whole thickness of the intestinal wall in 
Crohn’s disease, in which non-caseating granulomas are a characteristic feature in 
many affected individuals. Moreover, segments of the intestine may be affected by 
fi brosis and strictures in Crohn’s disease, often requiring surgical resection. The aetio-
pathogenesis of ulcerative colitis and Crohn’s disease remains to be fully understood, 
but studies to date suggest that they arise due to inappropriate immunological and 
infl ammatory responses to luminal microorganisms in genetically susceptible indi-
viduals [ 104 ,  105 ]. Genome-wide association scans have identifi ed more than 150 
infl ammatory bowel disease susceptibility loci, and most contribute to both diseases 
but are believed to explain only a minority of the variance in disease risk [ 106 ]. Possible 
causal genes suggest a major role for interactions between the host mucosal immune 
system and microorganisms, in which some of the commensal microbiota change their 
association with the host from a symbiotic to a pathogenic relationship. Some of the 
genetic associations are shared with other autoimmune diseases, for example, between 
IL23 receptor gene and infl ammatory bowel disease, psoriasis and ankylosing spondy-
litis. NOD2 was the fi rst gene that was reported to be associated with Crohn’s disease, 
and its product is an intracellular sensor of bacterial peptidoglycan. Homozygosity/
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compound heterozygosity for one and/or other of the three polymorphisms (which 
impair responses to peptidoglycan) confers an 11–27-fold increased risk of Crohn’s 
disease, which is the highest relative risk observed for any of the genes associated with 
this disease [ 105 ]. Studies have shown that following recognition of bacterial peptido-
glycan, NOD2 infl uences innate and adaptive immune responses via expression in 
cells such as Paneth cells (which express antimicrobial peptides and proteins), macro-
phages and dendritic cells. Additional biological functions that may be affected by 
polymorphisms in other genes associated with infl ammatory bowel disease include 
epithelial barrier function, autophagy and cell migration [ 104 ]. 

 Investigation of changes in the microbiota in infl ammatory bowel disease is of 
signifi cant current interest [ 100 ]. Reports include reduction in the variety of bacte-
rial species and decrease in some dominant commensal members. It is possible that 
some of the changes to the microbiota are secondary to the infl ammatory response, 
rather than being causal. 

 For moderate to severely active infl ammatory bowel disease, anti-infl ammatory 
agents that target cells of the immune system are widely used. They include cortico-
steroids and monoclonal antibodies that target tumour necrosis factor and, more 
recently, adhesion molecules on gut-homing lymphocytes [ 107 ]. There has also 
been recent interest in the role of autologous haematopoietic stem cell transplanta-
tion in the treatment of patients with severe Crohn’s disease that is refractory to 
standard to medical treatment [ 108 ].     
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    Chapter 2   
 The Enteric Nervous System                     

       Michael     Constantinescu     

    Abstract     The gastrointestinal motility, exocrine secretions, and endocrine cells are 
controlled by an integrative nervous system, under the central command of the cen-
tral nervous system. The enteric nervous system is considered to be quasi- 
autonomous and in certain circumstances may be self-sustained. The connections of 
the enteric nervous system with the central nervous system are through afferent and 
efferent neurons of the parasympathetic and sympathetic nerves, the two major 
pathways of the autonomous nervous system. The enteric neurons function to con-
trol the tonus of the smooth muscle in the intestinal wall and the vascular muscle 
motor activity and the secretory function of the gastric and intestinal glands and 
endocrine products and carry sensory information to the central nervous system and 
some function as communicators between the neurons of the intestinal wall (inter-
neurons). Disorders of the enteric neurons may comprise dysfunctions of the secre-
tory, motor, or immunologic functions. In this chapter, we briefl y discuss some 
more common motility disorders.  

  Keywords     Parasympathetic   •   Sympathetic   •   Enteric nervous system   •   Myenteric 
plexus   •   Submucosal plexus   •   Interstitial cell of Cajal   •   Neuroendocrine cells 
  •   Motility  

    The main role of the gastrointestinal system is the digestion and absorption of the 
food. The food that we enjoy through our senses is softened, processed by the 
enzymes secreted by salivary glands, and mixed with gastric, intestinal, biliary,  and/
or pancreatic juices and enzymes to achieve the end result of transporting the nutri-
ents through the mucosal lining followed by the expelling of the unabsorbable 
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matter by defecation. The passage of food is performed under the nervous system 
and endocrine control of the gastrointestinal system and its regulation of the con-
traction and relaxation of the digestive system muscle layers and/or sphincters. 
Within the peripheral nervous system, the nervous system of the gut is considered 
the most complex. 

 There are two major components: the extrinsic system that in turn is divided into 
two components,  the sympathetic  and  the parasympathetic  nerves, and the intrinsic 
system also known as enteric nervous system, considered a remote portion of the 
central nervous system that communicates with the central nervous system via sym-
pathetic and parasympathetic extrinsic component neurons. The central nervous 
system interaction with the enteric neurons is known as “central autonomic neural 
network” [ 1 ]. The major physiologic processes regulated by the intricate nervous 
system of the gastrointestinal system include (a) the smooth muscle necessary to 
control motility and sphincters, (b) the mucosal role in secretion of juices and fl uid- 
electrolyte homeostasis, (c) the cells participating in mucosal immunity, and (d) the 
vascular network [ 2 ]. 

    Central Autonomic Neural Network 

 The enteric nervous system can function autonomously. However, the central ner-
vous system has a major role in the control of the enteric nervous system and its 
functional role. There are interconnections that bring in concert the motor and sen-
sory pathways in the central nervous system and the enteric nervous system [ 1 ,  3 ]. 

 There are two major pathways of such interactions. One is the parasympathetic 
or craniosacral pathway. The other is the sympathetic or thoracolumbar pathway. 
The parasympathetic pathway has a vagal component and a sacral or pelvic compo-
nent. The vagal component, the predominant participant in the parasympathetic 
pathway, consists of preganglionic neuron bodies in the nucleus ambiguous and the 
dorsal vagal nucleus in the medulla. The preganglionic neurons are cholinergic and 
generally have excitatory effect, increasing the gastrointestinal tract motility. The 
sympathetic pathway or the thoracolumbar pathway has an inhibitory role, decreas-
ing the motility. The sympathetic system is adrenergic and consists of postgangli-
onic fi bers that innervate the gut and have the neuronal bodies in the prevertebral 
ganglia [ 1 ]. 

 The innervation of the  esophagus  is supplied by the vagus nerve (predominantly 
parasympathetic) and sympathetic nerves that, through afferent and efferent fi bers, 
control the muscular layer of the esophagus, its glands, and its blood vessels. The 
vagus nerve receives some fi laments from the paravertebral sympathetic system, 
and, as such, it contains mixed parasympathetic and sympathetic fi bers. The right 
vagus participates, along with the left vagus, in forming the esophageal plexus. 
Thereafter, the right vagus reforms as the posterior vagal trunk just before passing 
through the diaphragmatic esophageal hiatus. The left vagus reforms also just above 
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the diaphragm as the anterior vagal trunk. The surgical procedure of vagotomy was 
in the past more extensively used as therapeutic option for duodenal ulcer, but now 
is employed only occasionally. However, it is important to be aware that there are 
anatomic variations in the esophageal plexus and anterior and posterior trunks [ 4 ]. 
The esophageal sympathetic innervation is comprised of fi bers with origin in the 
cervical and paravertebral chains. The upper portion of the esophagus is supplied by 
fi laments from the pharyngeal plexus, and lower portions are supplied by branches 
from superior, middle, and vertebral ganglia of the sympathetic trunk. Esophageal 
fi laments are also supplied by the stellate ganglia and the splanchnic nerves. 

 The innervation of the  stomach and duodenum  consists also of parasympathetic 
and sympathetic efferents and afferents. Their sympathetic nerve supply follows the 
gastric artery and the gastroepiploic artery and is derived predominantly from the 
celiac plexus. This plexus has a right and left portion, each with a celiac ganglion, 
with the aorticorenal ganglion and a single, unpaired superior mesenteric ganglion. 
The superior, middle, and inferior thoracic splanchnic nerves along with parasym-
pathetic fi bers from the posterior and anterior vagal trunk contribute to the intercon-
nections of the celiac plexus. The celiac plexus forms nerves and networks of nerves 
including the left gastric plexus, right gastric plexus, hepatic plexus, superior mes-
enteric plexus, and splenic plexus. The phrenic plexus provides fi laments to the 
cardia [ 4 ]. The stomach and the duodenum parasympathetic supply is provided by 
the anterior vagal trunk (e.g., greater anterior gastric nerve branches and pyloric 
branches) and by the posterior vagal trunk (e.g., greater posterior gastric nerve). 

 The innervation of the  small and large intestine  consists as well of sympathetic 
and parasympathetic nerve fi bers. The sympathetic pathway has cell bodies in the 
prevertebral ganglia (nodose ganglia). The postganglionic fi bers are reaching the 
small or large intestine wall through the celiac ganglia, superior mesenteric gan-
glion, inferior mesenteric ganglion, and superior and inferior hypogastric plexi 
branches and their interconnecting nerves. The parasympathetic innervation of the 
intestines is through the posterior vagal trunk that relays to the celiac plexus. The 
descending colon, the sigmoid colon, and the rectum have parasympathetic supply 
from the second, third, and fourth sacral spinal cord segments through the pelvic 
splanchnic nerves and the inferior hypogastric plexus. While the rectum is supplied 
from this plexus, the anal sphincter and the perianal area have direct somatic effer-
ents and afferents from the central nervous system via the pudendal nerves [ 5 ].  

    Enteric Nervous System (Intrinsic System) 

 At the beginning of the last century, Bayliss and Starling, Magnus and Langley, and 
Trendelenburg found that extrinsically denervated intestines had coordinated refl ex 
contractions (peristalsis) that were taking place by the nerves present in the intesti-
nal wall and that the intramural intestinal neurons did not communicate with the 
parasympathetic neurons from the central nervous system. Millions of neurons are 
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identifi ed in the gastrointestinal system. The functional and chemical makeup of 
the intestine showed that, like the central nervous system, the enteric nervous sys-
tem contains sensory and motor neurons and interneurons and that the synaptic 
chemical connections direct the integrative network from sensory to interneurons 
to motor neurons and to effector system in a similar manner to the central nervous 
system [ 6 ]. 

 In the intestinal wall, there are small ganglia composed of groups of nerve cell 
bodies. Nerve processes from these small ganglia form three main intramural plexi 
(Figs.  2.1 ,  2.2 ,  2.3  and  2.4 ). The submucosal plexus is named Meissner plexus. The 
deep submucosal plexus is known as Henle’s plexus (1871). The intermuscular, or 
myenteric plexus is also known as Auerbach plexus. It is the most easily seen histo-
logically and is found throughout the gastrointestinal system between the circular 
smooth muscle layer of the muscularis propria and the longitudinal muscle layer. It 
also innervates the motor end plates of the striatal muscle portion of the esophagus 
with the release of the nitric oxide [ 1 ]. Its main role is to provide innervation to the 
two muscle layers in the muscularis propria, and it has an additional role in the 
innervation of the mucosa. Immediately beneath the muscularis mucosa is the 
Meissner plexus, the submucosal plexus. It is composed of neurons or ganglion 
cells and glial cells (Schwann cells). These are interspersed among the loose stro-
mal elements of the submucosa [ 7 ]. Occasionally, ganglion cells may be seen in the 
lamina propria of the mucosa, but it is abnormal to fi nd an increased number of 
ganglion cells here or clustered ganglion cells in the lamina propria. In such cases, 
conditions such as ganglioneuroma, infl ammatory bowel disease, or neurofi broma-
tosis should be considered. The deep submucosal plexus of Henle is located along 
the inner portion of the muscularis mucosa. The deep submucosal plexus has fewer 
small neurons compared to the Meissner plexus. In the latter, approximately 50 % of 
the ganglia were associated with single fi ber tracts, as  compared to the deep submu-
cosal plexus (Henle’s) in which approximately 75 % were associated with single 
fi ber tracts [ 8 ].

  Fig. 2.1    Gastrointestinal 
submucosal plexus 
(Meissner) ( arrows ) 
composed of ganglion 
cells and Schwann cells, 
hematoxylin and eosin 
stain, magnifi cation 10×       
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            The Enteric Neurons 

 The enteric neurons have been classifi ed in primary afferent neurons, excitatory 
circular muscle motor neurons, inhibitory circular muscle motor neurons, longitudi-
nal muscle motor neurons, ascending interneurons, descending interneurons, secre-
tomotor and vasomotor neurons, and intestinofugal neurons [ 3 ]. 

 Primary afferent neurons or the intrinsic primary afferent neurons may be seen in 
ganglia of both the Meissner and the Auerbach plexi. Approximately 30 % of myen-
teric neurons and 14 % of submucosal ganglia neurons are primary afferent neurons. 
These neurons respond to chemical or mechanical stimuli of the mucosa to muscle 
tension and radial stretch of the intestinal wall [ 3 ]. 

  Fig. 2.2    Gastrointestinal 
myenteric plexus 
(Auerbach) ( arrow ), 
composed of nerve fi bers, 
ganglion cells, and 
Schwann cells, 
hematoxylin and eosin 
stain, magnifi cation 40×       

 

2 The Enteric Nervous System



28

  Fig. 2.3    Gastrointestinal 
submucosal plexus 
(Meissner) ( arrows ), its 
ganglion cells underlined 
by immunohistochemistry 
stain with synaptophysin, 
magnifi cation 10×       

  Fig. 2.4    Gastrointestinal 
submucosal and 
myenteric plexi ( arrows ) 
as underlined by 
the neural 
immunohistochemistry 
marker S100, 
magnifi cation 4×       

 The excitatory circular muscle motor neurons are the fi nal effector in the circu-
lar layer of the muscularis propria. They are considered to receive fast nicotinic 
and slow synaptic input from the intrinsic primary afferent neurons. In the deep 
 myenteric plexus, they are denser, and, via acetylcholine and tachykinin transmit-
ters, they act predominantly directly on the circular smooth muscle. 
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 Inhibitory circular muscle motor neurons also receive fast nicotinic input from 
the intrinsic primary efferent neurons. They also receive noncholinergic input. They 
act directly and indirectly, by the production of nitric oxide, adenosine triphosphate, 
vasoactive intestinal peptide (VIP), and other peptides, on the circular smooth mus-
cle, having an inhibitory effect. 

 The longitudinal muscle motor neurons receive their input from the intrinsic pri-
mary afferent neurons and from interneurons. 

 Ascending interneurons are forming chains of excitatory interneurons with other 
interneurons and receive fast nicotinic synaptic input and slow synaptic input from 
the intrinsic primary afferent neurons. They are participating in the action of the 
excitatory circular muscle neurons. These interneurons contain, along with the 
enzymes needed for acetylcholine synthesis, opioid peptides and tachykinins. 

 The descending interneurons are more likely cholinergic. There are some contain-
ing choline acetyltransferase and some containing somatostatin as neurotransmitters. 
Some contain also serotonin. They receive input from non-primary afferent neurons 
and make synapses with submucosal and myenteric neurons. 

 Some of the secretomotor neurons are cholinergic, while some contain VIP. 
They project to the mucosa, to the myenteric plexus ganglia, and to the submucosal 
plexus ganglia. The secretomotor neurons that contain VIP have inhibitory 
 synapses from the extrinsic sympathetic pathway and possibly from other myen-
teric neurons. Some submucosal neurons are cholinergic and project to the small 
blood vessels. 

 The intestinofugal neurons are cholinergic neurons that project to the preverte-
bral ganglia from myenteric plexus ganglia [ 3 ]. 

    Interstitial Cells of Cajal 

 In the gastrointestinal motility, besides the extrinsic and intrinsic nerve supply, other 
components also participate. The interstitial cells of Cajal (ICC) are an important 
part of the gastrointestinal neuromuscular function. When Cajal described these 
cells in 1893, he identifi ed them as “primitive neurons.” Electron microscopy 
showed that these cells are either fi broblast-like cells or primitive muscle cells. 
These cells express c-kit (CD117), a tyrosine kinase receptor. It was shown that 
these cells are pacemaker cells for the gastrointestinal tract. They are organized in a 
network that propagates slow wave electrical activity. The slow waves propagate 
from ICC to the smooth muscle fi bers. Slow waves produce depolarization, fol-
lowed by the entrance of calcium into the muscle cells, resulting in phasic contrac-
tion, or peristalsis. Another role of ICC is in the mediation of the input from the 
enteric motor neurons to the smooth muscle. ICC also provides sensitivity to stretch. 
Most ICCs are located at the periphery of myenteric plexus (Auerbach plexus). 
They form a network from the branched processes of these multipolar ICC. Other 
ICCs are located within the circular or longitudinal smooth muscle layers, in the 
connective tissue, within the submucosal plexus (Meissner plexus), or within the 
deep muscular plexus [ 9 ]. The gastrointestinal stromal tumors (GISTs) are mesen-
chymal tumors of the gastrointestinal system that express c-kit (CD117), CD34, and 
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DOG-1. In 1984, Herrera described such tumors as “plexosarcoma,” indicating that 
these tumors are originating in the enteric plexus [ 10 ]. Today it is widely accepted 
that GIST is derived from ICC (Figs.  2.5 , and  2.6 ). In addition to the surgical treat-
ment, the current therapy for GIST includes a c-kit tyrosine kinase inhibitor, ima-
tinib, with a good response [ 11 ].

       Neurotransmitters of Enteric Motor Neurons 

 As we have seen, the motor neurons may be excitatory or inhibitory. The neurotrans-
mitters released by excitatory neurons are necessary for contraction and mucosal 
gland secretion. Their main neurotransmitters are acetylcholine and substance 

  Fig. 2.5    Gastrointestinal 
stromal tumor of the 
stomach, a proliferation of 
interstitial cells of Cajal, 
hematoxylin and eosin stain, 
magnifi cation 40×       

  Fig. 2.6    Gastrointestinal 
stromal tumor of the 
stomach; the tumor 
proliferation of interstitial 
cells of Cajal is demon-
strated by the expression of 
CD117(c-kit) marker 
(immunohistochemistry, 
magnifi cation 40×)       
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P. Enteric gland secretions are stimulated by excitatory neurotransmitters acetylcho-
line, ATP, and the vasoactive intestinal peptide (VIP). 

 The inhibitory neurotransmitters for inhibitory neurons that suppress the smooth 
muscle contraction are ATP, VIP, and nitric oxide.  

    Sensory Information (Extrinsic Afferent Supply) 
of the Gastrointestinal Tract 

 As previously noted, there is a rich afferent innervation that carries the sensory 
information from the gut to the central nervous system and mediates the sensations 
from the gastrointestinal organs. The afferents are carried by the vagal and splanch-
nic and pelvic nerves. The vagus nerves have the cell bodies in the nodose ganglia 
and then end centrally in the nucleus of the tractus solitarius. The splanchnic affer-
ent neurons have their cell bodies in the dorsal root ganglia. The vagal afferents are 
predominantly in the upper part of the gastrointestinal system, while the pelvic 
afferents supply mainly the lower portion of the large intestine. The entire gastro-
intestinal system appears to send extrinsic afferent information through the 
splanchnic nerves [ 12 ]. The vagal afferent neurons are detecting mechanical dis-
tension and are sensitive to the glucose, amino acid, or long-chain fatty acid con-
centrations in the intestinal lumen. The mucosal neuroendocrine cells release 
chemical transmitters necessary for the vagal afferent activity. An example is the 
increased release of serotonin by the enterochromaffi n endocrine cells, due to 
mucosal damage during chemotherapy, with consequently severe emesis. Increased 
serotonin acts on 5-hydroxytryptamine-3 receptors (5-HT 3 ) located on the vagal 
neurons. The primary vagal afferent neurons, in turn, are connected with the neu-
rons in the brain stem that control vomiting. The antiemetic drug ondansetron is a 
5-HT 3  receptor antagonist; therefore, it inhibits the vagal primary afferent neurons. 
The splanchnic primary afferent neurons are sensing pain (nociceptive receptors). 
They are activated by chemical, mechanical, or thermal stimuli. Some of their neu-
rotransmitters include calcitonin gene-related peptide and substance P. 

 In the myenteric plexus, some neurons contain opioid type of peptides (e.g., 
enkephalins, dynorphin, and endorphin). The opioid receptors are localized princi-
pally to the enteric neurons, and opioid receptor agonists produce a decreased neu-
ronal excitability, resulting in motor inhibition and constipation [ 13 ].  

    Neuroendocrine Cells or Endocrine Cells? 

 The neuroendocrine cells in the gastrointestinal system have important functions. 
Their embryological derivation has been controversial. These cells have endocrine 
and paracrine, and some have neurotransmitter functions. Many of these cells have 
distinctive neural markers. When immunohistochemistry stains are performed, 
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they express either chromogranin or synaptophysin or both. Synaptophysin stains 
synaptic neural granules and chromogranin granules that are found in neurons or 
endocrine cells (granins). However, while some neuroendocrine cells (e.g., those in 
the thyroid) have more neural-like features (neural crest rather than endodermal 
origin), those located in the gastrointestinal tract display more epithelial-like prop-
erties (endodermal origin rather than neural crest) [ 14 ]. In the gastrointestinal tract, 
they have wide distribution in the distal esophagus, stomach, small intestine, large 
intestine, and anus. Many are in the epithelium or lamina propria of the mucosal 
lining. They have sensitivity for thermal, chemical, and mechanical stimuli. Some 
of their products are true peptide hormones with release through the bloodstream 
to reach their targeted tissue into the circulation (e.g.. gastrin, secretin). Other 
 paracrine cells have only local effect on the nearby cells (e.g., somatostatin). There 
are known interactions between the endocrine cells and enteric neurons, between 
neurons and endocrine cells, and among various endocrine cells [ 2 ]. The neuroen-
docrine proliferation in the gastrointestinal tract results in neuroendocrine tumors. 
In the stomach, there are early precursors noted, enterochromaffi n-like cell (ECL) 
proliferation. These occur predominantly in the context of atrophic gastritis as 
ECL hyperplasia that may progress to ECL dysplasia and then to well-differenti-
ated neuroendocrine tumors (carcinoid) [ 15 ] (Figs.  2.7 ,  2.8 ,  2.9 ,  2.10 , and  2.11 ).

  Fig. 2.8    Neuroendocrine 
cells. Enterochromaffi n-
like cells (ECL) 
hyperplasia ( arrow ) in the 
stomach, an increased 
number of ECL, as 
underlined by 
synaptophysin 
immunohistochemistry 
stain, magnifi cation 40×       

  Fig. 2.7    Neuroendocrine 
cells in the gastrointestinal 
tract. The enterochromaffi n-
like cells ( arrows ) associated 
with the gastric glands can 
be easily visualized by 
 immunohistochemistry 
stains for synaptophysin. 
Magnifi cation 10×       
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           Selected Disorders of the Nervous System of the Gut 

    Gastrointestinal Neuromuscular Disorders 

 This is a very heterogeneous group of conditions that have as common denominator 
alterations in the motility function of the gastrointestinal tract resulting in inade-
quate propulsion and emptying functions. 

    Achalasia 

 In the lower esophagus, nonselective loss of all the enteric neurons from the 
Auerbach’s plexus (myenteric plexus) results in  achalasia , a condition character-
ized by unrelaxed lower esophagus sphincter, with a persistent tonic contraction. As 
a consequence, there is a functional esophageal obstruction (cardiospasm), with 

  Fig. 2.9    Neuroendocrine 
cell tumor proliferation, 
low-grade neuroendocrine 
tumor (carcinoid) ( arrow ) 
in the small intestine, 
hematoxylin and eosin 
stain, magnifi cation 10×       
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esophageal dilation and hypertrophy. Achalasia may also occur when there is selec-
tively a dysfunction or loss of the inhibitory myenteric plexus neurons that contain 
VIP or nitric oxide. Histologically, there is signifi cant decrease or absence and/or 
degeneration of the myenteric plexus neurons [ 16 ].  

    Pyloric Stenosis 

 Pyloric stenosis is a rather common condition in infants (1/3000) that has a high 
familial predilection and is more common in males. Its etiology is disputed, but one 
theory is the delay in the innervation of the pyloric region and decreased or absent 
nerves or neurotransmitters such as nitric oxide, absence of ICC, and other support-
ing cells. The pyloric muscle is hypertrophic. Histologically, there is degeneration 
of glial cells, increased number of Schwann cells, and hypertrophy of the nerves. 
ICCs are absent or signifi cantly decreased. ICCs contain the inhibitory neurotrans-
mitters nitric oxide [ 16 ].  

  Fig. 2.10    Neuroendocrine 
tumor, carcinoid ( arrow ), as 
evidenced by the 
immunohistochemistry stain 
marker, synaptophysin, 
magnifi cation 10×       
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    Intestinal Pseudo-obstruction 

 Intestinal pseudo-obstruction is a group of acute or chronic disorders that in the 
absence of mechanical obstructions show an absence of the propulsive function of 
the intestine. The chronic pseudo-obstruction may be idiopathic, of unknown patho-
genesis. There are several rare diseases included under this classifi cation. They 
include conditions such as idiopathic megacolon or megaduodenum. As a prototype 
we will use Hirschsprung’s disease. It is by defi nition a disease of newborn or infant 
involving the sigmoid and rectum, predominantly in males. Characteristically a seg-
ment of distal colon or rectum lacks ganglion cells, especially the ganglion cells of 
the Meissner (submucosal) plexus. This segment is aperistaltic and narrow. Proximal 
to it, the colon dilates (congenital megacolon) [ 16 ]. 

 Chronic or acute pseudo-obstructions may be also secondary to systemic dis-
eases: endocrine disease such as hypothyroidism; systemic disorders involving the 

  Fig. 2.11    Neuroendocrine 
tumor, carcinoid ( arrow ), as 
evidenced by the 
immunohistochemistry 
stain marker, chromogranin, 
magnifi cation 10×       
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smooth muscle such as amyloidosis or myotonic dystrophies; systemic conditions 
involving the extrinsic nervous system such as stroke, diabetes, or orthostatic hypo-
tension; or systemic intrinsic enteric nervous system disorders such as  paraneoplastic 
syndrome, viruses, drugs, or Chagas’ disease. This latter group of conditions is 
generally characterized by multiple segments of the gastrointestinal tract with loss 
of ganglion cells [ 1 ,  16 ].  

    Neuronal Dysplasia (Ganglioneuromatosis) 

 Ganglioneuromatosis may be either nodular or diffuse and consists of a prolifera-
tion of ganglion cells, nerve fi bers, and Schwann cells, either at myenteric plexus 
level or throughout the thickness of the intestinal wall (Figs.  2.12  and  2.13 ). It may 

  Fig. 2.12  
  Ganglioneuroma, a 
proliferation of ganglion 
cells ( arrow ) in the 
submucosal plexus of 
Meissner, with cells 
abnormally seen in the 
mucosal lamina propria of 
the colon. Hematoxylin and 
eosin, magnifi cation 10×       

  Fig. 2.13  
  Ganglioneuroma, 
a proliferation of ganglion 
cells ( arrow ) in the 
submucosal plexus of 
Meissner, with cells 
abnormally seen in the 
mucosal lamina propria of 
the colon. Hematoxylin and 
eosin, magnifi cation 40×       
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be a cause of pseudo-obstruction. In some patients, this condition has been associ-
ated with multiple endocrine neoplasia type 2B (MEN-2B) [ 1 ].

        Other Entities 

 Other enteric neuron disorders such as neurogenic secretory diarrhea and neurogenic 
constipation, abdominal pain, infl ammatory bowel disease, irritable bowel syndrome, 
and neuroimmunological modulation are discussed elsewhere in this book.    

    Conclusion 

 This chapter has briefl y demonstrated that gastrointestinal function is rigorously 
controlled and integrated with the central nervous system. The enteric neurons that 
participate in motility, the neurons that help regulate the glandular and endocrine 
secretions, the vasomotor neurons, the afferent sensory neurons bringing informa-
tion from the gut, and the interneurons and transmitters with role to facilitate the 
communication between neurons are working in concert for the complex function of 
the gastrointestinal system.     
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    Chapter 3   
 Microbial Regulation of Gastrointestinal 
Immunity in Health and Disease                     

       Sheila     Patrick     ,     Rebecca     J.     Ingram     ,     Thamarai     Schneiders     , 
and     Denise     C.     Fitzgerald     

    Abstract     The gastrointestinal (GI) tract represents the front line of  microbial-host 
interaction by virtue of its immense surface area and constant microbial supply 
from ingested food. The gastrointestinal immune system shapes the communities 
of microbes throughout the GI tract, and in turn, the microbiota provide metabo-
lites and other cues to support the development and normal function of the immune 
system. Emerging research shows that this infl uence on the immune system 
encompasses both innate and adaptive immunity and extends beyond the gut to 
anatomical sites throughout the body. This chapter presents an overview of the 
microbiology and immunology of the GI tract, examines microbial population 
dynamics revealed by studies such as the Human Microbiome Project and  discusses 
the potential impact of emerging antimicrobial resistance to the microbiota and 
human health.  
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      Introduction 

 Within the gut resides an extensive commensal microbial community with which 
the host shares a symbiotic relationship that is tightly regulated by the immune sys-
tem. Understanding both the microbiology and the immunology of the gut reveals a 
complex and dynamic environment that is characterised by specifi c anatomical and 
functional niches, complex regulatory mechanisms and symbiotic metabolism. In 
this chapter, we will discuss both microbial distribution and function and immuno-
logical characteristics of the gut and address how the emergence of antimicrobial 
resistance may alter the gut microbiome. 

 Regular breaches of the gut epithelial barrier expose the submucosa to commen-
sal bacterial antigens; however, a combination of innate and adaptive immune 
responses rapidly reinforces barrier function and limits infl ammatory response dur-
ing such routine exposures. Most organisms that are able to breach the physical 
barrier of the gut are rapidly phagocytosed by macrophages located in the sub- 
epithelium. Whilst intestinal macrophages are particularly adept at bacterial clear-
ance, these cells express little infl ammatory cytokine and therefore rarely trigger 
overt infl ammation following bacterial uptake. Presumably, this is an adaptive 
mechanism to prevent constant activation of infl ammation by the gut commensals 
and food antigens. This is in part mediated by the fact that very few intestinal mac-
rophages express TREM-1, which would normally help drive the amplifi cation of 
the infl ammatory response [ 54 ]. 

 However, it is not just friendly neighbourhood commensal bacteria that the gas-
trointestinal mucosa is exposed to; the tissue must also respond to highly  pathogenic 
organisms. The gastrointestinal tract is susceptible to infection by  bacterial, viral 
and parasitic organisms. For infection to occur, there must be  suffi cient microbes 
that possess suffi cient virulence factors and capacity to overcome or circumvent the 
host immune response. Tissue tropism describes infection of a specifi c organ in the 
host, and a number of pathogens demonstrate specifi c tropism for the gut (e.g. 
 Giardia ,  Cryptosporidium ). Other infections initiate in the gut but may not be con-
fi ned to this site and have the potential to become systemic infections (e.g. 
 Salmonella ,  Enterovirus ). Much of microbial population dynamics are regulated not 
only by the host immune system but by the competitive microbial environment of 
the gut.  

    Overview of Microbiology of the Gastrointestinal (GI) Tract 

 The normal resident microbiota is an integral part of the mammalian host, inextrica-
bly linked with the normal development and functioning of the eukaryotic compo-
nent. This is exemplifi ed by a growing understanding of the role of the GI tract 
microbiota in immunity and its impact on health and disease. 

 The gastrointestinal tract is an effective open-ended culture system for microbes, 
with faeces as the product. To the human host, however, faeces are not the only 
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outcome of microbial colonisation. De-conjugation of bile salts and subsequent 
recycling via the liver, the degradation of ingested plant polysaccharides to short 
chains fatty acids utilised by the intestinal mucosal epithelium and the provision of 
vitamins are all associated with the resident microbiota [ 11 ]. It has also become 
increasingly clear that microbial activity is key to immune system (IS) develop-
ment. Our understanding of the intimate microbiota/immune system relationship 
has progressed from a knowledge that immune system development does not reach 
its full repertoire in ‘germ’-free animals [ 20 ] to the beginnings of a better under-
standing of key molecular relationships in health and disease. This progress has 
been informed by an increased understanding of microbiota complexity, under-
pinned by complete genome sequencing of individual species (e.g. [ 8 ,  47 ]) metatax-
onomics based primarily on 16S sequencing and metagenomics based on whole 
community shot-gun sequencing (e.g. Human Microbiome Project Consortium 
2012, [ 51 ]). It should be noted that sampling protocols, DNA extraction methods 
and DNA storage conditions prior to sequencing can have a signifi cant impact on 
the detected abundance of different bacterial taxa. For example, some methodolo-
gies potentially underestimate the  Bacteroidetes  content [ 62 ]. This may impact on 
the interpretation of much of the already published data and the comparison of dif-
ferent studies in relation to relative abundance of different groups of microbes. 

 The normal resident microbiota of the human gastrointestinal tract includes bac-
teria, archaea, protozoa, yeast and associated viruses. These microbes colonise 
along the GI tract in varying numbers, with bacterial colonisation increasing along 
the GI tract, from the stomach, duodenum and jejunum (upper small intestine) with 
relatively fewer bacteria to greater numbers in the ileum (distal small intestine) and 
large numbers in the colon [ 11 ]. Estimates of microbial colonisation range from 10 2  
to 10 7  per gramme in the small intestine and > 10 11  per gramme in the large intestine. 
Despite technological advances, much remains to be understood about the complex 
interactions amongst this diverse community and between this community and the 
human host. Bacteria have been the focus of most studies, due to their predomi-
nance within the GI tract community; indeed, it has been estimated that bacteria 
constitute up to 30 % or more of faecal matter. The GI tract, in particular in the large 
intestine, is a low redox anaerobic environment. During the long evolutionary rela-
tionship and the microbial adaptation to this environment, many of the microbes 
have developed a strictly anaerobic metabolism. The predominant species are 
unable to multiply in the presence of oxygen and many are killed by exposure to 
oxygen. With rigorous adherence to anaerobic culture techniques, 10 11  or more via-
ble bacteria can be isolated per gramme of faeces (Table  3.1 ; [ 45 ]).

   By culture, the consistently predominant bacterial genus isolated from faeces is 
 Bacteroides , with variable reports of the prevalence of other bacterial genera 
(Table  3.1 ). It is also of interest that some individuals may have up to 10 11  viable 
archaea of the genus  Methanobrevibacter . Comprehensive information pertaining 
to earlier investigation of the normal microbiota of humans and animals by culture 
can be found in the following studies [ 13 ,  20 ,  21 ]. Metagenomic sequencing has 
largely confi rmed the earlier culture data in relation to the predominant genera pres-
ent within the faecal microbiota (Fig.  3.1 ) [ 3 ,  61 ]. The major phyla detected are the 
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 Firmicutes ,  Bacteroidetes ,  Actinobacteria  and  Proteobacteria . The relative propor-
tions of these phyla vary dependent on the location within the GI tract, with the 
 Firmicutes  and  Bacteroidetes  major groups present in the colon [ 60 ]. The  Firmicutes  
are a diverse group of low %GC Gram-positive bacteria. Predominant representa-
tive genera within faeces include  Faecalibacterium ,  Roseburia  and  Eubacterium. 
Faecalibacterium prausnitzii  (formerly  Fusobacterium prausnitzii : [ 12 ]) is taxo-
nomically within the class  Clostridium  and family  Ruminococcaceae . As a single 
species, it is highly prevalent in the faeces of most healthy individuals, where it may 
account for more than 5 % of the bacterial population. This bacterium is killed rap-
idly on exposure to oxygen and is termed ‘extremely oxygen sensitive’ [ 38 ]. As a 
single genus, however,  Bacteroides  spp. of the ‘fragilis group’ are clearly key mem-
bers of the faecal microbiota as determined by both culture and non-culture methods 
(Table  3.1 , Fig.  3.1 ). In contrast to  F. prausnitzii , although  Bacteroides  require 
strictly anaerobic conditions for optimal isolation and growth,  Bacteroides  are rela-
tively more aerotolerant; there is evidence that  Bacteroides  spp. can grow in the 
presence of nanomolar concentrations of oxygen and have been termed ‘nanaer-
obes’ [ 4 ].  Bacteroides  spp., in particular  B. fragilis , are also associated with poten-
tially life-threatening infection if they have the opportunity to colonise sites other 
than the GI tract, for example, as a result of rupture of an infl amed appendix or GI 
tract surgery. Detailed review of the  Bacteroides  can be found in [ 46 ] and [ 63 ]. 
Clearly, the oxygen tolerance of  Bacteroides  is potentially a factor in its success as 
an opportunistic pathogen; whether or not the difference in oxygen tolerance 
between  F. prausnitzii  and  Bacteroides  relates to the roles of these bacteria in health 
and disease in the GI tract remains to be determined.

     Table 3.1    Major genera of bacteria and archaea in the adult human faecal microbiota determined 
by culture   

 Bacteria 
 Gram 
reaction  Morphology 

 Total viable count a  (per 
g or faeces) 

  Bacteroides   −  Rod  10 9 –10 14  
  Eubacterium   +  Rod  10 5 –10 13  
  Bifi dobacterium   +  Rod  10 5 –10 13  
  Clostridium   +  Rod  10 3 –10 13  
  Lactobacillus   +  Rod  10 4 –10 13  
  Peptostreptococcus   +  Coccus  10 4 –10 13  
  Ruminococcus   +  Coccus  10 5 –10 13  
  Streptococcus   +  Coccus  10 7 –10 12  
  Methanobrevibacter   +  Coccobacillus  10 7 –10 11  
  Desulfovibrio   −  Rod  10 5 –10 11  
  Fusobacterium   −  Rod  10 9  
  Enterococcus   +  Coccus  10 7  
  Escherichia coli   −  Rods  10 7  
  Prevotella/Porphyromonas   −  Rods  10 4  

  Adapted from Patrick [ 45 ] 
  a Compiled from Gibson [ 21 ] and Willis [ 65 ]  
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   The majority of GI tract microbiota studies have focused on faeces, likely due to 
the relative ease of obtaining faeces compared with mucosal biopsy in particular 
from healthy individuals. However, it should be noted that the faecal composition 
may not necessarily refl ect the mucosal associated population, the primary site of 
key importance to immune system interactions. For example, the mucosa-adherent 
 Bacteroides  spp distribution may be considerably different from the faecal, with 
 B. fragilis  being found in greater numbers, relative to  B. vulgatus , than in faeces 
[ 42 ,  50 ]. In addition, the faecal microbiota differs from the small intestine in rela-
tion to diversity and number of microbes. Sampling, representative of the natural 

  Fig. 3.1    The relative abundance of phyla ( a ) and genera ( b ) of the human gut microbiome as 
determined by metagenomic sequencing. Colour codes for the predominant phyla: Bacteroidetes, 
blue; Firmicutes, red; Actinobacteria, green; Proteobacteria, yellow; Verrucomicrobia, orange 
(Modifi ed from Arumugam et al. [ 3 ])       
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state, from the small intestine of healthy individuals is challenging; techniques used 
include subjects swallowing a capsule attached to a catheter for the collection and 
aspiration of  luminal fl uid. By using this technique, Henriksson and colleagues [ 26 ] 
determined that the predominant genera in the proximal jejunum of 11 healthy indi-
viduals consisted of predominantly  Streptococcus ,  Staphylococcus ,  Enterococcus , 
 Lactobacillus ,  Peptostreptococcus ,  Eubacteria ,  Veillonella ,  Bacteroides  and 
 Fusobacterium  spp. [ 26 ]. Sampling ileostoma effl uent from individuals with an 
abdominal stoma connected to the terminal ileum as a result of having undergone 
colectomy has provided some insights into the jejunal and proximal-ileum micro-
biota [ 14 ]. These authors reported that  Streptococcus  and  Veillonella  are consis-
tently associated with the small intestine. The small intestine microbiota is more 
varied than the faecal microbiota, both between individuals and also over time, con-
tent may be more subject to fl uctuation due to ingestion and may refl ect the oral 
microbiota. Similarities with the genera present in saliva were clearly evident in the 
study of Henriksson et al. [ 26 ]. The intimate association of microbes with the small 
intestinal mucosa, in particular in the ileum, may be a key factor in immune system 
interactions [ 14 ]. 

 There has been much recent focus on understanding dysbiosis at the level of 
bacterial populations. This is defi ned as a shift from a normal state of symbiosis to 
an increase within the resident microbial population of bacteria that induce a pro- 
infl ammatory response, local to the GI tract, which is a potential initiator or driver 
of disease. The potential for intimate molecular interaction between individual 
microbes and the human host should not, however, be overlooked. Individual 
microbe/host interaction is epitomised by  B. thetaiotaomicron  infl uence on Paneth 
cells in the mouse ileum. During the differentiation of Paneth cells, alterations occur 
in the composition of cell surface oligosaccharides (glycoconjugates). In germ-free 
mouse epithelium, Paneth cell glycoconjugates become fucosylated, but when mice 
are raised with a conventional microbiota, not only Paneth cells but also enterocytic 
and goblet cell lineages became fucosylated. Colonisation of germ-free mice with a 
pure culture of  B. thetaiotaomicron  also restores full glycosylation, whereas an iso-
genic transposon insertion mutant of  B. thetaiotaomicron , incapable of using 
L-fucose as a carbon source, does not. The bacterium induces fucosylation of the 
villus glycoconjugates, subsequently cleaves the fucose with secreted alpha- 
fucosidase and uses the fucose as a carbon and energy source. This effect is not 
observed in large intestine (caecal and colonic) epithelium of germ-free and colo-
nised mice, which are both fucose positive [ 7 ]. As the major site of colonisation by 
 Bacteroides  spp. is in the large intestine rather than the small intestine, this appears 
to represent specifi c adaptation to the small intestinal environment. This exemplifi es 
the danger that by focusing only on microbial population shifts, important individ-
ual microbe molecular interactions may be missed. In the context of GI tract/
immune system interactions, individual microbe interactions at the mucosal surface 
are likely to also be of key importance and should be considered in parallel with 
microbial population dynamics. 

 A combination of operon divergence over evolutionary time and horizontal gene 
transfer has led to an extensive  B. fragilis  pan-genome which contains a pool of PS 
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biosynthesis loci. As a result,  B. fragilis  exhibits an astonishing diversity of surface 
polysaccharides (PS); the  much- studied PSA of  B. fragilis  strain NCTC9343 is only 
one of 28 or more different  B. fragilis  polysaccharides [ 47 ]. Up to 11 different PS 
can be variably expressed within an individual strain, and different strains can have 
a different ‘set’ of up to 11 PS biosynthesis operons. How many and which of the 
divergent PS from the  B. fragilis  pan-genome have similar properties to the PSA of 
NCTC9343 remain to be determined. The diversity of PS produced by different 
strains of  B. fragilis , coupled with within strain ON-OFF-ON switching [ 8 ], sug-
gests that there is a potentially highly complex dynamic to the interaction of these 
PS with the immune system. As will be discussed later, PSA was originally shown 
to rescue T cell defi ciency and phenotype skewing in germ-free mice, a discovery 
that placed the spotlight on microbe- mediated immune development and function.  

    Microbial Regulation of Immunity in the Gastrointestinal Tract 

 The microbial system of the GI tract is inextricably linked to the host immune sys-
tem, with bidirectional communication and infl uences shaping the repertoire and 
profi les of both systems. Beyond gastrointestinal homeostasis, it is now well estab-
lished that gut microbiota infl uence both innate and adaptive immune development 
and responses and that this infl uence extends far beyond immunity in the gut itself 
[ 40 ]. Mechanisms via which microbes skew immune responses are an area of active 
research currently, with key roles for microbial diversity, modulation of barrier 
function and microbial metabolites. Consequentially, use of antibiotics which will 
be discussed in detail later, not only serves to increase the risk of emergence of 
multi-drug-resistant bacterial strains but can also modulate host immunity via the 
aforementioned microbial mechanisms. 

 The gut-associated lymphoid tissue (GALT), similar to other lymphoid tissues, 
provides hotspots for immune priming, education, activation, modulation and reso-
lution. Surprisingly, the GALT comprises > 70 % of the total immune system 
emphasising the importance of this tissue in immune homeostasis and responses 
[ 59 ]. Germ-free mice, limitations notwithstanding, have provided valuable insights 
to the importance of gut microbiota in immune development, and particularly in 
relation to GALT. The GALT comprises a range of structures including Peyer’s 
patches, mesenteric lymph nodes and isolated lymphoid follicles. Peyer’s patches 
are specialised raised structures within the gut mucosa primarily comprising epithe-
lial, lymphoid and myeloid cells. These structures characteristically contain cells of 
both the innate and adaptive immune systems. 

 Dendritic cells (DCs) are pivotal innate immune cells that lie in the lamina pro-
pria beneath the epithelial layer. DCs project processes between epithelial cells to 
survey gastrointestinal luminal content and take up antigen. DCs also sense micro-
bial components through innate pattern recognition receptors (PRRs) such as 
 Toll- like receptors (TLR), NOD-like receptors (NLR) and RIG-I-like receptors 
(RLRs) [ 55 ,  57 ]. DCs interact with lymphocytes in Peyer’s patches and mesenteric 
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lymph nodes. In Peyer’s patches, DCs that have been exposed to luminal  commensal 
bacteria promote IgA production by B cells which is transported to the lumen to 
coat the mucosal surface [ 35 ]. Within Peyer’s patches, DC can present antigen to T 
cells although DCs also traffi c to mesenteric lymph nodes where antigen presenta-
tion and activation of T cells are even more prominent and effi cient. This serves as 
a key bridge between innate and adaptive immunity both within the GALT and in 
the context of overall host immunity. 

 Epithelial cells of the gut also express PRR which confer the capacity of epithe-
lia to sense and respond to the microbiota. These epithelial cells produce antimicro-
bial peptides and mucous which promotes barrier function to limit access of 
pathogens to the submucosa, key host defence mechanisms within the GI tract. 
Mucous production is diminished in germ-free mice and can be restored with micro-
bial products such as peptidoglycan (PGN) or lipopolysaccharide (LPS) [ 48 ], dem-
onstrating the importance of the gut microbiota to barrier function and host defence. 

 In recent years, the range of adaptive CD4 +  T cell subsets has greatly expanded 
to include T helper (Th)1, Th2, Th9, Th17, Th22, Treg, Tr1 and T follicular helper 
(Tfh) and continues to expand. Differentiation of these subsets is driven by the cyto-
kine environment which can be directly impacted by the gut microbiota. Indeed, 
specifi c types of microbes, including commensal bacteria, are implicated in CD4 +  
T cell differentiation. Germ-free mice demonstrate Th2 skewing and overall 
impaired development of lymphoid tissues throughout the body. As discussed ear-
lier, this can be rescued by colonisation with  B. fragilis  or even administration of  B. 
fragilis  NCTC9343 polysaccharide A (PSA). 

 Th17 cells, which were fi rst described in 2005 as cellular drivers of autoimmu-
nity [ 25 ,  32 ,  44 ], are more abundant in the GI tract than elsewhere in the body. 
Evidence from mice indicates that this is in part due to the presence of segmented 
fi lamentous bacteria (SFB) in the terminal ileum which promote Th17 differentia-
tion via IL-6 and IL-23 expression by DCs [ 19 ,  27 ]. SFB are Gram-positive anaero-
bic bacteria related to the Clostridia. Functionally, Ivanov and colleagues showed 
that mice lacking SFB and Th17 cells in the gut were more susceptible to patho-
genic  Citrobacter rodentium  infection. This study demonstrated a clear promotion 
of Th17-type adaptive immunity by commensal bacteria in the gut with a conse-
quential benefi t to the host of resistance to a pathogenic bacterial threat [ 27 ]. These 
types of studies emphasise the exquisite communication and symbiosis between 
commensals and immune cells to protect both host and commensal microbes from 
pathogenic threats. 

 Regulatory T cells (Treg) are also present in high relatively abundance in the GI 
tract, particularly in the colonic mucosa. Treg express the transcription factor fork-
head box p3 (Foxp3) which is induced by TGF-β signalling. The primary functions 
of Treg are to induce immune tolerance and resolution of infl ammation. Conceptually, 
it makes sense that such potent modulators of infl ammatory responses would be 
present at the site of constant antigenic challenge; however, the microbial infl uence 
in the development and function of Treg in the gut has only recently begun to 
emerge. As with all T cells, Treg are reduced in the GI tract of germ-free mice. 
Commensal bacteria such as  Clostridia  spp. have been shown to be crucial to the 
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development of Treg in colonic mucosa by inducing TGF-β expression to drive Treg 
differentiation. The role of the microbiota in bridging innate and adaptive immunity 
can be further exemplifi ed by the infl uence of  B. fragilis  in Treg development. As 
described earlier, PSA from  B. fragilis  can rescue T cell defi ciency observed in 
germ-free mice. Colonisation with  B. fragilis  results in uptake of PSA by dendritic 
cells which are capable of presenting this polysaccharide via MHC Class II to CD4 +  
T cells [ 10 ]. DCs exposed to PSA also produce pro-infl ammatory cytokines such as 
IL-12 and TNF-α via TLR2 signalling. Interestingly, however,  B. fragilis  has also 
been shown to induce IL-10-producing Treg, particularly in models of overt infl am-
mation (e.g. TNBS-induced colitis, adoptively transferred T cell-induced colitis) 
[ 36 ,  52 ]. In this setting, TLR2 signalling in T cells was required for anti- infl ammatory 
IL-10 expression but TLR2 expression in DCs was dispensable. Most likely, the 
development of immunosuppressive Treg facilitates the colonisation by  B. fragilis  
whilst also inhibiting the development of autoimmune colitis, another example of 
symbiotic microbial-mediated regulation of immunity. 

 The microbiota also produce metabolites that infl uence host immune function. In 
particular, short-chain fatty acids (SCFA) such as butyrate, acetate and propionate 
which bacteria generate from dietary fi bre infl uence barrier function and immune 
responses [ 58 ]. In the context of Treg development, microbial metabolites have also 
been implicated as mechanisms of commensal-induced Treg differentiation. Arpaia 
and colleagues demonstrated that butyrate and propionate induced the differentia-
tion of peripheral Treg in mice which may be due to histone deacetylase inhibition 
[ 2 ]. At the same time, Furusawa and colleagues also observed Treg expansion in 
response to butyrate via enhanced histone H3 acetylation of the Foxp3 locus and 
demonstrated that these cells could ameliorate experimental colitis [ 18 ]. 

 Microbiota in the gastrointestinal tract have also been shown to infl uence 
immune function at distant anatomical sites, even as distant as the brain. Microglia 
are macrophage- like cells resident in the central nervous system (CNS) that are 
derived from the yolk sac and are self-renewing [ 23 ]. Microglia express a range of 
PRR and can respond to danger signals in the CNS [ 33 ] though the relative contri-
bution of microglia versus recruited monocytes/macrophages is not clear in most 
settings. Under ‘resting’ conditions, microglia display a ramifi ed morphology and 
constantly sense their immediate environment. Erny and colleagues recently dem-
onstrated that the maturation and function of microglia are intrinsically linked to the 
host microbiota as germ-free mice or adult mice depleted of bacteria (prolonged 
broad- spectrum high-dose antibiotic administration) demonstrated diminished 
microglial numbers and maturation phenotype with altered cell morphology. This 
immature phenotype could be rescued either by recolonisation or by administration 
of short- chain fatty acids, suggesting that bacterial metabolism in the gut can modu-
late microglial function in the brain [ 15 ]. Elucidating such gut-immune-brain com-
munication may help to unravel mechanisms underlying the range of behavioural 
and neurological functions that have been shown to be infl uenced by gut microbiota 
[ 1 ,  5 ,  49 ,  53 ]. 

 Although the majority of research on gut microbiota-mediated immune modula-
tion has centred on bacteria, Kernbauer and colleagues recently proposed that 
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murine norovirus (MNV) can confer benefi cial functions to the host in the absence 
of bacteria, using germ-free and antibiotic-depleted mouse models. These benefi ts 
were associated with a type I interferon (IFN) host response, exemplifying the 
 functional bidirectional communication between host and microbe [ 31 ]. Unravelling 
the host virome will facilitate the types of studies necessary to understand how 
 different categories of microbes coordinate host immune modulation. Owing to 
these diverse infl uences on immune responses, the gut microbiota modulate host 
defence capacity/effi ciency as well as susceptibility to immune-mediated disease 
such as allergy and autoimmunity. As such, modulation of gut microbes and/or their 
metabolites may serve as a clinically relevant therapeutic modality to modulate host 
immune functions in a range of settings. Understanding the roles and mechanisms 
of microbes and immune populations in such conditions will be vital to therapeutic 
exploitation.  

    Antibiotics and the Impact on Host Microbiota 

 The intimate interaction of the complex community of gut microorganisms is inextri-
cably linked to human health and disease where studies now demonstrate that modu-
lations of this microbial population directly impact on human physiology in disease. 
This microbial community is key in its protection of the human host from colonisa-
tion of enteric pathogens [ 24 ], liberating nutrients from food [ 37 ] and in signalling 
immune system regulation [ 34 ]. Signifi cant perturbation of the gut microbiome is an 
inevitable consequence of antibiotic use where the ramifi cations of antibiotic use 
extend beyond changes in population structure at both the taxonomic and genomic 
levels but also extend impact on the functional capacity of the microbiota with rapid 
persistent effects [ 22 ]. Additionally, some studies now suggest that the perturbation 
of these microbial communities can also affect the metabolism of xenobiotic com-
pounds, e.g. drugs. The changes within the gut microbiota composition can often be 
asymmetric where bacteria which have higher drug susceptibility are more likely 
killed. Furthermore, even amongst the survivors, fi tness is variable and dependent on 
whether other species lost to antibiotic treatment are necessary for viability [ 56 ,  64 ]. 

 Regardless of concentration levels, e.g. inhibitory versus subinhibitory, antibi-
otic exposure can still exert differential effects on the microbiome [ 16 ,  22 ]. At 
inhibitory antibiotic concentrations, the community structure is disrupted signifi -
cantly thus promoting the proliferation of pathogenic colonisers or gene transfer of 
antimicrobial resistance genes [ 39 ]. In contrast, at subinhibitory concentrations, 
antibiotics can function as signalling molecules that may shape and confer stability 
to the microbial communities [ 39 ]. The modulations of host gut microbiota medi-
ated by antibiotic exposure also extend to the type of antibiotic being administered 
[ 29 ,  30 ]. A study by Jakobsen et al. [ 28 ,  30 ] aimed at elucidating the effects on 
microbial composition of pharyngeal and faecal taxonomic composition following 
exposure to clarithromycin, metronidazole and omeprazole demonstrates that 
broad-spectrum agents have the longest lasting effects on community composition. 
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Another study shows that the use of ciprofl oxacin is generally linked to the  depletion 
of Ruminococcaceae [ 41 ]; however, as with other studies, individualistic changes, 
e.g. timing of drug exposure, age of host, linked to community recovery exist. 
Accordingly, a study in neonatal mice has linked early life antibiotic exposure in 
altered composition of intestinal microbiota, thus eliciting effects on relative body 
mass, absorption of short-chain fatty acids by intestinal microbiota and hepatic fatty 
acid metabolism [ 9 ]. The perturbation of gut microbiota also paves the way for 
colonisation by pathogenic bacteria as has been shown for  Salmonella Typhimurium  
serovar  enterica  and  Clostridium diffi cile . In a healthy microbiota, the commensals 
prevent pathogen proliferation by outcompeting virulent microbes for space and 
nutrients and by inducing host defences within the colonic epithelium [ 6 ,  17 ]. 
Antibiotic-related disruption of the relative composition of the commensal commu-
nity can reduce the host defences [ 43 ] or increase nutrient availability in the absence 
of certain scavenging commensals, thus promoting pathogen proliferation. 

 There is a clear correlation between antibiotic use and the selection of resistance 
genes which, when present, confer a survival advantage that serves to mitigate the 
fi tness costs associated with antibiotic resistance. Hence, it is evident that the gut 
microbiome can serve as an excellent reservoir for resistance genes. Rapid genetic 
exchange is facilitated by the array of horizontal gene transfer techniques, which 
include conjugation, phage transduction and natural transformation. A study by 
Jakobsson et al. [ 28 ,  30 ] demonstrated that clarithromycin regimen for the treatment 
of  H. pylori -related peptic ulcers resulted in a 1000-fold increase of  ermB -encoding 
resistance genes after treatment. Antibiotic treatment provides the basis for pertur-
bation of the microbial population, but antibiotic-induced horizontal gene transfer 
can also fortify the genomic repertoire of the microbiota to endure stress and main-
tain its functional contributions towards host health. With the increasing emergence 
of antibiotic resistance, it will be important to maintain surveillance of, and research 
into the, direct and indirect impact of antibiotic use on immunity and human health.  

    Closing Remarks 

 Despite extensive knowledge of both immunological and microbiological aspects of 
gastrointestinal physiology, many fundamental questions require further research. 
For example, what differentiates whether a microbe becomes a commensal versus a 
pathogen? It is simply a matter of location, location, location? Are there microbial 
triggers that differentiate between friend and foe, such as secretion systems? Can 
skewing of immune responses by extrinsic factors such as diet, obesity or medica-
tions skew gut immunity to enable an altered environment in which new microbes 
thrive? The converse is also important to ask – how do alterations in gut microbiota 
infl uence systemic immune responses and even those at sites as distal as the brain? 
Addressing these questions will require interdisciplinary teams and creative 
approaches that cross traditional boundaries but holds potential to advance our 
knowledge immeasurably and improve human health.     

3 Microbial Regulation of Gastrointestinal Immunity in Health and Disease



50

   References 

    1.    Arebi N, Gurmany S, et al. Review article: the psychoneuroimmunology of irritable bowel 
syndrome – an exploration of interactions between psychological, neurological and immuno-
logical observations. Aliment Pharmacol Ther. 2008;28(7):830–40.  

    2.    Arpaia N, Campbell C, et al. Metabolites produced by commensal bacteria promote peripheral 
regulatory T-cell generation. Nature. 2013;504(7480):451–5.  

     3.    Arumugam M, Raes J, et al. Enterotypes of the human gut microbiome. Nature. 2011;
473(7346):174–80.  

    4.   Baughn AD, Malamy MH. The strict anaerobe  Bacteroides fragilis  grows in and benefi ts from 
nanomolar concentrations of oxygen. Nature. 2004;427(6973):441–4.  

    5.    Bercik P, Collins SM. The effects of infl ammation, infection and antibiotics on the microbiota- 
gut- brain axis. Adv Exp Med Biol. 2014;817:279–89.  

    6.    Brandl K, Plitas G, et al. Vancomycin-resistant enterococci exploit antibiotic-induced innate 
immune defi cits. Nature. 2008;455(7214):804–7.  

    7.    Bry L, Falk PG, et al. A model of host-microbial interactions in an open mammalian ecosys-
tem. Science. 1996;273(5280):1380–3.  

     8.   Cerdeno-Tarraga AM, Patrick S, et al. Extensive DNA inversions in the  B. fragilis  genome 
control variable gene expression. Science. 2005;307(5714):1463–5.  

    9.    Cho I, Yamanishi S, et al. Antibiotics in early life alter the murine colonic microbiome and 
adiposity. Nature. 2012;488(7413):621–6.  

    10.    Cobb BA, Wang Q, et al. Polysaccharide processing and presentation by the MHCII pathway. 
Cell. 2004;117(5):677–87.  

     11.    Drasar BS, Duerden BI. Anaerobes in the normal fl ora of man. In: Duerden BI, Drasar BS, 
editors. Anaerobes in human disease. London: Edward Arnold; 1991. p. 162–79.  

    12.   Duncan SH, Hold GL, et al. Growth requirements and fermentation products of  Fusobacterium 
prausnitzii , and a proposal to reclassify it as  Faecalibacterium prausnitzii  gen. nov., comb. 
nov. Int J Syst Evol Microbiol. 2002;52(Pt 6):2141–6.  

    13.    Duncan SH, Louis P, et al. Cultivable bacterial diversity from the human colon. Lett Appl 
Microbiol. 2007;44(4):343–50.  

     14.    El Aidy S, van den Bogert B, et al. The small intestine microbiota, nutritional modulation and 
relevance for health. Curr Opin Biotechnol. 2015;32:14–20.  

    15.    Erny D, Hrabe de Angelis AL, et al. Host microbiota constantly control maturation and func-
tion of microglia in the CNS. Nat Neurosci. 2015;18(7):965–77.  

    16.    Finley RL, Collignon P, et al. The scourge of antibiotic resistance: the important role of the 
environment. Clin Infect Dis. 2013;57(5):704–10.  

    17.    Fukuda S, Toh H, et al. Bifi dobacteria can protect from enteropathogenic infection through 
production of acetate. Nature. 2011;469(7331):543–7.  

    18.    Furusawa Y, Obata Y, et al. Commensal microbe-derived butyrate induces the differentiation 
of colonic regulatory T cells. Nature. 2013;504(7480):446–50.  

    19.    Gaboriau-Routhiau V, Rakotobe S, et al. The key role of segmented fi lamentous bacteria in the 
coordinated maturation of gut helper T cell responses. Immunity. 2009;31(4):677–89.  

     20.    Gaskins HR. Immunological aspects of host/microbiota interactions at the intestinal epithe-
lium. In: White BA, Isaacson RE, Mackie RI, editors. Gastrointestinal microbiology, vol. 2. 
New York: Chapman and Hall; 1997. p. 537–87.  

     21.    Gibson GR, MacFarlane GT. Human health: the contribution of microorganisms. In: Gibson 
SAW, editor. Intestinal bacteria and disease. London: Springer; 1994. p. 53–62.  

     22.    Gibson MK, Pesesky MW, et al. The yin and yang of bacterial resilience in the human gut 
microbiota. J Mol Biol. 2014;426(23):3866–76.  

    23.    Ginhoux F, Greter M, et al. Fate mapping analysis reveals that adult microglia derive from 
primitive macrophages. Science. 2010;330(6005):841–5.  

    24.   Haag LM, Fischer A, et al. Intestinal microbiota shifts towards elevated commensal  Escherichia 
coli  loads abrogate colonization resistance against  Campylobacter jejuni  in mice. PLoS One. 
2012;7(5):e35988.  

S. Patrick et al.



51

    25.    Harrington LE, Hatton RD, et al. Interleukin 17-producing CD4+ effector T cells develop via 
a lineage distinct from the T helper type 1 and 2 lineages. Nat Immunol. 2005;6(11):
1123–32.  

      26.    Henriksson AE, Blomquist L, et al. Small intestinal bacterial overgrowth in patients with rheu-
matoid arthritis. Ann Rheum Dis. 1993;52(7):503–10.  

     27.    Ivanov II, Atarashi K, et al. Induction of intestinal Th17 cells by segmented fi lamentous bac-
teria. Cell. 2009;139(3):485–98.  

     28.    Jakobsson HE, Jernberg C, et al. Short-term antibiotic treatment has differing long-term 
impacts on the human throat and gut microbiome. PLoS One. 2010;5(3):e9836.  

    29.    Jernberg C, Lofmark S, et al. Long-term ecological impacts of antibiotic administration on the 
human intestinal microbiota. ISME J. 2007;1(1):56–66.  

      30.    Jernberg C, Lofmark S, et al. Long-term impacts of antibiotic exposure on the human intestinal 
microbiota. Microbiology. 2010;156(Pt 11):3216–23.  

    31.    Kernbauer E, Ding Y, et al. An enteric virus can replace the benefi cial function of commensal 
bacteria. Nature. 2014;516(7529):94–8.  

    32.    Langrish CL, Chen Y, et al. IL-23 drives a pathogenic T cell population that induces autoim-
mune infl ammation. J Exp Med. 2005;201(2):233–40.  

    33.    Lee H, Lee S, et al. Toll-like receptors: sensor molecules for detecting damage to the nervous 
system. Curr Protein Pept Sci. 2013;14(1):33–42.  

    34.    Maloy KJ, Powrie F. Intestinal homeostasis and its breakdown in infl ammatory bowel disease. 
Nature. 2011;474(7351):298–306.  

    35.    Massacand JC, Kaiser P, et al. Intestinal bacteria condition dendritic cells to promote IgA 
production. PLoS One. 2008;3(7):e2588.  

    36.    Mazmanian SK, Round JL, et al. A microbial symbiosis factor prevents intestinal infl amma-
tory disease. Nature. 2008;453(7195):620–5.  

    37.    McNeil NI. The contribution of the large intestine to energy supplies in man. Am J Clin Nutr. 
1984;39(2):338–42.  

    38.   Miquel S, Martin R, et al.  Faecalibacterium prausnitzii  and human intestinal health. Curr Opin 
Microbiol. 2013;16(3):255–61.  

     39.    Modi SR, Collins JJ, et al. Antibiotics and the gut microbiota. J Clin Invest. 2014;124(10):
4212–8.  

    40.    Molloy MJ, Bouladoux N, et al. Intestinal microbiota: shaping local and systemic immune 
responses. Semin Immunol. 2012;24(1):58–66.  

    41.    Naeem S, Li S. Biodiversity enhances ecosystem reliability. Nature. 1997;390:507–9.  
    42.   Namavar F, Theunissen EB, et al. Epidemiology of the  Bacteroides fragilis  group in the 

colonic fl ora in 10 patients with colonic cancer. J Med Microbiol. 1989;29(3):171–6.  
    43.    Ng KM, Ferreyra JA, et al. Microbiota-liberated host sugars facilitate post-antibiotic expan-

sion of enteric pathogens. Nature. 2013;502(7469):96–9.  
    44.    Park H, Li Z, et al. A distinct lineage of CD4 T cells regulates tissue infl ammation by produc-

ing interleukin 17. Nat Immunol. 2005;6(11):1133–41.  
     45.   Patrick S.  Bacteroides . In: Boulnois B, Griffi n G, Hormaeche C, Keusch G,  Levine M, 

Smith H, Williams P, Sussman M, editors. Molecular Medical Microbiology, vol. 3. London: 
Academic Press; 2002.  p 1921–48.  

    46.   Patrick S.  Bacteroides . In: Tang Y-W, Sussman M, Poxton I, Liu D,  Schwartzman J, editors. 
Molecular Medical Microbiology, vol. 2, Second Edition. London: Academic Press; 2015. 
p 917–44.  

     47.   Patrick S, Blakely GW, et al. Twenty-eight divergent polysaccharide loci specifying within- 
and amongst-strain capsule diversity in three strains of  Bacteroides fragilis . Microbiology. 
2010;156(Pt 11):3255–69.  

    48.    Petersson J, Schreiber O, et al. Importance and regulation of the colonic mucus barrier in a 
mouse model of colitis. Am J Physiol Gastrointest Liver Physiol. 2011;300(2):G327–33.  

    49.    Petra AI, Panagiotidou S, et al. Gut-microbiota-brain axis and its effect on neuropsychiatric 
disorders with suspected immune dysregulation. Clin Ther. 2015;37(5):984–95.  

    50.    Poxton IR, Brown R, et al. Mucosa-associated bacterial fl ora of the human colon. J Med 
Microbiol. 1997;46(1):85–91.  

3 Microbial Regulation of Gastrointestinal Immunity in Health and Disease



52

    51.    Qin J, Li R, et al. A human gut microbial gene catalogue established by metagenomic 
 sequencing. Nature. 2010;464(7285):59–65.  

    52.    Round JL, Mazmanian SK. Inducible Foxp3+ regulatory T-cell development by a commensal 
bacterium of the intestinal microbiota. Proc Natl Acad Sci U S A. 2010;107(27):12204–9.  

    53.    Sampson TR, Mazmanian SK. Control of brain development, function, and behavior by the 
microbiome. Cell Host Microbe. 2015;17(5):565–76.  

    54.    Schenk M, Bouchon A, et al. Macrophages expressing triggering receptor expressed on 
myeloid cells-1 are underrepresented in the human intestine. J Immunol. 2005;174(1):
517–24.  

    55.   Schmolke M, Patel JR, et al. RIG-I detects mRNA of intracellular  Salmonella enterica  serovar 
Typhimurium during bacterial infection. MBio. 2014;5(2):e01006–14.  

    56.    Sommer MO, Dantas G. Antibiotics and the resistant microbiome. Curr Opin Microbiol. 
2011;14(5):556–63.  

    57.    Strober W. The multifaceted infl uence of the mucosal microfl ora on mucosal dendritic cell 
responses. Immunity. 2009;31(3):377–88.  

    58.    Topping DL, Clifton PM. Short-chain fatty acids and human colonic function: roles of resistant 
starch and nonstarch polysaccharides. Physiol Rev. 2001;81(3):1031–64.  

    59.    Vighi G, Marcucci F, et al. Allergy and the gastrointestinal system. Clin Exp Immunol. 
2008;153 Suppl 1:3–6.  

    60.    Walker AW. The human microbiota and pathogen interactions. In: Debanne SM, Tang Y-W, 
Liu D, Poxton IR, Schwartzman JD, editors. Molecular medical microbiology, vol. 2. London: 
Academic; 2015. p. 347–56.  

    61.    Walker AW, Duncan SH, et al. Phylogeny, culturing, and metagenomics of the human gut 
microbiota. Trends Microbiol. 2014;22(5):267–74.  

    62.    Wesolowska-Andersen A, Bahl MI, et al. Choice of bacterial DNA extraction method from 
fecal material infl uences community structure as evaluated by metagenomic analysis. 
Microbiome. 2014;2:19.  

    63.   Wexler HM.  Bacteroides : the good, the bad, and the nitty-gritty. Clin Microbiol Rev. 2007;
20(4):593–621.  

    64.    Willing BP, Russell SL, et al. Shifting the balance: antibiotic effects on host-microbiota mutu-
alism. Nat Rev Microbiol. 2011;9(4):233–43.  

    65.    Willis AT. Abdominal sepsis. In: Duerden BI, Drasar BS, editors. Anaerobes in human disease. 
London: Edward Arnold; 1991. p. 197–223.    

S. Patrick et al.



53© Springer International Publishing Switzerland 2016 
C.S. Constantinescu et al. (eds.), Neuro-Immuno-Gastroenterology, 
DOI 10.1007/978-3-319-28609-9_4

    Chapter 4   
 Roles of Substance P in Gastrointestinal 
Functions and Neuroimmune Interactions                     

       Janek     Vilisaar      and     Razvan     I.     Arsenescu     

    Abstract     Substance P (SP), a member of the tachykinin (TK) peptide family, is 
ubiquitously expressed from invertebrates to mammals with a role in different organ 
systems and a number of functions also in the gastrointestinal (GI) tract. In the cur-
rent chapter, the roles of SP and other TKs in the GI tract with wider implications 
and its role in intersystem communication are emphasized. Roles for SP and differ-
ent neurokinin receptors in the enteric nervous system and neuroimmune modula-
tion are covered. In disease, SP roles in autoimmune and other infl ammatory and 
infectious conditions are summarized.  

  Keywords     Substance P   •   Tachykinins   •   Neurokinin receptors   •   NK1 receptor   
•   Truncated NK1 receptor   •   Infl ammation   •   Neuropeptides  
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  ChAT    Choline acetyltransferase   
  CNS    Central nervous system   
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  EKB    Endokinin B   
  EKC    Endokinin C   
  ENS    Enteric nervous system   
  ERK1/2    Extracellular signal-regulated kinases 1 and 2   
  GI tract    Gastrointestinal tract   
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  HK-1    Hemokinin-1   
  IBD    Infl ammatory bowel disease   
  ICC    Interstitial cell of Cajal   
  IPAN    Intrinsic primary afferent neuron   
  mRNA    Messenger ribonucleic acid   
  NFκB    Nuclear factor-κB   
  NK1R    Neurokinin-1 receptor   
  NK1R-T    Truncated neurokinin-1 receptor   
  NKA    Neurokinin A   
  NKB    Neurokinin B   
  NPK    Neuropeptide K   
  NPγ    Neuropeptide-γ   
  SP    Substance P   
  TKs    Tachykinins   
  UC    Ulcerative colitis   
  VIP    Vasoactive intestinal peptide   

        Introduction 

 Substance P (SP) is conventionally regarded as a neurotransmitter in pain pathways 
and has a role in neurogenic infl ammation (with effects of vasodilatation and plasma 
extravasation), in motility of different organ tracts, secretory function, and as a medi-
ator of autonomic refl exes, such as vomiting. SP is a transmitter and modulator in the 
enteric nervous system (ENS) and sensory nerve fi bers that innervate other organs, 
including spleen, thymus, and lymph nodes. Neuroimmune communication is one of 
the more recently recognized facets of SP. It mediates immune functions via different 
mechanisms, including infl ammatory cytokine induction, T- and B-cell proliferation 
and differentiation, T-helper phenotype commitment, chemotaxis, and adhesion mol-
ecule expression. The role of SP has been shown in different autoimmune conditions, 
such as infl ammatory bowel disease as well as hepatitis, pancreatitis, and GI infec-
tions with corresponding differential effects. SP and its NK1-receptor (NK1R) iso-
forms are widely expressed in different cell types, including enteric neurons, glia, 
various immune cells, mast cells, endothelial cells, and different intestinal cells, such 
as epithelial, enteroendocrine, and smooth muscle cells [ 1 ]. The role for SP has been 
additionally attributed in tumor cell proliferation, angiogenesis, migration, and infi l-
tration with the involvement of NK1R-truncated isoform in chronic infl ammation 
and transition to malignancy [ 2 ]. Roles mediating hepatotoxicity and cell survival of 
SP have been recognized, and more recently, its role in ENS plasticity has been sug-
gested [ 3 ,  4 ]. 

 Importantly, SP, as part of the tachykinin (TK) peptide family, represents merely 
one of the TK peptides in the GI tract. Functions of TKs are closely interlinked with 
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numerous other mediators in the gut. This chapter focuses mainly on SP and its 
interactions predominantly in the human and mouse systems.  

    Substance P in the Family of Tachykinins 

 TKs are a family of peptides, sharing the common C-terminal amidated amino 
acid region, -Phe-X-Gly-Leu-Met-NH 2 , where X is either an aromatic or a 
β-branched aliphatic amino acid. This is the minimal sequence for exerting bio-
logical activity at the TK receptors [ 1 ]. Aromatic phenylalanine or tyrosine in this 
location is considered indicative of NK1R binding affi nity [ 5 ]. The key member 
of the TK family, SP, is an 11-amino acid peptide with the sequence 
Arg 1 -Pro 2 -Lys 3 -Pro 4 -Gln 5 -Gln 6 -Phe 7 -Phe 8 -Gly 9 -Leu 10 -Met 11 -NH 2 . 

 The other members, neurokinin A (NKA) neurokinin and B (NKB), together 
with SP, were fi rst found to be expressed in sensory neurons (both central and 
enteric); hence they have been conventionally regarded as neuropeptides, and other 
members of the family exist, such as the elongated forms of NKA, i.e., neuropeptide 
K (NPK) and neuropeptide-γ (NPγ), as well as a more recently discovered hemoki-
nin- 1 (HK-1), with its two known elongated forms, endokinin A (EKA) endokinin 
and B (EKB). 

 Three genes encoding TKs have been identifi ed in humans: TAC1 (or PPT-I or 
PPT-A), TAC3 (or PPT-II or PPT-B), and TAC4 (or PPT-C). TAC1 consists of seven 
exons; the sequence that encodes SP is contained within exon 3. Alternative splicing 
of TAC1 transcript gives four distinct, α, β, γ, and δ, forms of messenger ribonucleic 
acid (mRNA). α-TAC1 and δ-TAC1 encode SP; β-TAC1 encodes SP, NKA, and 
NPK; and γ-TAC1 encodes SP, NKA, and NPγ [ 6 ]. The TAC3 gene transcribes three 
forms of mRNA (α, β, γ) of which only the α- and β-TAC3 are translated into NKB 
[ 7 ]. The TAC4 gene can be transcribed into α, β, γ, and δ mRNA isoforms of which 
the α isoform has two variants: α-TAC4v1, encoding EKA and EKC, and α-TAC4v2, 
encoding EKB and EKC. The EKC has a C-terminal Leu-NH2 and cannot be prop-
erly considered a TK; it also lacks signifi cant activity at the TK receptors. 

 SP and other TKs are expressed in different cell types: different types of neurons, 
in both myenteric and submucosal ganglia, as well as dorsal root and vagal ganglia, 
glial cells, peripheral immune cells, endothelial cells, and intestinal cells, such as 
epithelial cells and enterochromaffi n cells [ 1 ,  8 ]. TK containing nerve fi bers sur-
round both myenteric and submucosal ganglia and blood vessels, ramify through 
muscle, and supply the mucosa, forming networks beneath the epithelium [ 8 ,  9 ]. 

 Regarding neuronal expression of TKs, SP and NKA have been shown in intrin-
sic primary afferent neurons (IPANs) of the intestine and their excitatory synapses 
with other neurons, in ascending myenteric interneurons as well as in myenteric 
excitatory motor neurons, regulating both longitudinal and circular muscle activities 
[ 1 ,  10 – 12 ]. However, in the efferent-motor response, nitric oxide (NO) and 
 vasoactive intestinal peptide (VIP), rather than TKs and/or CGRP, are important 
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[ 13 ,  14 ]. Works detailing different localizations of TK-like immunoreactivity in the 
GI tract are well summarized in the review by Lecci [ 1 ].  

    Substance P Receptors 

 TKs exert their effects on target cells through the TK receptor family. These recep-
tors consist of seven hydrophobic transmembrane domains, connected by extra- and 
intracellular loops and are coupled to G-proteins [ 15 – 17 ]. The three main receptors, 
neurokinin-1 (NK1), NK2, NK3 receptors (also NK1R, NK2R, NK3R), are widely 
expressed in the GI tract. All TKs show some degree of cross-reactivity among these 
receptors as their affi nity is dictated by the common C-terminal amino acid sequence. 
NK1, NK2, and NK3 receptors are exhibiting preferences for substance P, neuroki-
nin A, and neurokinin B, respectively [ 18 ]; more specifi cally, these affi nities can be 
expressed as follows: SP = hHK-1 > NKA > NKB for NK1R, NKA > NKB > SP > hHK-1 
for NK2R and NKB > NKA > hHK-1 > SP for NK3R [ 19 ]. 

 NK1 receptors are expressed in enteric neurons, glia, and different effector cells, 
such as smooth muscle cells of both longitudinal and circular layers, muscularis 
mucosa and interstitial cells of Cajal (ICC) [ 1 ,  20 – 24 ], epithelial cells, and endothe-
lial and peripheral immune cells, including mucosal mononuclear cells, eosinophils, 
and mast cells [ 1 ]. Neuronal localization of NK1 receptors has been detected in the 
submucosal plexus (cell bodies of secretomotor neurons and IPANs) and myenteric 
plexus (cell bodies of IPANs, ascending interneurons, inhibitory and excitatory 
motor neurons) [ 1 ,  10 ]. 

 NK2 receptors are mostly expressed in circular and longitudinal smooth muscle 
cells, muscularis mucosa, epithelial cells, and possibly enterochromaffi n cells [ 1 ,  10 , 
 23 ,  25 ]. NK2 receptors can be also expressed in nerve terminals of cholinergic (and 
TK expressing) excitatory motor neurons in humans [ 1 ]. They mediate excitatory 
neuroeffector function regarding motility and secretory activity [ 1 ].  In vitro  experi-
ments have shown that NK2 receptors play a more prominent neuroeffector role in 
non-adrenergic, non-cholinergic excitatory transmission with effects on human 
intestinal smooth muscle cells [ 1 ]. Although some expression of NK3 receptors in 
ICC and smooth muscle of the human esophagus has been shown, the expression of 
NK3 receptors in the GI tract is mostly neuronal (both myenteric and submucosal 
plexus) [ 1 ]. 

 Two isoforms of NK1R exist in humans with a different length of the C-terminal 
end: a full-length NK1R (also referred to as NK1R-F), consisting of 407 amino 
acids, and a C-terminally truncated isoform (NK1R-T), consisting of 311 amino 
acids [ 26 – 29 ]. Limited evidence exists on the distribution of these isoforms in differ-
ent tissues. NK1R-T has been found in peripheral tissues, including cells of mono-
cyte lineage [ 28 ,  29 ] and some discrete brain regions (cortex, cerebellum), whereas 
NK1R is predominant in the rest of the CNS [ 30 ,  31 ] and ubiquitously elsewhere. 
NK1R-T has been also reported in colonic epithelial cells of patients with colitis-
associated cancer [ 2 ,  8 ]. 
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 Full-length NK1R has been found to stimulate multiple second messenger sys-
tems and couple to several members of the G-protein family (Gq/11, Gαs, Gα0) 
[ 32 ,  33 ]. G-proteins are coupled to the third cytoplasmic loop of the NK1R [ 34 ]. 
As receptor agonists can stabilize distinct receptor conformations, individual TKs 
may signal differently via the same NK receptors with diverse outcomes [ 8 ]. Upon 
receptor-ligand interaction, conformational changes within the receptor cause 
exchange of guanosine diphosphate (GDP) with guanosine triphosphate (GTP) that 
activates the attached G-protein. The α-subunit of the G-protein dissociates from 
the β- and γ-subunits and activates the intracellular effectors [ 35 ], such as the 
members of the mitogen-activated protein kinase (MAPK) cascade, including 
extracellular signal-regulated kinases 1 and 2 (ERK1/2) and p38MAPK [ 36 ,  37 ]. 
ERK1/2 translocate into the nucleus and mediate phosphorylation of transcription 
factors, such as NFκB, widely involved in infl ammatory functions [ 38 ,  39 ]. 
p38MAPK subfamily comprises kinases functioning as a signal transduction path-
way, independent of NFκB. This pathway also has been shown to mediate 
SP-induced infl ammatory cytokine expression [ 37 ]. Another effector of G-protein 
activation is phospholipase Cβ (PLCβ) that hydrolyses phosphatidylinositol 
biphosphate (PIP2) into two second messenger molecules, inositol triphosphate 
(IP3) and diacylglycerol (DAG). IP3 acts on specifi c receptors to release intracel-
lular stores of calcium. DAG acts via protein kinase C (PKC) to open calcium 
channels leading to relevant tissue responses. 

 TK receptor activation can be coupled via G-proteins also to adenylyl cyclase 
activation [ 35 ] that converts ATP into cAMP. The second messenger cAMP 
acts via different effectors involving crosstalk between different signaling 
pathways [ 40 ]. 

 Little is known to date about NK1R-T signaling. NK1R-T has not been shown 
to induce calcium mobilization independently, but as a result of crosstalk with 
coreceptor- mediated responses, such as chemokine receptor CCR5 [ 28 ]. NK1R-T 
is not phosphorylated and does not interact with β-arrestins whereby it is defective 
in desensitization and endocytosis [ 8 ,  41 ,  42 ], which are important processes in 
NK1R signaling. ERK1/2 pathway has been suggested in NK1R-T downstream 
signaling [ 28 ].  

    Substance P in Gastrointestinal Physiology 

 TKs in the ENS play a role primarily in excitatory neurons, alongside with acetyl-
choline (ACh), serotonin, and many other transmitters. Mainly NK1 and NK3 
receptors mediate tachykininergic neuro-neuronal transmission. Similar levels of 
SP and NKA are contained in mucosal and muscle layers of the human intestine [ 1 , 
 43 ], and they can be co-released by excitatory motor neurons upon adequate stimuli 
[ 1 ,  44 ]. NK1 and NK2 receptors are expressed in both layers of the intestinal smooth 
muscle [ 1 ], and both SP and NKA have been reported regulating motility, secretion, 
and vascular and immune functions [ 7 ]. 
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 This section focuses on the role of SP and other TKs in motility, secretory activ-
ity, and autonomic refl exes. SP role in peripheral immunoregulation will be covered 
in a separate section on immunomodulatory effects. 

    Motility 

 TKs are important peptide regulators of intestinal motility at various levels; they are 
expressed in cholinergic excitatory motor neurons, projecting to both circular and 
longitudinal muscles, interneurons, and intramural and extramural sensory neurons 
[ 1 ,  34 ]. TK effects on motility depend greatly on the GI tract segment and effects of 
other mediators in the interplay with the autonomic system [ 45 ]. A number of dif-
ferent agents co-mediate TK signals. SP has been shown to contract all parts of the 
GI tract in mammals [ 46 ,  47 ]; the effects are predominantly mediated via NK2R, 
inducing excitation and contraction [ 47 ], although NK1R also play a role [ 47 – 49 ]. 

 Chemical or mechanical stimulation of the mucosa or distention of the muscle 
excites primary sensory neurons within the myenteric plexus, which release TKs 
(SP, NKA) and activate ascending excitatory and descending inhibitory motor path-
ways [ 7 ]. TKs acting via NK3R contribute to transmission from ascending interneu-
rons to excitatory motor neurons, whereas transmission to inhibitory motor neurons 
involves NK1R [ 7 ]. In many instances, particularly in the ascending excitation of 
the circular muscle, TKs synergize with ACh [ 7 ]. 

 SP together with NKA facilitates motor activity via NK1R on ICC and via NK2R 
on smooth muscle [ 7 ,  12 ]. In ICC, SP activates a nonselective cation channel that 
controls pacemaker functions [ 50 ] and Na + -leak channels that mediate depolariza-
tion [ 51 ]. In the human colon, SP, NKA, and NKB all can stimulate contraction of 
circular muscle by activating mainly NK2R on colonic myocytes [ 8 ,  52 ]. 

 Thus, TKs (SP and NKA) cannot only stimulate but have inhibitory effects on 
motility, the net response depending on the type and site of activated NK receptors 
[ 7 ]. In the human GI motility, predominantly NK2 receptors mediate excitatory 
effects, although NK1 receptors on smooth muscle play a role, and their contribu-
tion to tachykininergic co-transmission may be additive to varying degrees, depend-
ing on different stimuli and their duration [ 1 ]. NK1 receptors may have a role in 
relaxation of the contracted muscle [ 1 ,  53 ]. SP and NKA can depress motor activity 
also through release of inhibitory transmitters, such as nitric oxide (an effect exerted 
in particular via NK1R and less by NK3R on inhibitory motor pathways) [ 7 ].  

    Secretory Activity 

 TKs are also involved in the control of secretory activity in the GI tract, although they 
represent merely one of many active agents [ 45 ]. SP and NKA, acting via NK1 and 
NK3 receptors on enteric neurons, participate in the transmission to secretomotor 
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neurons, which cause ion secretion through the release of ACh and/or VIP [ 7 ]. 
Additionally, TKs can be released from axon collaterals of intrinsic sensory neurons, 
close to the epithelial effector cells, and elicit chloride secretion via an axon refl ex-
type mechanism [ 7 ]. TKs act directly on NK1 or NK2 receptors on enterocytes to 
stimulate chloride and bicarbonate secretion [ 7 ]. 

 The knowledge of effects on salivary activity by SP in humans and mice is mod-
est [ 45 ]. The principal effect of SP and NKA is to enhance the fl ow of salivary fl uid, 
which is poor in protein, via a predominant action on the secretory structures of the 
acini [ 45 ]. SP affects the output of salivary components, secretion of K +  and Cl −  
ions, and discharge of proteins, glycoproteins, proteolytic enzymes, amylase, kalli-
krein, and mucus [ 10 ,  45 ]. This largely varies between different species and different 
glands (sublingual, parotid, etc.). 

 In gastric acid and biliary secretion, effects of cholecystokinin, VIP, and other 
stimuli are more important [ 45 ]. In intestinal secretion, predominantly NK1 and 
NK2 receptors are participating [ 45 ]. SP is involved in secretion of electrolytes 
and water into the lumen of the small intestine [ 47 ] and colon [ 54 ]. In pancreatic 
secretion, the effects of TKs are negligible in comparison with that of cholecysto-
kinin [ 45 ]. 

 With the increase in the capillary permeability and other infl ammatory effects in 
pathological states, TKs may more importantly contribute to hypersecretory, vascu-
lar, and immunological disturbances in these circumstances [ 45 ].  

    Autonomic Refl exes 

 A number of autonomic refl exes, including vomiting, swallowing, peristaltic 
refl exes, visceromotor refl ex, e.g., to colorectal distension, and cough, and cardio-
vascular and other refl exes are suggested to be mediated by SP; however, the mech-
anisms of these refl exes remain incompletely understood. One of the best studied is 
a vomiting refl ex, a somatoautonomic refl ex where SP, alongside with serotonin, 
glutamate, and other mediators, has been attributed a role [ 55 ]. The circuitry of the 
vomiting refl ex is complex. The individual sensory pathways (e.g., vagal, vestibular, 
etc.) are well understood. The central role is attributed to the nucleus of the solitary 
tract of the vagus nerve and nearby nuclei in the medulla, including area postrema, 
where SP has a role, and a number of afferent projections (cerebral, vestibular, gut 
afferent inputs) [ 56 ]. However, their integration, the central pattern generator, and 
the fi nal common (efferent) pathway are poorly delineated [ 56 ,  57 ]. 

 Many factors, peripheral, central, and systemic, are known to cause vomiting. 
The roles for SP and NK1R in the vomiting refl ex are thought to involve the 
afferent pathway [ 55 ], as well as centrally the induction of emesis and effects on 
somatomotor responses [ 58 – 61 ]. Less is known on SP role in simultaneously 
occurring autonomic responses, such as salivary excretion, associated with emesis 
[ 61 ]. Very scanty evidence exists on other NK receptor subtypes, other than NK1R, 
mediating emesis. 
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 Some information on the role of SP in emesis comes from preclinical trials 
using selective NK1R antagonist, aprepitant (MK-869), which centrally inhibits 
emesis, induced by cytotoxic chemotherapeutic agents [ 62 ,  63 ]. Clinical evidence 
has accumulated since it was licensed in 2003 with an indication for chemother-
apy-related and postoperative nausea and vomiting. Aprepitant and its intrave-
nously used prodrug, fosaprepitant, have been shown to have a broader spectrum 
of antiemetic effects (both acute and delayed emeses), compared to 5-HT 3  receptor 
antagonists [ 64 ]. The NK1R antagonist effects will be further discussed in the sec-
tion on therapy.   

    Infl ammatory and Immunomodulatory Effects of Substance P 

 The function of SP and other neuropeptides in sensory nerves is not confi ned to 
mediating sensation. TK-containing afferent nerve fi bers innervate most organs, 
including the viscera and primary and secondary lymphoid organs [ 45 ,  65 ,  66 ]. 
Release of TKs from the nerve endings is exerting various effects on these tissues; in 
addition, different immune cells (lymphocytes, cells of monocyte lineage, dendritic 
cells, eosinophils, etc.) express TKs and their receptors (Fig.  4.1 ). This provides 
means via which SP-mediated neural control over immune responses as well as 
reciprocal communication is implemented. Numerous mediators, such as cytokines, 
and their crosstalk with neuropeptides are important in creating a particularly inclined 
neuroimmune milieu.

   The GI system, also considered the largest lymphoid organ of the body, is rich in 
peptidergic innervation and SP content [ 68 ]. Mucosal neuroimmune interactions are 
important in modulating gut homeostasis and pathophysiology [ 68 ,  69 ]. Regarding 
NK1 receptors, most of the knowledge has been obtained on full-length NK1R; 
however, recently, the role of NK1R-T has been shown with some more evidence to 
date. Both full and truncated NK1R isoform expressions can be seen in human 
mucosal mononuclear cells, suggesting a role for SP in mucosal immunomodula-
tion [ 34 ,  68 ]. 

 Immunoregulatory effects of SP are exerted to a great extent via its modulation of 
cytokine production by different types of cells. SP has been shown to stimulate IL-1, 
IL-6, IL-8, IL-10, IL-12, and TNF-α production from monocytes and macrophages 
[ 70 – 73 ] and IL-2, IFN-γ, IL-4, and IL-10 from T cells [ 74 ,  75 ]. In glial cells, SP can 
stimulate IL-6 and IL-1 production [ 76 – 79 ]. IL-12 and IL-23 induction by SP in 
peripheral blood mononuclear cells has also been shown [ 67 ]. 

 In infectious models of the GI tract, different immune regulatory circuits have 
been described. IFN-γ production in T cells has been shown to be mediated via 
NK1R, suggesting a role for SP in the granulomatous response, such as shown in the 
 Schistosoma mansoni  model [ 75 ]. SP enhances IFN-γ production in different infl am-
matory settings [ 75 ,  80 ] and as part of the IL-12 immune regulatory circuit may be 
important in promoting Th1 responses [ 81 ,  82 ]. Additionally, other TKs, such as 
hemokinin-1 (HK-1), have been suggested in different GI conditions [ 82 ]. 
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 Other effects attributed to SP include stimulating proliferation of T and B cells [ 83 –
 85 ]. SP is known to act as a B-cell differentiation cofactor and has effects on immuno-
globulin production [ 85 ,  86 ]. SP enhances cell-mediated cytotoxicity of T-cytotoxic and 
natural killer cells [ 87 ] as well as phagocytosis in macrophages [ 88 ] with inducing oxi-
dative burst and release of oxygen radicals and arachidonic acid derivatives mediating 
tissue injury and indirectly stimulating recruitment of immune cells [ 83 ]. 

 The mechanisms of chemotaxis by SP are not clear. Evidence exists that the 
chemotactic activity may reside in its C-terminal amino acid sequence [ 34 ]. 

  Fig. 4.1    Schematic diagram illustrating neuroimmune interactions of substance P (SP) and associ-
ated cytokines in primarily cellular immune responses, suggested in infl ammatory pathways in the 
gastrointestinal tract and central nervous system ( CNS ). For clarity, only the main pro- infl ammatory 
effects are depicted, referring to the human system.  Blue lines  indicate NK1R (neurokinin- 1 recep-
tor) and  green lines  NK2R (neurokinin-2 receptor). SP effects are shown in  red . Secretory activity 
in GI mucosa is mediated via NK1R and NK2R and contraction of smooth muscle predominantly 
via NK2R.  BBB  blood-brain barrier,  DC  dendritic cell,  DRG  dorsal root ganglion,  ENS  enteric 
nervous system,  MΦ  macrophage,  PBMC  peripheral blood mononuclear cell,  MHCII  major histo-
compatibility complex II,  TCR  T-cell receptor,  Th  T helper cell (Adapted from Ref. [ 67 ])       

 

4 Roles of Substance P in Gastrointestinal Functions and Neuroimmune Interactions



62

Chemoattractant effect of SP on neutrophils has been described [ 89 ] and loss of it in 
NK1R knock-out mice [ 90 ]. SP has also been found to induce macrophage infl amma-
tory protein-1β expression in human T cells [ 91 ]. It has been shown that SP promotes 
CCR5-mediated chemotaxis of human monocytes, which is implemented via crosstalk 
between CCR5 and NK1R-T on monocytes [ 28 ]. 

 SP is involved in leukocyte adhesion to endothelial cells and has been reported to 
induce the expression of endothelial-leukocyte adhesion molecule-1 on human small 
vessel endothelium, increase the expression of the leukocyte integrin CD11b on 
human neutrophils, and enhance the expression of intercellular adhesion molecule- 1 
and leukocyte function-associated antigen-1 on murine endothelial cells and lym-
phocytes [ 92 ,  93 ]. 

 Reciprocal interactions exist, i.e., induction of SP and its receptor by various Th17- 
and Th1-type cytokines. In murine models, IL-12 has been shown to induce SP precur-
sor mRNA in macrophages via STAT4 pathway [ 81 ] and NK1R expression by both 
IL-12 and IL-18 stimulation via NFκB [ 94 ]. IL-12 and IL-23 have been found to induce 
SP synthesis in murine T cells and macrophages which can be regulated by IL-10 and 
TGF-β, respectively [ 95 ]. More recently, IL-23 and less prominent IL-12 effects have 
been shown on SP and its receptor expression in human T cells [ 67 ]. 

    Neurogenic Infl ammation 

 Neurogenic infl ammation represents a distinct infl ammatory response mediated by 
the release of SP, as well as CGRP, NKA, and other mediators from afferent nerve 
endings innervating tissues, including blood vessels. The immediate effects of SP 
are particularly prominent on the vasculature, where SP induces vasodilatation 
(together with CGRP) [ 96 ]; NK1R stimulation on endothelial cells of postcapillary 
venules results in plasma extravasation and granulocyte infi ltration (almost entirely 
mediated by TKs) [ 97 ] and leukocyte adhesion to endothelial cells of venules [ 98 ]. 
SP stimulates mast cells and basophils to release histamine and other mediators, 
such as leukotrienes [ 47 ,  99 ], the SP releasing activity of which can further con-
tribute to plasma extravasation and edema [ 45 ]. The consequence of neurogenic 
infl ammation is also pain that can positively feedback the above effects [ 45 ]. Upon 
infl ammatory/noxious stimuli, SP may be also released centrally from spinal affer-
ent neurons, contributing to the central pain mechanisms including central sensiti-
zation [ 100 – 104 ].   

    Substance P in Gastrointestinal Pathology 

 The immune regulatory roles of SP and other TKs have been recognized in a number 
of infl ammatory conditions of the GI tract, such as infl ammatory bowel disease 
(IBD) as well as autoimmune hepatitis, pancreatitis, diverticulosis, and different GI 
infections [ 1 ,  105 ]. Additionally, several functional GI disorders have corresponding 
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associations. Decreased SP expression in chronic constipation has been noted, 
whereas in irritable bowel syndrome, evidence for or against a pathogenic role of 
TKs is balanced [ 1 ]. 

 Immunoregulatory effects of SP are exerted to a great extent through its modula-
tion of cytokine production with subsequent effects. As briefl y mentioned in the 
previous section, immune regulatory circuits involving SP play a role in infl amma-
tory conditions. One of the effects of SP and NK1R is to enhance T-cell IFN-γ and 
IL-17 production, amplifying the proinfl ammatory response [ 105 ]. The effect of 
IL-12 on IFN-γ production in certain disease models can thus be mediated by induc-
tion of SP from T cells as an intermediary step. IL-12 and IL-23 are known to induce 
production of SP in NFκB-dependent manner from T cells and macrophages, respec-
tively, with inhibition by IL-10 in T cells and TGF-β in macrophages [ 105 ]. IL-10 
and, to a lesser degree, TGF-β also have inhibitory effects on NK1R expression 
[ 105 ]. At the same time, TGF-β blocks NK1R internalization on receptor activation, 
allowing enhanced SP effects, promoting T-cell IFN-γ and IL-17 secretion [ 105 , 
 106 ]. Several cytokines, such as IL-12, IL-18, and TNF-α, induce NK1R expression 
on T cells [ 105 ]. 

 The role for SP is also demonstrated in reactive neural plasticity of the ENS in 
various GI conditions with an infl ammatory component (primarily infl ammatory, 
infectious, degenerative, or malignant). ENS plasticity, in structural terms, involves 
local tissue hyperinnervation (neural sprouting, neural and ganglionic hypertrophy) 
next to hypoinnervated areas, switch in the neurochemical code (neurotransmitter/
neuropeptide) toward preferential expression of neuropeptides and activation of 
peripheral glial cells [ 4 ,  107 – 109 ]. The neuroimmune interactions involved are also 
mediated by cytokines and neurotrophic factors, released from a variety of sources, 
including nerve endings, glia, and different infl ammatory cells. This results in organ 
dysfunction (e.g., impaired motility and secretion), neuropathic pain, and/or hyper-
sensitivity [ 4 ]. Widespread upregulation of SP has been shown both in nerve fi bers 
and affected tissues and in noninfl amed adjacent tissue [ 4 ]. 

 Below are some examples of GI conditions, along with the role of SP and its 
receptor in their pathogenesis. 

    Infl ammatory Bowel Disease 

 In both ulcerative colitis (UC) and Crohn’s disease (CD), upregulated NK1R mRNA 
expression has been described in colonic mucosal biopsies and particularly in muco-
sal CD4+ T cells, compared with noninfl amed mucosal expression levels [ 110 ,  111 ]. 
Pro-infl ammatory cytokines induce NK1R expression in colonic epithelial cells, sug-
gesting that colonic infl ammation may potentiate further SP-induced infl ammatory 
and proliferative effects [ 34 ,  112 ]. Interestingly, mesenteric adipocytes from IBD 
patients (CD and UC) also have higher NK1R and NK2R expression relative to 
healthy controls [ 113 ]. SP treatment induces expression of the pro-infl ammatory 
cytokine IL-17 in these adipocytes and thus promotes chronic gut infl ammation. 
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 SP upregulation has been shown in the rectum and colon of UC, but not in 
CD [ 114 – 116 ]. On the other hand, an increased density of SP-immunoreactive 
fi bers has been demonstrated in hypervascular lesions of CD and in CD colon 
[ 34 ,  115 ,  117 ]. 

 A role for SP has been shown also in experimental models of IBD. Murine mod-
els of IBD suggest that SP (and HK-1) helps to promote intestinal infl ammation 
[ 105 ], which is IFN-γ driven. Treating these mice with an NK1R antagonist sup-
presses intestinal IFN-γ production and inhibits infl ammation [ 118 ]. 

 Of interest, the truncated NK1R isoform has been shown preferentially expressed 
in colonic epithelial cells in patients with UC who develop colonic carcinoma [ 8 ].  

    Infections of the GI Tract 

 Changes in the expression of SP and its receptor have been reported in infections 
[ 119 – 121 ], where SP effects can be detrimental or protective to the host, depending 
on the pathogen. 

 In schistosomiasis, SP via NK1R amplifi es the IFN-γ response. IFN-γ produc-
tion by CD4+ cells is upregulated by SP, the latter being produced locally within 
granulomas. IFN-γ activates macrophages and infl uences the function of T and B 
cells, natural killers with the infl ammation becoming more damaging to host tissue 
when IFN-γ production is abolished [ 105 ]. This is supported by experiments in 
T-cell-selective NK1R knockout mice and using NK1R antagonists [ 122 – 124 ]. 

 Similar effects are seen during salmonella gastroenteritis, in which antagonism of 
NK1R limits Th1 responses with impaired mucosal IFN-γ response and increased 
susceptibility to infection [ 125 ]. SP effects are protective as SP-mediated IFN-γ pro-
duction activates macrophages and helps to limit dissemination of bacteria [ 105 ]. SP 
may modulate IFN-γ synthesis in salmonella infection via upregulation of macro-
phage IL-12 production and downmodulation of TGF-β secretion [ 105 ]. 

 Increased viral or bacterial burden and accelerated disease progression with 
impaired natural killer activity have been described in several studies with impaired 
SP response [ 126 ]. 

 In some other infections, SP effects are damaging to the host, such as in 
 Clostridium diffi cile  toxin-A-induced enterocolitis [ 105 ]. NK1R in this infection 
seems to mediate mucosal injury [ 127 ]. In experimental models,  C. diffi cile  toxin A 
causes extrinsic afferents in the rat and mouse ileum to release SP, which via NK1R 
excites enteric secretomotor neurons and leads to degranulation of mast cells, mac-
rophage and granulocyte activation, hypersecretion, infl ammation, and necrosis [ 7 ]. 
Mice pretreated with NK1R antagonist [ 128 ] or NK1R knockout mice are protected 
from toxin-induced enteritis [ 105 ,  127 ]. 

 SP worsens other infections, such as  Cryptosporidium parvum ,  Taenia crassi-
ceps , and  Trypanosoma brucei  [ 105 ]. Also in polymicrobial sepsis, SP may worsen 
endotoxin injury; TAC1 knockout mice display reduced mortality in these settings 
because of dampening of the immune response that induces excessive tissue injury 

J. Vilisaar and R.I. Arsenescu



65

[ 105 ,  129 ]. In these circumstances, NK1R antagonist would be protective [ 130 ]. SP 
has pro-infl ammatory effects also in LPS-induced endotoxemia [ 131 ,  132 ]. 

 SP may not be benefi cial in HIV infection, in which SP promotes HIV entry and 
replication in leukocytes [ 105 ,  133 ,  134 ]. NK1R mRNA expression is signifi cantly 
downregulated in patients with HIV infection which may contribute to the mucosal 
abnormality, altered intestinal motility, and GI symptoms associated with HIV [ 34 ,  135 ].   

    Therapeutic Perspectives 

 Currently, three high affi nity NK1R antagonists have been cleared by FDA for treat-
ing chemotherapy and postoperative nausea and vomiting [ 136 ,  137 ]. The oral for-
mulation, aprepitant, was approved in 2003 and its intravenous form fosaprepitant 
in 2008. In 2015, two new oral NK1R antagonists were introduced: rolapitant and 
netupitant. Trials with different other indications have failed so far. Knowledge of 
SP physiology and mechanisms in pathological states are important in developing a 
targeted therapeutic approach. 

 The indications for NK1R antagonist use in clinical practice would need to be 
specifi c. As from above examples, NK1R antagonism carries different, even oppos-
ing effects in different infections. Additionally, using different receptor antagonists, 
e.g., combined NK1R and NK2R antagonists, may be benefi cial in certain situa-
tions. This is a clear indication in certain pathologies, e.g., antagonizing motor 
effects induced by endogenous release of TKs in the small intestine, whereas the 
blockade of the NK2R may be suffi cient to disrupt physiological motor and possi-
bly secretory activity at the colonic level [ 1 ]. 

 Generally, in the diseased states, the contribution of TK neurons seems out of 
balance and there is a shift away from cholinergic toward tachykininergic regulation 
[ 7 ]. This explains why in animal experiments NK receptor antagonists are not very 
active in the normal gut but are able to correct disturbed motility, hypersecretion, 
tissue homeostasis, and pain in certain pathological states [ 7 ]. Similarly, minor 
effects of NK receptor antagonists on GI physiological functions have been also 
observed in healthy human volunteers [ 1 ] as other mechanisms seem to compensate 
for these effects. 

 A recent small-phase 1B study in HIV patients [ 138 ], using aprepitant at 375 mg 
daily for 2 weeks, has shown that NK1R blockade has immunoregulatory functions 
in human subjects. Compared to the placebo-treated group, there were a signifi cant 
decrease in CD4 +  programed death-1 receptor-positive cells (PD-1) and decreased 
plasma levels of SP and activated macrophages (low-soluble CD163). PD-1 and 
PD-ligand (PD-L) pathway plays a critical role in immune tolerance and the devel-
opment of autoimmune conditions [ 139 ]. Thus, the negative effect of aprepitant on 
this pathway may be of concern in patients with IBD. On the other hand, increased 
NK1R and SP expression in these patients would make aprepitant a good treatment 
option. Furthermore, patients with CD and UC have increased plasma levels of 
scavenger receptor CD163, consistent with an activated macrophage phenotype. 
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Anti-TNF treatment induces remission in IBD patients and is associated with nor-
malization of sCD163. Moreover, nausea, vomiting, and abdominal pain are com-
mon symptoms in these patients and often determine quality of life independent of 
the outcome of mucosal healing. Thus, NK1R blockade holds promise as a novel 
approach to the treatment of IBD.  

    Conclusions 

 Various roles for SP and other TKs in the GI tract have been demonstrated to date. 
Aspects of SP regulation of GI physiology are relatively well studied, showing SP 
as a co-neurotransmitter in excitatory neurons and as a mediator in several physio-
logical functions (motility, secretion, etc.). Other important facets of SP are revealed 
in pathological states. SP has a role in neuroimmune intersystem communication 
and an increasingly recognized role in mediating infl ammatory functions (Fig.  4.1 ). 
In autoimmune infl ammatory settings, regulation of the infl ammatory response by 
different mechanisms has been shown by SP, including cytokine induction, T-helper 
phenotype effects, and chemotaxis. In this context, co-effects of SP with other 
mediators are important in determining the infl ammatory milieu and the specifi c 
effects. This is also true in infections, where different infl ammatory effects of SP 
have been demonstrated with different pathogens. Pro-infl ammatory roles of SP are 
an appealing therapeutic potential for SP/its receptor antagonism in selected auto-
immune and infectious conditions of the GI tract, and this could be used by target-
ing different receptor subtypes. SP has a key role in neurogenic infl ammation and 
pain mechanisms, highly relevant also in GI conditions. Other less well-known 
functions of SP need clarifi cation, such as its roles in cell survival.     
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    Chapter 5   
 Immunomodulation by Vasoactive Intestinal 
Polypeptide (VIP)                     

       Kirsten     M.     Hooper      ,     Weimin     Kong      , and     Doina     Ganea     

    Abstract     Vasoactive intestinal peptide (VIP) is one of the major neuropeptides 
expressed and produced by the enteric nervous system. VIP release in the proximity 
of GI resident immune cells facilitates its immunoregulatory functions, including 
effects on macrophages, dendritic cells, and T lymphocytes. Here we discuss the 
functions of VIP as a modulator and possible therapeutic target in gastrointestinal 
infl ammation in the larger context of its general immunoregulatory role.  

  Keywords     Vasoactive intestinal peptide   •   T cell differentiation   •   Tolerogenic den-
dritic cells   •   Infl ammatory bowel disease   •   Immunoregulation   •   Neuropeptides  
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  CD    Crohn’s disease   
  CIA    Collagen-induced arthritis   
  CLP    Cecal ligation and puncture   
  CNS    Central nervous system   
  DC    Dendritic cell   
  DSS    Dextran sodium sulfate   
  EAE    Experimental autoimmune encephalomyelitis   
  ENS    Enteric nervous system   
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  tDC    Tolerogenic dendritic cells   
  TLR    Toll-like receptor   
  TNBS    Trinitrobenzene sulfonic acid   
  UC    Ulcerative colitis   
  VIP    Vasoactive intestinal peptide   

        Introduction 

 The autonomic enteric nervous system (ENS) provides a major venue of communi-
cation between the central nervous system (CNS) and the gastrointestinal (GI) tract. 
The ENS is organized into myenteric and submucosal plexi and consists of various 
types of neurons, glial cells, and sympathetic and parasympathetic nerve fi bers. The 
close proximity to immune cells allows direct immunomodulatory effects of 
neuronal- derived neurotransmitters and neuropeptides on immune cells expressing 
the appropriate receptors. Immunomodulatory neuropeptides expressed and released 
by the ENS include vasoactive intestinal peptide (VIP), substance P, calcitonin 
gene-related peptide, and neuropeptide Y [ 1 ,  2 ]. 

 VIP is one of the gut’s most abundant neuropeptides, present at high concentra-
tions in the myenteric plexus [ 3 ]. VIPergic enteric neurons project to muscle and 
crypt epithelial cells [ 4 ] controlling intestinal motility, water, and electrolyte secre-
tion [ 5 – 10 ]. The role of VIP in intestinal development and function is supported by 
the fact that VIP-defi cient mice exhibit intestinal anomalies such as longer villi, 
thicker smooth muscle layers, increased numbers of goblet cells defi cient in mucus 
production, and impaired intestinal transit [ 11 ]. In addition, due to its immunoregu-
latory activities, VIP emerged recently as a possible therapeutic target in infl amma-
tory bowel diseases (IBD) [ 1 ]. In this chapter, we discuss VIP as a modulator and 
possible therapeutic target in gastrointestinal infl ammation, in the larger context of 
its well-described general immunoregulatory role.  

    VIP: Structure and Synthesis 

 VIP, a 28-amino acid peptide, belongs to the secretin/glucagon family, sharing the 
most homology (68 %) with another neuropeptide, i.e., pituitary adenylate cyclase- 
activating polypeptide (PACAP). VIP and PACAP are presumed to have resulted 
from the duplication of a common ancestral gene [ 12 ,  13 ]. Mature VIP is pro-
cessed from a pre-pro-protein which is also the source of a second peptide called 
peptide histidine methionine (PHM) in humans and peptide histidine isoleucine 
(PHI) in other mammals. With the exception of guinea pig, the amino acid compo-
sition of VIP is identical in all mammals, showing remarkable conservation during 
evolution [ 14 ,  15 ]. 
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 VIP is present in most organs [ 16 ] including the GI tract and the immune system 
where it is released from both neuronal and nonneuronal sources. The fact that auto-
nomic denervation does not affect VIP levels in thymus and spleen [ 17 ] is an indica-
tion that nonneuronal cells represent the major VIP source in primary and secondary 
lymphoid organs. Although numerous cell types such as basophils, mast cells, and 
neutrophils produce VIP variants (reviewed in [ 15 ]), T lymphocytes represent a major 
VIP source within lymphoid organs and tissues (reviewed in [ 18 ]). Indeed, both CD4 
and CD8 T cells were reported to express VIP mRNA and to process the VIP pre-pro-
protein [ 19 ], and antigen-activated Th2 CD4 and T2 CD8 T cells were shown to 
secrete signifi cant amounts of mature VIP [ 20 ]. The role of endogenous immune VIP 
has been recently addressed. Elimination of endogenous T cell-derived VIP in puri-
fi ed CD4 T cell cultures through the use of VIPase resulted in a predominant Th1 
phenotype, supporting the role of immune VIP in promoting Th2 differentiation and/
or survival [ 21 ]. In vivo, higher numbers of anti-viral CD8 T cells were generated in 
wild-type bone marrow chimeras engrafted with VIP-defi cient hematopoietic cells, 
supporting the anti-infl ammatory role of endogenous immune VIP [ 22 ]. Since the GI 
tract is rich in lymphocytes, immune VIP could be a signifi cant player during infl am-
matory conditions. However, for the time being, the presence and role of immune VIP 
in intestinal physiology and infl ammation remains to be ascertained. 

 VIP levels are altered in several pathological conditions. Reduced levels of VIP 
were reported in the cerebral spinal fl uid of multiple sclerosis (MS) patients and in 
serum of patients with rheumatoid arthritis and Sjogren’s syndrome [ 23 – 25 ]. Also, 
high levels of VIPase autoantibodies and low concentrations of VIP were reported in 
the serum of lupus and autoimmune thyroiditis patients [ 26 ]. Confl icting results were 
reported in terms of changes in VIP levels in human IBD. A number of studies 
reported an increase in VIP immunoreactivity in mucosal and submucosal colon and 
in rectal biopsies from patients with Crohn’s disease (CD), but not ulcerative colitis 
(UC) [ 27 – 29 ], whereas others reported a decrease in VIP immunoreactivity in both 
CD and UC intestinal samples [ 30 ,  31 ]. In the TNBS colitis model, Baticic et al. [ 32 ] 
reported increased VIP levels in serum, colon, and brain, whereas Sigalet et al. [ 33 ] 
reported a decrease in the number of VIPergic enteric neurons. These discrepancies 
could refl ect differences in the location of the sampled areas and/or in lesion severity. 
Indeed, it has been proposed that areas of high infl ammation lose neuropeptide inner-
vation, whereas increased neuropeptide expression occurs in nearby tissue and 
regenerating areas [ 34 ]. For the moment, questions whether IBD is associated with 
increased or decreased VIP levels and whether such changes correlate with disease 
severity remain to be addressed.  

    VIP Receptors 

 Three types of VIP/PACAP receptors, i.e., VPAC1, VPAC2, and PAC1, are widely 
distributed in CNS and peripheral organs, including immune cells and organs [ 35 –
 37 ]. VPAC1 and VPAC2 bind VIP and PACAP with equal high affi nity, whereas 
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PAC1 is a PACAP-preferring receptor. Both VPAC1 and VPAC2 are class B 
G-protein-coupled receptors signaling primarily, but not exclusively, through activa-
tion of adenylate cyclase (reviewed in [ 37 ,  38 ]). Immune cells such as lymphocytes, 
macrophages, dendritic cells, microglia, monocytes, and mast cells express VPAC1 
constitutively, and VPAC2 expression, although low in resting cells, is upregulated 
following activation, particularly in T cells (reviewed in [ 39 ]). 

 Although VPAC1 was characterized as the main mediator of VIP effects on innate 
immune cells, further studies identifi ed VPAC2 as the major signaling receptor for 
the effects on CD4 T cell differentiation (reviewed in [ 39 – 41 ]). Changes in VIP 
receptor expression have been reported in several autoimmune/infl ammatory dis-
eases. Immune cells from patients with ankylosing spondylitis and osteoarthritis 
express lower VPAC1 levels and respond poorly to VIP, and in patients with rheuma-
toid arthritis, lower VPAC1 levels are associated with a polymorphism in the 3’UTR 
of the VPAC1 gene [ 42 – 45 ]. Reduced VPAC2 expression associated with a distinct 
DNA footprinting pattern in the VPAC2 promoter was reported in MS patients [ 45 ], 
whereas monocytes from Sjogren’s patients were shown to express higher VPAC2 
levels associated with defi ciencies in the phagocytosis of apoptotic cells [ 46 ]. 

 The physiological role of VPAC1 and VPAC2 in the intestine has been addressed 
in studies related to electrolyte secretion and muscle contractility. VPAC2 receptors 
on smooth muscle mediate the relaxation of the circular muscle, and both VPAC2 
and VPAC1 were reported to mediate the stimulatory effect of VIP on neurogenic 
contractions of the longitudinal muscle [ 7 – 9 ,  47 ]. In addition, epithelial VPAC1 is 
involved in VIP-induced electrolyte secretion [ 7 ]. In contrast, the role of VIP recep-
tors in intestinal immune cells is not elucidated. Interestingly, both receptors are 
expressed in Peyer’s patch dendritic cells (PP-DC) at higher levels than in DC resid-
ing outside the GI tract [ 48 ]. It is tempting to speculate that this might contribute to 
homeostasis in the GI tract through VIP-induced maintenance of a tolerogenic phe-
notype in DC. This is supported by the previously reported capacity of VIP to 
induce IL-10-producing tolerogenic DC [ 49 ,  50 ]. Whether IBD is associated with 
changes in VPAC1 and VPAC2 expression remains to be determined. Presently, 
there is only one report from Yukawa and colleagues [ 51 ] reporting increased 
VPAC1 expression in lamina propria CD3+ T cells and CD3 − CD19 − CD68 +  
macrophage- type mucosal cells in UC patients and to a lesser degree in CD patients.  

    VIP: Immunoregulatory Activity in Innate and Adaptive 
Immunity (Fig.  5.1 ) 

       Innate Effector Immune Cells 

 Monocytes, macrophages, dendritic cells, and microglia express VIP receptors, pri-
marily VPAC1 [ 52 – 54 ]. Exogenous VIP acts as an anti-infl ammatory agent inhibit-
ing expression of iNOS and of proinfl ammatory cytokines and chemokines and 
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  Fig. 5.1    Effects of VIP in innate and adaptive immunity. VIP suppresses activation of innate 
immune cells (macrophages, monocytes, and microglia) in response to TLR signaling. VIP inhibits 
proinfl ammatory factors and promotes the expression and release of anti-infl ammatory cytokines 
through VPAC1 ( a ). VIP affects CD4 T cell differentiation shifting the Th1/Th2 balance in favor of 
Th2 through VPAC2 ( b ). Generation of DC in the presence of VIP (DC VIP ) leads to tolerogenic DC 
(tDC) which induce CD4 + CD25 + Foxp3 +  Treg specifi c for the antigen presented by DC VIP  ( c )       
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stimulating production of IL-10 in TLR-stimulated monocytes, macrophages, and 
microglia in vitro and in vivo (reviewed in [ 39 ]). VIP also downregulates the release 
of HMGB1, a late-occurring cytokine critical in endotoxemia and sepsis [ 55 ]. In 
addition, VIP reduces TLR2 and TLR4 expression in innate immune cells in a model 
of experimental colitis and in human rheumatoid synovial fi broblasts [ 56 – 59 ]. 

 The immunosuppressive effects of VIP are mediated primarily through VPAC1 
and involve the regulation of several transcription factors, i.e . , AP-1, NFkB, CREB, 
and IRF-1 (Fig.  5.2 ) (reviewed in [ 18 ,  39 ]). The inhibition of AP-1 and especially 
NFkB, transcription factors essential for the expression of proinfl ammatory genes, 
results in effects on a wide range of cytokines/chemokines. The cAMP-independent 
pathway activated by VIP stabilizes IkB and maintains the p65/p50/IkB complex in 
the cytoplasm. The cAMP-dependent pathway contributes to nuclear translocation 
of phosphorylated CREB and to the sequestration of the coactivator CBP. As a 
result, NFkB transcriptional activity is impaired [ 60 ]. The cAMP-dependent path-
way also inhibits STAT1 phosphorylation and reduces IRF-1 binding to iNOS and 
IL-12p40 promoters [ 61 ]. In addition, the cAMP-dependent pathway inhibits the 
MEKK1/MEK4/JNK pathway and c-Jun phosphorylation and induces JunB synthe-
sis, changing AP-1 composition and binding to the TNFα promoter [ 62 ]. Moreover, 
through effects on MEKK1/MEK3/6/p38, VIP inhibits TATA-box-binding protein 
(TBP) phosphorylation reducing RNA pol II recruitment [ 63 ].

       Tolerogenic Dendritic Cells (tDC) 

 In addition to its inhibitory effect on activated innate immune cells, the immunosup-
pressive activity of VIP is also mediated through its capacity to generate tolerogenic 
DC (tDC). In steady-state conditions, DC carrying self-antigens contribute to toler-
ance. Therefore, the generation of antigen-specifi c tDC represents a major therapeu-
tic target in the treatment of autoimmune/infl ammatory diseases. A number of 
biological agents including galectin 1, vitamin D3, IL-10, TNFα, and more recently 
VIP were reported to generate tDC which could be manipulated to present specifi c 
autoantigens [ 64 ]. In vitro exposure to VIP during DC differentiation resulted in the 
induction of IL-10-producing tolerogenic DC (DC VIP ) capable of inducing antigen- 
specifi c CD4 + Foxp3 +  Treg in vivo and in vitro [ 49 ,  50 ]. In experimental models, 
inoculation of antigen-pulsed DC VIP  resulted in the generation of Treg specifi c for 
the antigen carried by DC VIP.  The Treg exhibited reduced proliferation, reduced IL-2 
and IFNγ production, and increased Foxp3 and IL-10 expression [ 50 ]. In a model of 
collagen-induced arthritis (CIA), DC VIP  pulsed with collagen II stopped disease pro-
gression and reduced T cell proliferation and IFNγ production. This was an antigen- 
specifi c event, since DC VIP  pulsed with OVA did not affect arthritis, although they 
did inhibit OVA-induced delayed-type hypersensitivity [ 65 ]. In a bone marrow 
transplantation model, DC VIP -generated Treg prevented graft-versus-host disease 
but maintained the graft-versus-tumor response [ 66 ]. More recently, DC transduced 
with lentiviral vectors expressing VIP were shown to be therapeutic in experimental 
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  Fig. 5.2    Signaling pathways involved in VIP suppression of macrophage/monocyte innate immune 
responses. VIP binding to VPAC1 initiates activation of adenylate cyclase resulting in cAMP increases 
which affect several downstream signaling molecules: inhibition of STAT1 phosphorylation and IRF1 
induction; inhibition of p38 MAPK phosphorylation and downstream phosphorylation of TATA-box-
binding protein (TBP); increased phosphorylation of CREB followed by increased nuclear transloca-
tion; inhibition of JNK resulting in reduced c-Jun expression; upregulation of JunB expression leading 
to changes in AP-1 composition. A second, cAMP-independent signaling pathway results in stabiliza-
tion of cytoplasmic NFkB complexes by inhibiting IkB phosphorylation and degradation. Reduced 
NFkB transactivation following VIP binding is due to both lower levels of nuclear p50/p65 complexes 
and to lack of CBP due to its sequestration by  p CREB. Ultimate consequences are the reduced expres-
sion of a variety of proinfl ammatory cytokines, chemokines, iNOS, as well as of TLRs and costimula-
tory molecule (CD80, CD86, and CD40) expression       
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autoimmune encephalomyelitis (EAE) and sepsis models [ 67 ]. Due to their capacity 
to migrate to infl ammatory sites, VIP-expressing DC are expected to deliver anti- 
infl ammatory VIP locally at the infl ammation site, in addition to inducing antigen- 
specifi c Treg. Therefore, the development of VIP-expressing DC generated from 
human blood monocytes, loaded with relevant autoantigens, and reinjected into the 
patient represents an enticing prospect in the treatment of autoimmune diseases. 

 In the intestine, distinct DC subpopulations were shown to generate an active 
adaptive immune response against pathogens and to induce and maintain tolerance 
to food antigens and commensal bacteria (reviewed in [ 68 – 70 ]). The major distinc-
tion between these subsets resides in the expression of the mutually exclusive 
CD103 and CX3CR1 markers. The nonmigratory infl ammatory CD103 − CX3CR1 +  
subset found primarily in the lamina propria is of macrophage lineage. In addition, 
a recently identifi ed DC-lineage CD103 − CX3CR1 int CCR2 +  subpopulation migrates 
to mesenteric lymph nodes (MLN) and drives IL-17 production in T cells [ 71 ]. 

 In contrast, CD103 + CX3CR1 −  tolerogenic DC in the lamina propria acquire food 
and self-antigens from CX3CR1 +  macrophages and migrate to MLN where they 
induce antigen-specifi c CCR9 + α4β7 +  Treg through secretion of retinoic acid and 
TGFβ [ 72 ,  73 ]. Based on its abundant presence in the lamina propria, and its well- 
described DC tolerogenic activity, VIP has been proposed to be involved in the induc-
tion and maintenance of CD103 +  tolerogenic DC [ 70 ]. In addition, VIP could play an 
important role in reducing intestinal infl ammation through its inhibitory effects on 
proinfl ammatory cytokine production by macrophages and its shift during T cell dif-
ferentiation toward Th2/Treg, at the expense of Th1/Th17 effectors (Fig.  5.3 ).

        Adaptive Immunity: Activation and Differentiation 
of CD4 T Lymphocytes 

    Th1 Versus Th2 Cells 

 Activation of naïve CD4 T cells involves interactions with DC and delivery of both 
stimulatory and costimulatory signals. VIP reduces DC capacity to deliver the 
costimulatory signals by preventing the upregulation of CD40, CD80, and CD86, 
resulting in reduced T cell proliferation [ 74 ,  75 ]. In addition, VIP also affects CD4 
T cell differentiation by preferentially promoting in vivo and in vitro Th2 differen-
tiation at the expense of the proinfl ammatory Th1 subset (reviewed in [ 18 ,  76 ]). The 
VIP-induced Th2 bias is mediated indirectly through inhibition of IL-12 production 
by activated antigen-presenting cells (APCs) and directly by blocking IL-12 signal-
ing and inducing c-Maf and JunB in T cells [ 77 ,  78 ]. In addition, VIP also supports 
Th2 survival in vivo and in vitro by inhibiting FasL and granzyme B expression in 
Th2 cells [ 79 ,  80 ]. The role of endogenous VIP and of the VPAC2 receptor in pro-
moting Th2 responses in vivo was demonstrated by comparing T cell responses to 
specifi c antigens in VPAC2 KO and transgenic mice overexpressing the human 
VPAC2 receptor [ 81 ,  82 ].  
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  Fig. 5.3    Model for the anti-infl ammatory role of VIP in the intestinal microenvironment. In the 
absence of pathogens, commensals and food proteins are taken in by LP CD103 +  DC tolerized by 
a combination of IL-10 (produced by CX3CR1 hi  regulatory macrophages), TGFβ, RA (produced 
by epithelial cells), and VIP (produced by ENS). tDC migrate to MLN where they generate 
antigen- specifi c Treg through secretion of IL10 and RA. VIP produced by immune cells in MLN 
contributes to T cell differentiation into the Th2/Treg phenotype. tDC induction of α4β7 and CCR9 
on the newly generated Treg enables them to home to the intestine where they induce and maintain 
local tolerance ( a ). Invasive pathogens are taken in by CX3CR1 int  macrophages differentiated from 
Ly6C + CCR2 +  monocytes and transferred to LP DC. Following TLR stimulation by pathogens, DC 
mature into proinfl ammatory APCs and migrate to MLN where they activate T cells to differentiate 
into Th1 and Th17 subsets. The proinfl ammatory Th1/Th17 cells migrate back to the intestine and 
initiate the adaptive proinfl ammatory response. VIP can still exert a suppressive effect by ( a ) inhib-
iting macrophage activation and reducing costimulatory molecule expression during DC matura-
tion in LA and ( b ) by inhibiting the production of proinfl ammatory cytokines involved in T cell 
differentiation and shifting the Th1/Th2 balance in favor of Th2 in MLN ( b ).  ENS  enteric nervous 
system,  LP  lamina propria,  MLN  mesenteric lymph nodes,  RA  retinoic acid,  tDC  tolerogenic den-
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    Th17 Cells 

 Proinfl ammatory Th17 cells are major players in autoimmune/infl ammatory diseases 
such as rheumatoid arthritis, MS, psoriasis, and CD [ 83 – 86 ]. The effect of VIP on 
Th17 differentiation is still under debate. In models of type I diabetes and collagen-
induced arthritis (CIA), VIP administration resulted in delayed disease onset, reduced 
levels of IL-17, lower percentage of splenic IL-17 +  T cells, and reduced expression 
of STAT3 and RORγt [ 87 ,  88 ]. However, exposure to VIP during in vitro differentia-
tion of Th17 cells resulted in higher numbers of IL-17 +  T cells [ 89 – 91 ]. Further stud-
ies are required to determine whether VIP induces Th17 in vivo and whether 
VIP-induced cells express the pathogenic Th17 signature [ 92 ].  

    Regulatory T Cells (Treg) 

 Treg play an essential role in maintaining tolerance and controlling the extent of an 
ongoing immune response. Defi ciencies in Treg were reported in experimental 
models and in human autoimmune diseases. In vivo administration of VIP together 
with low doses of antigen led to increased numbers of functional CD4 + CD25 + Foxp3 +  
Treg which inhibited antigen-specifi c T cell proliferation, reduced Th1 responses, 
and transferred suppression to naïve recipients [ 49 ]. The nature of the VIP-induced 
Treg and whether VIP affected T cells directly or through APCs remains to be estab-
lished. In humans, the use of nebulized VIP in patients with sarcoidosis also resulted 
in increased numbers of CD4 +  CD25 +  Foxp3 +  Treg in the bronchoalveolar fl uid [ 93 ]. 
More relevant to autoimmune conditions, VIP administration in CIA, murine type I 
diabetes, and EAE resulted in the generation of Treg and a decrease in Th17 [ 87 ,  88 , 
 94 ,  95 ]. Moreover, Treg from VIP-treated arthritic mice were able to ameliorate 
disease progression when transferred to mice with established disease [ 96 ]. 
Signifi cant disease amelioration associated with reduction in infl ammation and 
induction of CD4 + CD25 + Foxp3 +  Treg also occurred upon in vivo delivery of a VIP- 
expressing lentiviral vector to arthritic mice [ 97 ]. However, although these studies 
were proof of concept that VIP induced functional Treg in vivo, the therapeutic use 
of VIP in patients would require improved methods of targeted delivery combined 
with protection against peptide degradation.   

    VIP Involvement in Sepsis and IBD 

 A large body of literature supports the concept that VIP could be part of a feedback 
circuit which limits ongoing infl ammatory responses in the CNS and peripheral 
organs. Treatment with exogenous VIP at onset or in established disease proved ben-
efi cial in a variety of experimental models, such as CIA, EAE, type I diabetes, uveo-
retinitis, pancreatitis, and chronic obstructive pulmonary disease (COPD), as well as 
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in models of neurodegeneration or CNS trauma such as Parkinson disease, traumatic 
brain injury, and spinal cord injury (reviewed in [ 98 ]). Here we review studies related 
to VIP in models of sepsis and IBD, using exogenous VIP administration and VIP/
VIP receptor genetic models (Table  5.1 ).

      Sepsis 

 Sepsis refers to a severe and often fatal systemic infl ammatory response initiated by 
pathogens. The often observed cardiovascular collapse and progressive multiorgan 
failure are caused by high systemic concentrations of proinfl ammatory immune 

      Table 5.1    VIP/VIP-R genetic models   

 Genetic 
model  Disease model  Effect  References 

 VIP KO  EAE  Signifi cant resistance to clinical disease 
 Increased numbers of encephalitogenic Th1/
Th17 capable of transferring EAE 
 T cells do not infi ltrate CNS parenchyma 

 [ 128 ] 

 LPS endotoxemia  Signifi cant resistance to clinical disease 
 Decreased serum levels of proinfl ammatory 
cytokines 
 Impaired NFkB activation in peritoneal cells 

 [ 111 ] 

 DSS colitis  Resistance to clinical disease 
 Reduced colonic expression of IL-6 and TNFα 

 [ 121 ] 

 TNBS colitis  Milder clinical profi le 
 Hyperactivation of splenic T cell response 
 Lower serum and colonic TNFα and IL-6 
levels 

 [ 119 ] 

 PACAP KO  EAE  Exacerbated disease 
 Increased Th1/Th17 
 Decreased Th2/Treg 

 [ 133 ,  134 ] 

 DSS colitis  Exacerbated disease 
 Colorectal tumors with aggressive pathology 

 [ 132 ] 

 VPAC1 KO  DSS colitis  Attenuated clinical disease  [ 126 ] 
 VPAC2 KO  DSS colitis  Exacerbated disease 

 Higher levels of IL-6, IL-1β, and MMP-9 
 [ 126 ] 

 EAE  Exacerbated disease 
 Higher levels of TNFα, IL-6, IFNγ, IL-17 in 
CNS and LNs 
 Lower levels of IL-10, IL-4, Foxp3 in CNS, 
thymus, LNs 

 [ 122 ] 

 DTH  Exacerbated clinical disease  [ 81 ] 
 VPAC2 Tg 
(T cells) 

 DTH  Reduced clinical disease  [ 81 ] 
 Cutaneous 
allergic reaction 

 Exacerbated clinical symptoms  [ 82 ] 

 PAC1 KO  LPS endotoxemia  Exacerbated disease  [ 109 ] 
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mediators, both early and late cytokines (TNFα, IL-1β, IL-6, and HMGB1, respec-
tively), as well as high expression of iNOS and of cellular tissue factor (TF) [ 99 – 103 ]. 
Although a marked discrepancy in LPS sensitivity exists between mice and humans 
[ 104 ], mice are the most common animal models for sepsis, i.e., inoculation of high 
LPS doses (endotoxemic shock) and cecal ligation and puncture (CLP). An improved 
system recently developed uses CLP in mice with human lineage immune cells and 
should provide clinically relevant information [ 105 ]. 

 Positive correlations have been established between serum VIP concentrations 
and endotoxemic shock in mice, dogs, and pigs injected with LPS, as well as in 
human patients with meningococcal septicemia (reviewed in [ 106 ]). Benefi cial 
effects of VIP administration were reported for both LPS-induced septic shock and 
CLP and shown to be associated with decreases in serum IL-6, TNFα, IL-12, 
HMGB1, and NO and increases in IL-10 [ 55 ,  107 ,  108 ]. All three receptors, VPAC1, 
VPAC2, and PAC1, contribute to various degrees of the protective effect of VIP and 
PACAP in LPS-induced septic shock [ 107 ,  109 ,  110 ]. More recently, i.p. adminis-
tration of lentiVIP-DC (VIP-secreting tolerogenic DC) in the CLP model showed 
signifi cant protection associated with decreased proinfl ammatory cytokines and 
increased IL-10 in the peritoneal fl uid [ 67 ]. 

 Based on the protective effects of exogenous VIP, lack of endogenous VIP was 
expected to heighten susceptibility to septic shock. However, contrary to expecta-
tions, global VIP-defi cient mice exhibited signifi cant resistance to LPS  administration 
(Table  5.1 ), associated with decreased levels of proinfl ammatory cytokines and 
reduced lung pathology. Compensation by other neuropeptides/hormones or 
changes in VIP receptors could certainly occur in global VIP KO. These mice also 
have increased levels of systemic IL-10 which might affect responsiveness to 
LPS. Interestingly, myeloid peritoneal cells from VIP KOs were impaired in their 
response to LPS, exhibiting reduced NFkB activation [ 111 ]. Presently, the reason 
for this impairment is not understood. A blunted response to LPS could also result 
in the so-called endotoxin tolerance [ 112 ] which would maintain and amplify the 
lack of response to LPS. Whether the VIP KO mice also exhibit resistance to CLP- 
induced sepsis has not been reported yet. In any case, defi nite answers related to the 
role of endogenous VIP in sepsis will have to wait for the development of condi-
tional temporal and cell-specifi c VIP KOs.  

    Infl ammatory Bowel Disease (IBD) 

 The term IBD includes Crohn’s disease (CD) and ulcerative colitis (UC), two 
chronic and relapsing diseases which share common traits but also have distinct 
clinical and pathological features. IBD is characterized by increased infl ammation, 
disrupted epithelial and mucosal barrier, loss of tolerance to commensal bacteria, 
and a generally dysregulated immune response. The infl ammatory profi le is differ-
ent in CD versus UC, with Th1/Th17 cytokines such as IFNγ, IL-2 and IL-17 as 
primary mediators in CD, and Th2 cytokines such as IL-4, IL-5, and IL-10 as major 
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mediators in the chronic phase of UC. A number of IBD animal models, including 
chemically induced, genetically engineered mice including knockouts and trans-
genics, as well as adoptive transfer models, have been developed [ 113 ]. Although 
none of these models are the exact counterparts of human CD or UC, the two major 
chemically induced colitis models used to test the effects of VIP, the dextran sodium 
sulfate (DSS) and the trinitrobenzene sulfonic acid (TNBS) models, are considered 
to resemble human UC and CD, respectively [ 114 ]. 

    VIP Effects in DSS Colitis 

 In general, the role of VIP in IBD as tested in animal models has been controversial. 
Although early experiments using the TNBS model showed a protective effect [ 115 –
 118 ], later reports using continuous infusion of VIP showed no effect, and VIP-
defi cient mice were reported to exhibit reduced pathology [ 119 ,  120 ]. Similar results 
were obtained in the DSS colitis model, with VIP KOs being remarkably resistant, 
and wild-type mice injected with a pan-VIP receptor or a VPAC1 antagonist exhibit-
ing reduced clinical colitis [ 121 ]. 

 Differences in VPAC1/VPAC2 expression and function could provide an expla-
nation for these confounding results. According to existing information, VPAC1 is 
constitutively expressed, whereas VPAC2 is induced following activation. A 
detailed analysis of VPAC1/VPAC2 levels should provide information on the domi-
nant receptor at different stages of activation in immune cell subsets. 

 In terms of function, recent studies using VIP receptor knockouts (Table  5.1 ) 
identifi ed interesting differences. A comparison between VPAC2 KO and T cell- 
specifi c transgenic hVPAC2 mice established that VPAC2 was responsible for the 
VIP-induced shift in favor of Th2 cells [ 81 ,  82 ]. More recently, Tan et al. [ 122 ] 
reported increased EAE severity in VPAC2-defi cient mice, associated with higher 
levels of IFNγ and IL-17, reduced levels of IL-10 and IL-4, and reduced numbers 
of Foxp3+ Treg in lymph nodes, thymus, and CNS. This strongly suggests that 
VPAC2 is the mediator of VIP effects in T cell differentiation, exerting an anti-
infl ammatory effect through an increase in Th2/Treg subsets at the expense of the 
proinfl ammatory Th1/Th17 cells. The role of VPAC1 on the other hand is less 
clear. In vitro experiments using macrophage and microglia cultures pointed to 
VPAC1 as the receptor mediating the anti-infl ammatory effects of VIP [ 123 – 125 ]. 
However, its role in vivo has not been defi ned. Recently, a comparison between 
VPAC1- and VPAC2-KOs identifi ed an opposite pattern in acute DSS colitis, with 
much milder clinical symptoms in VPAC1-KO and signifi cantly increased severity 
in VPAC2-KO, suggesting that VPAC1 signaling exacerbates, whereas VPAC2 
signaling attenuates clinical disease [ 126 ]. Based on differences in mucosal cyto-
kines, neutrophils, and MMPs, the authors concluded that VPAC1 mediates an 
increased recruitment of immune cells to lymph nodes and Peyer’s patches and 
proposed that the VIP → VPAC1 axis acts as a major mediator for pathogenesis, 
emphasizing the importance of the VPAC1/VPAC2 ratio in determining whether 
VIP exerts a protective or a pathogenic effect.  
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    VIP Effects in TNBS Colitis 

 TNBS colitis develops as a delayed-type hypersensitivity reaction to hapten-protein 
complexes and is characterized by infl ammatory infi ltrates consisting of CD4 and 
CD8 T cells, macrophages, and granulocytes, the presence of irregular crypts, and 
loss of goblet cells [ 127 ]. The effects of VIP in TNBS colitis are controversial. 
Gomariz and colleagues were the fi rst to describe the effects of VIP administration 
in TNBS colitis and reported signifi cant reductions in weight loss and intestinal 
infl ammation, associated with downregulation of IL-1β and TNFα in colon extracts 
and serum, and reduced IFNγ expression in splenic and lamina propria CD4 T cells 
[ 116 ]. The same group reported colonic downregulation of proinfl ammatory cyto-
kines/chemokines and of TLR2 and 4, as well as upregulation of IL-10 and IL-4 in 
TNBS mice treated with VIP [ 58 ,  115 ]. In contrast to these results, continuous VIP 
delivery through osmotic pumps in a severe TNBS model did not affect weight loss 
and mortality or the Th1/Th2 profi le [ 120 ]. The confl icting results might refl ect dif-
ferences in terms of mild versus severe infl ammation or continuous versus intermit-
tent exposure to VIP. 

 Surprisingly, compared to wild-type controls, VIP-defi cient mice developed a 
milder, instead of an exacerbated, clinical profi le (Table  5.1 ) [ 119 ]. This is 
 reminiscent of results obtained for VIP KO in EAE, endotoxemic shock, and DSS 
colitis [ 111 ,  121 ,  128 ]. Interestingly, as expected, in all these instances, VIP KO T 
cell proliferation is signifi cantly increased, confi rming that lack of VIP leads to 
hyperresponsive T cells. The question remains whether APCs develop normally in 
the absence of VIP. It has been reported that peritoneal myeloid cells from VIP KO 
have a blunted response to LPS [ 111 ]. This could be due to alterations in TLRs, 
changes in intracellular signaling molecules, and alterations in the production of 
cytokines and chemokines. Also, if the VIP → VPAC1 axis is proinfl ammatory as 
proposed by Yadav et al. [ 126 ], lack of endogenous VIP could indeed be benefi cial 
by impairing leukocyte traffi c. In TNBS wild-type mice, the benefi cial effect of 
exogenous VIP administration could be the result of preferential initiation of the 
anti-infl ammatory VIP → VPAC2 axis in the presence of large amounts of VIP and 
concomitant upregulation of VPAC2 on activated immune cells.    

    VIP: Therapeutic Perspectives 

 Based on its immunosuppressive effect on multiple cellular and molecular targets, 
VIP is a potential therapeutic agent for infl ammatory/autoimmune diseases. 
However, due to issues related primarily to stability and delivery, VIP is presently 
used only in treatment of pulmonary hypertension and sarcoidosis where it is deliv-
ered as an inhalant [ 93 ,  129 ]. Several options for increasing stability, such as amino 
acid substitutions, use of liposomes or of silver-protected nanoparticles for delivery, 
combined treatments with peptidase inhibitors, or serum neuropeptide-binding pro-
teins, are currently under investigation (reviewed in [ 130 ]). In terms of localized 
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VIP expression and release, VIP gene therapy is another option, especially since its 
success in CIA therapy [ 97 ]. Unfortunately, however, this method lacks tissue and 
cell specifi city. Cellular therapy using VIP-transduced DC has the advantage of 
developing tolerogenic DC in vitro with the capacity to induce antigen-specifi c Treg 
in vivo. Although this approach still faces several challenges especially in the iden-
tifi cation of disease-specifi c autoantigens, the potential of generating long-lived 
antigen-specifi c Treg in vivo is a great advantage. 

 Although VIP is a major endogenous neuropeptide in the GI tract, its potential use 
in IBD therapy is presently limited by confl icting data obtained in wild-type versus 
VIP KOs. VIP treatment in TNBS colitis led to attenuated disease [ 58 ,  115 ,  116 ], 
whereas the VIP KOs expected to be highly susceptible were instead resistant to 
TNBS colitis [ 119 ]. This was also true for EAE and for LPS endotoxemia [ 111 ,  128 ]. 
The fact that VPAC1 and VPAC2, the two receptors which bind VIP with equal affi n-
ity, appear to have opposite effects in DSS colitis [ 126 ] might explain the contradic-
tion. Future studies are required to investigate the differential contributions of the 
two receptors and changes in the VPAC1/VPAC2 ratio in different cell types at dif-
ferent disease stages. Meantime, PACAP, the neuropeptide structurally and function-
ally similar to VIP, could represent a better therapeutic target, since PACAP treatment 
proved benefi cial in sepsis and IBD models [ 117 ,  131 ], and as expected, PACAP 
KOs developed exacerbated DSS colitis [ 132 ]. The effect of PACAP defi ciency in 
other models of autoimmune/infl ammatory diseases remains to be determined.     
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    Chapter 6   
  Helicobacter pylori , Experimental Autoimmune 
Encephalomyelitis, and Multiple Sclerosis                     

       Karen     Robinson      ,     Joanna     Stephens      ,     Cris     S.     Constantinescu      , and     Bruno     Gran     

    Abstract      Helicobacter pylori  ( H. pylori ) is a common human pathogen which 
has been implicated in the pathogenesis of peptic ulcer disease and stomach can-
cer.  H. pylori  colonizes the stomach of about half the globe’s population, and its 
decline in the developed world coincided temporally with an increase in autoim-
mune and infl ammatory disease. The hygiene hypothesis or “old friends” hypoth-
esis have been proposed to explain this inverse link. Indeed, while  H. pylori  
affects the innate immune system and induces strong cellular and humoral 
immune responses, it also has developed the ability to induce strong regulatory 
immune mechanisms to allow its persistence; these include, but are not restricted 
to, regulatory T cells (Treg cells). 

 Epidemiological and experimental evidence suggests a protective effect on auto-
immune and infl ammatory conditions including asthma, infl ammatory bowel dis-
ease, and multiple sclerosis. The mechanisms of this protective effect are likely to 
be complex and include Treg cells, other immunoregulatory processes, and other 
host- and  H. pylori -associated factors. Some of these have been explored in studies 
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in the experimental autoimmune encephalomyelitis models and are currently being 
investigated in multiple sclerosis. 

 On the other hand, a positive association has been found between  H. pylori  and 
neuromyelitis optica. 

 This chapter reviews and discusses the immune response to  H. pylori , with 
emphasis with immunoregulatory mechanisms, its pathogenicity-associated genes, 
and the evidence for its effects on neuroinfl ammatory diseases.  

  Keywords      Helicobacter pylori    •   Immunomodulation   •   T cells   •   Dendritic cells 
  •   Multiple sclerosis  

       Helicobacter pylori  

  Helicobacter   pylori  is a very common Gram-negative bacterial pathogen 
(Fig.  6.1 ), which colonizes the gastric mucosa of almost half of all people on the 
planet [ 40 ,  59 ]. The infection is usually acquired in early childhood and persists 
lifelong unless antibiotic treatment is given [ 13 ]. Chronic colonization with  H. 
pylori  is the leading cause of peptic ulceration and gastric adenocarcinoma. Over 
90 % of those with duodenal ulceration and over 70 % of those with gastric ulcer-
ation are infected with  H. pylori  [ 59 ] .  Despite this very strong causal link, these 
outcomes only occur in a small proportion of those infected. The lifetime risk of 
peptic ulceration for those infected is just 10 %, and the risk of developing gastric 
adenocarcinoma is 2–5 % [ 12 ,  105 ,  135 ]. Gastric adenocarcinoma is the fi fth 
most common malignancy [ 36 ] and the third leading cause of cancer-associated 
deaths worldwide [ 40 ].  H. pylori  was classifi ed as a human carcinogen over 20 
years ago [ 78 ] and is the biggest modifi able risk factor for the development of 
gastric adenocarcinoma. The risk is three to six times higher when the infection 

  Fig. 6.1    Electron 
micrograph of a 
negatively stained 
preparation of  H. pylori        
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is present [ 36 ,  40 ,  59 ,  130 ]. Disease is thought to occur due to an interplay of 
many different factors such as virulence factors expressed by the colonizing 
strain, host genetics and nature of the immune response, and environmental fac-
tors (particularly smoking and diet) [ 13 ,  44 ,  58 ,  72 ]. There is also evidence that 
the infection contributes to increased risk and/or severity of a number of extra-
gastric conditions. These include iron defi ciency anaemia, growth retardation in 
children, and some autoimmune conditions including neuromyelitis optica 
(NMO) and idiopathic thrombocytopenic purpura (ITP) [ 147 ,  171 ].

   The prevalence of  H. pylori  around the world has been declining over the last fi ve 
decades, and fewer children are now infected [ 13 ,  18 ]. In many developing coun-
tries,  H. pylori  remains present in over 80 % of the population, whereas in devel-
oped parts of the world, the prevalence is below 20 % overall, and less than 10 % of 
children are infected. A number of factors are thought to contribute to this, includ-
ing common antibiotic use in children [ 105 ,  135 ,  186 ]. Exposure to infectious 
organisms, particularly during childhood, is thought to be important for the devel-
opment of a healthy immune system. This was originally referred to as the “hygiene 
hypothesis” [ 174 ], but it has now been renamed the “old friends hypothesis” with 
realization that modernization diminishes access to many of the necessary immuno-
regulatory exposures [ 149 ]. These include intestinal helminths and gut commensal 
bacteria, ticks, and soil mycobacteria [ 8 ,  106 ,  117 ,  149 ,  150 ,  183 ].  H. pylori  is now 
emerging as an important member of this group. 

 Reduced prevalence of the infection is benefi cial, preventing peptic ulceration 
and gastric cancer; however recent evidence suggests that a lack of exposure to  H. 
pylori  may have adverse consequences .  Over the last 60,000 years, human physiol-
ogy has developed in concert with  H. pylori  in the stomach [ 13 ,  87 ]. Autoimmunity, 
allergy, asthma, infl ammatory bowel disease, and other chronic conditions have 
become more common as the infection has declined [ 77 ,  163 ]. There are multiple 
reports of a correlation between  H. pylori  infection and reduced risk of immune and 
infl ammatory diseases, including autoimmune disorders such as multiple sclerosis, 
systemic lupus erythematosus, rheumatoid arthritis and coeliac disease [ 90 ,  107 , 
 158 ,  171 ], allergic asthma [ 10 ,  25 ], and infl ammatory bowel disease [ 30 ,  151 ]. The 
mechanisms behind many of these associations are thought to involve  H. pylori- 
 mediated immunomodulation [ 10 ].  

    The Immune Response to  H. pylori  

  H. pylori  stimulates a strong host response in vivo ,  which in the fi rst instance 
involves infl ammatory cytokine and chemokine expression by gastric epithelial 
cells. These factors attract the infi ltration of neutrophils, macrophages, dendritic 
cells (DCs), NK cells, and lymphocytes, and a strong antibody is also elicited [ 133 , 
 146 ,  175 ]. The epithelial barrier interacts with both  H. pylori  and the underlying 
immune cells. The level and type of the immune response vary, depending on fac-
tors such as innate recognition of the bacteria and host genetic differences. Genetic 

6 Helicobacter pylori and Multiple Sclerosis



100

polymorphisms, such as those in cytokine and Toll-like receptor genes, infl uence 
the severity of the infl ammatory response, which in turn affects the risk of disease 
development [ 54 ,  103 ]. 

    Innate Immunity and Infl ammation 

 As with the vast majority of infections, initial detection of  H. pylori  occurs via pat-
tern recognition receptors (PRRs). These include Toll-like receptors (TLRs) and 
NOD-like receptors (NLRs), which bind specifi c pathogen-associated molecular 
patterns (PAMPs) such as lipopolysaccharide (LPS), fl agellins, and cell wall pep-
tides [ 169 ].  H. pylori  is unusual as it has evolved mechanisms to minimize PRR 
activation [ 157 ], presumably so that it can maintain persistent colonization of the 
gastric mucosa. For example, its tetra-acetylated LPS is poorly recognized by TLR4 
[ 45 ,  116 ], and the  fl aA  gene contains a mutation which dramatically reduces fl agel-
lin binding to TLR5 [ 7 ]. Despite this,  H. pylori  PAMPs do activate PRRs. TLR2 
appears to be the main receptor for LPS [ 121 ,  170 ], but TLR2 is also activated by 
other components including heat shock protein 60 (HSP60) and  H. pylori  neutrophil- 
activating protein (HP-NAP) [ 169 ]. In addition, interactions of the cytotoxin- 
associated gene pathogenicity island ( cag  PAI)-encoded type IV secretion system 
(T4SS) with host epithelial cells result in NOD1 activation and increased pro- 
infl ammatory gene expression [ 180 ]. This occurs via transfer of soluble peptidogly-
can components into the cytoplasm [ 185 ]. Such interactions generally result in 
increased interleukin 8 (IL-8) expression by epithelial cells and increased IL-6 
secretion from dendritic cells and macrophages. 

 Pro-infl ammatory chemokines and cytokines, such as IL-8, IL-1β, tumour necro-
sis factor alpha (TNFα), IL-6, IL-12, CCL2-5, CCL20, and CXCL1-3, are upregu-
lated in the  H. pylori -infected gastric mucosa, and the expression of homing 
receptors is also increased [ 42 ,  52 ,  134 ,  192 ,  195 ]. This leads to the recruitment of 
immune cells, including neutrophils, macrophages, dendritic cells, NK cells, and 
lymphocytes; however  H. pylori  has multiple immune evasion strategies [ 13 ]. 
Neutrophils and macrophages attempt to control the infection by phagocytosis; 
however  H. pylori  prevents the oxidative burst and can survive intracellularly [ 4 , 
 162 ].  H. pylori- derived arginase also inhibits nitric oxide production [ 67 ]. Both M1 
and M2 macrophages are present in the infected gastric mucosa [ 88 ,  141 ], and 
macrophage- derived cytokines have an important infl uence on the development and 
balance of damaging and immunomodulatory T helper subset responses [ 119 ]. 

 There is a paucity of data on invariant lymphocytic cells (ILCs) and NK cells 
during  H. pylori  infection; however NKT cells are more abundant in the gastric 
mucosa [ 125 ], and increased numbers of NK cells have also been detected in the 
peripheral blood [ 153 ]. The infl ammatory cytokine response of NK cells may be 
modulated by exposure to  H. pylori  [ 154 ]. 

 There are also increased numbers of dendritic cells (DCs) in  H. pylori- infected 
gastric tissue from humans [ 24 ,  129 ] and mice [ 3 ,  50 ]. These are CD11c + , indicating 
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that they are of a myeloid type (mDC) [ 24 ,  83 ,  129 ]. Oertli et al. [ 129 ] showed that 
mucosal DCs tend to be DC-SIGN + , HLA-DR hi , CD80 lo , and CD86 lo  and have a 
semi-mature and tolerogenic phenotype. Reduced numbers of pDCs have been 
found in the peripheral blood of  H. pylori- infected adults with ITP, a disorder 
caused by autoreactive antibodies against platelets, but mDC populations were 
unaffected [ 156 ].  

    Adaptive Immunity 

 Strong IgG and IgA antibody responses are detected in  H. pylori -infected individu-
als [ 191 ], and this may contribute to pathogenesis by triggering autoimmunity. The 
molecular mimicry of host antigens by  H. pylori  elicits an antibody response which 
reacts with human antigens such as the parietal cell H + , K + -ATPase in the gastric 
mucosa [ 46 ]. These autoreactive antibodies are commonly found in the serum of 
infected patients and may be responsible for increasing local infl ammation and tis-
sue damage in the stomach or contribute to extra-gastric autoimmune conditions. 

 The T-cell response to  H. pylori  infection includes both CD4 +  T helper (Th) and 
CD8 +  cytotoxic T cells, but most research has focussed on the Th response. Increased 
numbers of CD8 +  cells are present in the gastric mucosa and peripheral blood of 
infected humans and the stomachs of  H. pylori- infected mice [ 63 ]. These contribute 
to  H. pylori  infl ammation and disease, possibly by expressing cytokines such as 
IL-17 [ 32 ,  178 ]. 

 The main Th subsets induced by  H. pylori  infection are pro-infl ammatory Th17 
and Th1 and anti-infl ammatory regulatory T-cell (Treg) populations [ 5 ,  56 ,  140 , 
 148 ,  165 ]. Increased numbers of these cell types have been found in the gastric 
mucosa and peripheral blood of infected donors [ 42 ,  172 ,  187 ]. Th cells orchestrate 
the nature of the host response, are thought to be an important contributing factor in 
determining  H. pylori -associated disease risk, and have an important impact on  H. 
pylori- mediated protection from immune and infl ammatory diseases. 

 Th1 cells primarily secrete interferon-gamma (IFNγ) and TNFα and induce mac-
rophages to secrete further pro-infl ammatory mediators and have more bactericidal 
activity [ 76 ,  139 ]. Th17 cells secrete IL-17A, IL-17 F, IL-21, and IL-22, and these 
also exert important antibacterial and infl ammatory effects including the expression 
of antimicrobial peptides, stimulation of reactive oxygen and nitrogen species, and 
augmented chemokine expression, leading to neutrophil recruitment (reviewed by 
[ 118 ,  190 ]). In  H. pylori -infected mice, the induction of a Th17 response occurs in 
conjunction with a Th1 response, leading to more severe gastritis [ 133 ,  168 ]. 
Release of the cytokine B-cell activating factor of TNF family (BAFF) from macro-
phages exposed to  H. pylori  plays an important role in the differentiation of Th17 
cells [ 119 ].  H. pylori  may be adapted to direct the immune system away from a 
pro-infl ammatory Th1/Th17 response and towards a predominant anti- infl ammatory 
Treg response in order to allow persistence [ 82 ]. Peptic ulceration is more frequently 
found in those with a reduced Treg response [ 148 ,  166 ]. Tregs may act in a bystander 
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manner by secreting immunosuppressive cytokines such as IL-10 and transforming 
growth factor beta (TGFβ) to modulate infl ammation, or they may act in an antigen- 
specifi c manner via a myriad of mechanisms (reviewed in [ 2 ]).   

      H. pylori- Induced Immunomodulation 

    Immunomodulatory Mechanisms 

  H. pylori  infections are usually established in early childhood [ 51 ], when the 
immune system is developing and there is a bias in favour of immunomodulatory 
responsiveness. The main  H. pylori- mediated mechanism being investigated in the 
research fi eld is the stimulation of Tregs. Increased numbers of Tregs are present in 
the gastric mucosa and peripheral blood of  H. pylori- infected patients [ 42 ,  101 ,  143 , 
 148 ,  187 ]. The infection is well known to protect against allergic asthma in a mouse 
model [ 9 ]. Infected animals had signifi cantly reduced airway hyperresponsiveness, 
with lower levels of allergen-specifi c serum IgE, and pulmonary infi ltration of Th2 
cells, Th17 cells, and eosinophils. The protective effects were strongest in mice that 
had been infected as neonates and were conferred by Treg cells.  H. pylori  induces 
DC differentiation into a tolerogenic type, which promotes the differentiation of 
naive T cells into Tregs [ 57 ,  128 ,  129 ]. 

 In addition, expression of the co-stimulatory molecule B7-H1 is upregulated 
in gastric epithelial cells during  H. pylori  infection. Interaction of T cells with 
this molecule suppresses T-cell activity [ 48 ].  H. pylori  engagement of dendritic 
cell- specifi c intercellular adhesion molecule 3-grabbing non-integrin (DC-SIGN) 
also caused reduced pro-infl ammatory gene expression [ 71 ] and modulation of 
damaging T helper 1 (Th1) subset responses [ 22 ]. It has been shown that oral 
doses of  H. pylori  DNA could substantially reduce the severity of murine colitis 
models [ 75 ,  102 ]. This was accompanied by increased expression of IL-10 and 
reduced expression of IL-17 in the draining lymph nodes and mucosal tissues of 
these mice. These protective effects were also proposed to be mediated through 
dendritic cells. 

 IL-10 and TGFβ are known to be upregulated in the serum and gastric mucosa of 
infected patients, and low levels correlate with increased disease risk. The cellular 
source of these suppressive factors is not restricted to T cells, but also includes gas-
tric epithelial cells, B cells, monocytic cells, and DCs [ 23 ,  61 ,  82 ,  95 ,  188 ].  

     H. pylori  Virulence Factors and Immunomodulatory Molecules 

 A number of pro-infl ammatory molecules, toxins, and adhesins expressed by  H. 
pylori  are known to increase the risk of developing gastroduodenal disease via 
effects on both gastric epithelial cells and immune cells. In addition to their disease- 
contributing effects, some of these factors are also reported to have potent 
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immunomodulatory activity. They could therefore play a role in  H. pylori- mediated 
protection against autoimmune and infl ammatory diseases. 

  Vacuolating Cytotoxin A (VacA)     VacA has multiple effects on epithelial immune 
cells [ 43 ]. This pore-forming toxin permits the passage of anions and small mole-
cules through epithelial cell membranes and generates a great number of vacuoles 
in cultured epithelial cells [ 92 ]. The  vacA  gene is present in almost all  H. pylori  
strains, but is polymorphic with three areas of biologically important variation 
[ 147 ]. The signal region and intermediate region determine cytotoxic activity and 
may be of types s1 or s2 and i1 or i2, respectively. The mid-region determines bind-
ing to host cells and may be either m1 or m2. s1/i1/m1 forms of VacA are the most 
active. Many reports from around the world show strong associations between 
infection with strains expressing more active VacA types and incidence of peptic 
ulcer disease or gastric adenocarcinoma [ 14 ,  15 ,  62 ,  84 ,  110 ,  111 ,  121 ,  144 ,  152 ].  

 VacA also interacts directly with immune cells, and this is thought to have immu-
nomodulatory consequences. Binding to activated human T cells occurs via the β2 
(CD18) integrin receptor subunit [ 167 ]. VacA inhibits the activation and proliferation 
of human B and T lymphocytes [ 182 ]. In Jurkat T cells, VacA inhibits IL-2 production 
and downregulates the expression of IL-2 receptor-α, via inhibition of the nuclear fac-
tor of activated T cells (NFAT), and blockade of calcium infl ux and calcineurin activa-
tion of the IL-2 promoter [ 27 ,  66 ,  160 ]. However, VacA inhibition of proliferation in 
primary human CD4 +  T cells was achieved in an NFAT- and IL-2-independent manner, 
and acid activation of VacA markedly increased its suppressive potency. This suggests 
that VacA interferes with T-cell proliferation via multiple mechanisms [ 176 ]. 

 VacA may also exert immunosuppressive effects via antigen-presenting cells. 
Exposure to VacA results in downregulation of MHC class II, inhibition of DC 
maturation, and a reduced capacity for antigen presentation [ 86 ,  114 ]. Experiments 
in mice have shown that VacA reprogrammes DCs to a more tolerogenic phenotype, 
which induces the differentiation of naive T cells into Tregs. This has been impli-
cated as a mechanism for  H. pylori -mediated protection against asthma and other 
allergic diseases [ 10 ,  128 ,  157 ]. Recent data has shown that these effects may be 
induced via infection or through the administration of purifi ed VacA [ 57 ]. 

  Gamma-Glutamyl Transpeptidase (GGT)     GGT is a potent virulence factor that 
causes damage to the gastric epithelium. It stimulates infl ammatory responses in 
gastric epithelial cells, with activation of the nuclear factor kappa B (NF-κB) tran-
scription factor, and the generation of reactive oxygen species. This is thought to 
lead to DNA damage in the gastric mucosa and thus contribute to carcinogenesis 
[ 31 ,  49 ,  68 ]. GGT is an essential factor for  H. pylori  colonization in mice [ 34 ], most 
likely by enabling the bacteria to use extracellular glutamine and glutathione as a 
source of glutamate [ 145 ]. In addition to its contribution to virulence, GGT also has 
potent immunomodulatory activity [ 161 ]. It suppresses T-cell activation, prolifera-
tion, and cytokine expression during infection, and, in addition to VacA, it plays a 
key role in  H. pylori- mediated protection against allergic asthma in mice [ 128 ]. The 
mechanism behind these effects has recently been shown to involve glutamate 
deprivation of T cells in the gastric mucosa [ 193 ].  
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  Cytotoxin-Associated Pathogenicity Island     The best known virulence determi-
nant of  H. pylori  is encoded by the cytotoxin-associated gene pathogenicity island 
( cag  PAI) [ 180 ].  cag  PAI-positive strains are more commonly associated with peptic 
ulceration and gastric adenocarcinoma [ 137 ]. It encodes components of a type IV 
secretion system (T4SS) which delivers CagA into gastric epithelial cells. Upon 
entry to the cytoplasm, CagA is phosphorylated by Src kinases and activates MAP 
kinase signalling and NF-κB to induce multiple cellular effects [ 127 ]. Cellular inter-
actions with the T4SS pilus by itself also result in activation of NOD1, MAP kinase 
pathways, and the NF-κB and AP-1 transcription factors [ 29 ,  69 ,  89 ]. These cas-
cades stimulate disruption of the cell cycle, increased apoptosis, and infl ammatory 
cytokine and chemokine expression, leading to a greater risk of peptic ulcer disease 
and gastric malignancy [ 16 ,  26 ,  122 ,  123 ,  134 ,  180 ]. Although the  cag  PAI is linked 
to increased infl ammation and disease risk, there are some reports of CagA and 
CagA +  strains having immunomodulatory activity. Stronger IL-10 and Treg 
responses are present in those infected with  cagA + strains [ 74 ,  148 ], and these 
infections also provide stronger protective associations with asthma [ 33 ]. CagA- 
dependent T-cell priming in infected mice is also thought to be important for induc-
ing Treg differentiation [ 85 ]. Additionally, it has been shown that CagA can inhibit 
the mitogen-induced proliferation of human T cells [ 132 ].  

  Outer Infl ammatory Protein A (OipA)     OipA is also thought to be an important 
driver of disease, acting by enhancing mucosal infl ammation [ 194 ,  196 ,  197 ]. A 
recent paper reported that recombinant OipA has a suppressive effect on the matura-
tion of mouse spleen DCs in vitro [ 181 ].  

   H. pylori  Neutrophil-Activating Protein (HP-NAP)     HP-NAP induces the secre-
tion of IL-12 and IL-23 by neutrophils and monocytes, creating an environment 
which drives differentiation of T cells down the Th1 and Th17 pathways. It has been 
shown to modulate Th2 responses in humans and mice [ 5 ,  6 ,  35 ,  47 ]. For example, 
when HP-NAP was administered to mice undergoing allergen sensitization, lung 
eosinophils and serum IgE levels were reduced, and there were lower concentra-
tions of Th2 cytokines in the lung [ 35 ].    

   Multiple Sclerosis and Its Animal Model, Experimental 
Autoimmune Encephalomyelitis 

 Multiple sclerosis (MS) is a chronic immune-mediated infl ammatory and neurode-
generative disease of the central nervous system (CNS), which predominantly affects 
young adults and represents a leading cause of neurological disability in this age 
group. Other age groups are also affected, from childhood to advanced age [ 38 ]. There 
are two main clinical courses of MS, on the basis of whether disease onset is charac-
terized by an acute attack of neurological dysfunction or not. The most common 
form at presentation is relapsing-remitting (RR) MS, manifesting as recurrent attacks 
(relapses) of neurological dysfunction followed by periods of remission. After a vari-
able period of time (typically 10–20 years), this is followed, in about 50 % of patients, 
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by a gradual progression, with or without superimposed relapses, called secondary 
progressive (SP) MS. The other main type of clinical course, observed in approxi-
mately 15 % of patients, is characterized by progressive neurological dysfunction 
from the onset and is called primary progressive (PP) MS [ 100 ]. 

 Neuroinfl ammation in MS can involve any part of the CNS, and the most com-
mon manifestations are sensory, motor, and visual disturbances, bladder and bowel 
dysfunction, and balance problems [ 38 ]. Neuropathic pain and cognitive distur-
bances are also quite common and increasingly recognized. Mild to moderate 
fatigue is also extremely common in MS, and when it is severe, it can be one of the 
most disabling symptoms. Its mechanisms are poorly understood [ 79 ]. 

 The pathogenesis of MS is multifactorial. On the basis of a genetic susceptibility to 
autoimmunity in general and CNS damage more specifi cally, environmental factors are 
thought to trigger damage directed towards CNS myelin [ 80 ,  124 ]. Amongst infectious 
environmental factors, exposure to herpes viruses during adolescence appears to play an 
important role. The strongest epidemiological links are with post- childhood exposure to 
Epstein-Barr virus (EBV; human herpesvirus 4, HHV4) [ 11 ]. Importantly, other infec-
tions, including early exposure to   H. pylori  may exert a protective effect not only against 
MS but also other immune-mediated diseases [ 41 ,  149 ,  179 ]. Noninfectious environmen-
tal factors thought to be involved as MS triggers include smoking and low vitamin D [ 19 ]. 

 The target of the autoimmune response in MS is CNS myelin, which is pro-
duced by oligodendrocytes. Therefore, much study has gone into the identifi cation 
of specifi c myelin protein targets. The most abundant protein components of CNS 
myelin, myelin basic protein (MBP) and proteolipid protein (PLP), are also 
expressed in the peripheral nervous system (PNS), which is not affected by MS, 
and are therefore unlikely to be primary targets of the autoimmune response. 
Myelin oligodendrocyte glycoprotein (MOG), on the other hand, is only expressed 
in the CNS and could be a more important target of immune-mediated damage. It 
is possible that once autoreactivity starts against one protein, it can then spread to 
other antigenic epitopes of the same protein or indeed to other myelin proteins 
[ 124 ,  142 ]. Every cell type of the immune system, serving the cellular and humoral, 
the innate and adaptive immune responses, is involved in the orchestration of the 
infl ammatory demyelinating damage. Although the myelin sheath and the oligo-
dendrocyte are considered the main targets of the pathological process, other neu-
ral cells are affected by MS. For example, it is the secondary damage to the 
demyelinated neuronal axons that correlates most closely with chronic loss of 
brain and spinal cord volume and with the accumulation of irreversible disability 
in MS [ 173 ,  184 ]. Microglia and astrocytes are also affected, displaying both 
 protective and pathogenic features, as reviewed elsewhere [ 104 ,  109 ]. Experimental 
autoimmune encephalomyelitis (EAE), a useful albeit imperfect model of MS [ 39 ], 
has provided evidence for the involvement of adaptive and innate immunity in the 
induction of CNS infl ammatory demyelination [ 138 ], as well as for the impor-
tance of the blood-brain barrier (BBB) in controlling the infl ux of infl ammatory 
molecules (and consequently cells) from the peripheral circulation to the 
CNS. EAE has been criticized for the low rate of translational success of treatment 
from rodent models to human disease. Nevertheless, it has been the source of sig-
nifi cant success in the development of some of the most effective treatments avail-
able for MS. It is discussed more extensively in recent reviews [ 17 ,  177 ].  
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    Links Between  H. pylori  and Neuromyelitis Optica 

 Neuromyelitis optica (NMO) is an immune-mediated disorder of the central nervous 
system (CNS) preferentially affecting the optic nerves and the spinal cord. NMO 
patients tend to have serum IgG antibodies against the astrocyte water channel aquapo-
rin-4 (AQP4), and this is a useful marker for distinguishing NMO from multiple scle-
rosis (MS) [ 20 ,  131 ]. Interestingly, AQP4 is also expressed by gastric acid-secreting 
parietal cells, and a recent study has shown that its expression in the gastric mucosa of 
mice is infl uenced by  H. pylori  infection [ 64 ,  108 ]. Patients with positive AQP4 serol-
ogy and NMO also tend to have antibodies that react with gastric parietal cells [ 81 ]. 

 Several papers have indicated a positive association between  H. pylori  infection 
and NMO. Li et al. [ 93 ] reported that rates of  H. pylori  serology were higher 
amongst AQP4 antibody-positive NMO patients. A second study also determined 
that  H. pylori  was signifi cantly more common amongst NMO patients compared 
with healthy controls [ 98 ]. A further study of 116 Japanese NMO patients and 367 
healthy controls reported that  H. pylori  was signifi cantly more common amongst 
the AQP4 antibody-positive NMO group than the healthy controls. There was no 
difference between the controls and the AQP4 seronegative NMO group, however, 
and it was concluded that  H. pylori  infection is a risk factor for AQP4 antibody- 
positive NMO [ 200 ]. There has recently been a published case report of a patient 
presenting simultaneously with AQP4 seropositive NMO and ITP (an autoimmune 
platelet disorder associated with  H. pylori  infection) [ 112 ]. After eradication of  H. 
pylori , the titre of AQP4 IgG was reduced, platelet counts returned to normal levels, 
and the symptoms resolved almost completely. In a further paper, it was shown that 
the  H. pylori  virulence factor HP-NAP may be associated with pathology and neural 
damage in AQP4 antibody-positive NMO, as there was a signifi cant positive corre-
lation between anti-HP-NAP serology, concentrations of the infl ammatory marker 
myeloperoxidase in serum, and disability scale scores [ 93 ]. These papers all  indicate 
a role for  H. pylori  in NMO. It therefore seems likely this association could be 
driven via induction of an autoreactive antibody response in the gastric mucosa.  

    Links Between  H. pylori  and Multiple Sclerosis 

    Epidemiology 

 Several epidemiological studies (Table  6.1 ) have reported a signifi cantly lower 
prevalence of  H. pylori  infection amongst MS patients [ 41 ,  60 ,  94 ,  113 ,  189 ,  199 ]. 
Two case-control studies found that amongst MS patients, those with  H. pylori  had 
reduced levels of neurological disability [ 94 ,  113 ]. Others have failed to fi nd any 
association between  H. pylori  infection and MS, however, and perhaps this is 
because of differences in the classifi cations of MS and NMO between studies, the 
methods used to determine  H. pylori  status, or small group sizes [ 65 ].

   Factors such as gender, age, and social class have a strong infl uence on  H. pylori  
infection rates, and it is more common in older people, in males, and in those of 
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   Table 6.1    Summary of epidemiological studies on  H. pylori  and multiple sclerosis   

 Evidence for a negative association  Reference 

 Study of 90 Polish MS patients  18.9 %  H. pylori  seropositivity, much lower 
than the general prevalence rate in Poland 

 [ 189 ] 

 105 Japanese MS patients 
(divided into 52 with optico- 
spinal MS (OSMS) and 53 with 
conventional MS (CMS)) and 
85 healthy controls 

  H. pylori  seropositivity was lower in CMS 
patients compared with OSMS ( p  = 0.0019) and 
healthy controls ( p  = 0.018). Patients with CMS 
had a signifi cantly lower disability score if  H. 
pylori  positive ( p  = 0.03) 

 [ 94 ] 

 Case-control study of 163 
Iranian MS patients and 150 
age- and sex-matched healthy 
controls 

  H. pylori  positive serology in 54 % of MS 
patients compared with 73 % of controls 
( p  < 0.001). Signifi cantly reduced scores 
amongst the  H. pylori- infected patients on the 
Expanded Disability Status Scale ( p  = 0.017) 

 [ 113 ] 

 Study of 90 Japanese MS 
patients (none with NMO) and 
177 healthy controls 

 Signifi cantly reduced number of  H. pylori  
seropositive patients amongst the MS group 
( p  = 0.045) 

 [ 199 ] 

 71 MS patients from the UK 
(48 with relapsing-remitting 
MS, 19 with secondary 
progressive MS, and 4 with 
primary progressive MS) and 
42 age- and gender-matched 
healthy controls 

 21 % of MS patients were  H. pylori  
seropositive, compared with 42.9 % of healthy 
controls ( p  = 0.018) 

 [ 41 ] 

 550 Australian MS patients and 
299 age- and gender-matched 
healthy controls 

  H. pylori  seropositivity lower amongst MS 
patients compared to controls, but only 
statistically signifi cant amongst females 
( p  = 0.027).  H. pylori -infected females had 
lower disability scores than the uninfected 
females ( p  = 0.049); however the reverse was 
true amongst the males ( p  = 0.025). No 
association between  H. pylori  status and relapse 
rate 

 [ 60 ] 

  No evidence of an association  
 145 Japanese MS patients and 
367 healthy controls 

 No differences in anti- H. pylori  antibody 
positivity between the groups 

 [ 201 ] 

 135 AQP4 antibody-negative 
Japanese MS patients (52 with 
OSMS and 85 with CMS) and 
85 healthy controls 

 No signifi cant difference in  H. pylori  
seropositivity between the groups 

 [ 93 ] 

  Evidence for a positive association  
 29 MS patients and 25 anaemic 
controls 

 Signifi cantly increased proportion of  H. 
pylori- infected patients amongst the MS group 
( p  = 0.007) 

 [ 65 ] 
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lower socioeconomic status [ 105 ]. In contrast, MS is more common in females of a 
higher socioeconomic status [ 115 ]. The recently published study by Fabis Pedrini 
et al. [ 60 ] was based on large groups of MS patients and age- and gender-matched 
healthy controls. They found that  H. pylori  seropositivity was lower amongst the 
MS patients; however this was only statistically signifi cant amongst the females.  H. 
pylori -infected female MS patients had lower disability scores than the uninfected 
female MS patients, but surprisingly the reverse was true amongst the males. 
Differences in the type of MS also have an impact on studies aiming to identify 
associations with  H. pylori  status. Li et al. [ 94 ] found that  H. pylori  seropositivity 
was lower amongst conventional MS (CMS) patients compared to those with optico- 
spinal MS (OSMS), which is a variant of MS with similar clinical features to NMO 
and common in Asian populations. This illustrates the need for studies to be care-
fully controlled for confounding infl uences and bias. 

 To date, there is little mechanistic evidence of  H. pylori- mediated protection 
against MS, and it is possible that presence of the infection could merely be a marker 
for other co-exposures which actually drive the protective effects .  Unfortunately as 
yet there have been no published case studies on the effects of  H. pylori  eradication 
therapy in MS patients; however such combinations of antibiotics would also have 
an impact on the entire bacterial microfl ora. This would make it diffi cult to assess 
the role of  H. pylori  in particular. It would be helpful if it could be shown, as in 
asthma research, that associations are stronger in people infected with a particular 
subset of  H. pylori  strain types [ 33 ]. The best way to prove whether  H. pylori  is 
protective against MS would be to administer the infection or its components to 
patients. It has only recently become possible to deliberately infect healthy volun-
teers with  H. pylori , and adverse effects were observed [ 1 ,  70 ]. This makes it an 
unlikely strategy to inhibit the development of MS or reduce disease progression. 
One article has called for the development of  H. pylori  nanoparticles as a treatment 
for MS [ 136 ]. This could be a useful alternative, especially if the protective bacterial 
components can be identifi ed. Many of the protective effects attributed to  H. pylori  
could require infection from an early age or even throughout life. This also compli-
cates strategies to understand the mechanisms and harness them for therapies.  

    Experiments with Animal Models 

 Only one animal study on  H. pylori  and its impact on a model of MS has been 
reported so far. Our group showed that prior  H. pylori  infection of mice inhibited the 
severity of experimental autoimmune encephalomyelitis (EAE) [ 41 ]. This is the 
most commonly used model for human MS [ 39 ]. EAE was induced by immuniza-
tion with the myelin oligodendrocyte glycoprotein (MOG) peptide MOG 35–55  in a 
strong adjuvant formulation, leading to an autoimmune response that mimics MS 
[ 39 ,  177 ]. It has been shown that injection of mice with heat killed  H. pylori  bacte-
ria, and Freund’s incomplete adjuvant, however, was not suffi cient to trigger EAE 
[ 28 ]. Over three independent EAE experiments, we found that there were 
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signifi cantly reduced clinical scores in mice previously infected with  H. pylori,  
compared to groups that were administered placebo doses. The average maximal 
scores were also lower; however there was no delay in the onset of EAE [ 41 ]. Effects 
of the infection on the severity of EAE were therefore only moderate, especially 
when this is compared to other bacterial treatments such as daily administration of 
the  Bacteroides fragilis  PSA (polysaccharide) which protected against the develop-
ment of EAE [ 126 ]. The impact of  H. pylori  on the T-cell responses in EAE mice, 
however, was very marked. 

 Firstly, MOG peptide-specifi c proliferation of splenic T cell from infected EAE 
mice was signifi cantly reduced by threefold in comparison with cells from unin-
fected EAE mice [ 41 ]. Similar fi ndings were shown in the response of spleen cells 
to polyclonal T-cell activation. Since EAE is characterized by infi ltration of CD4 +  
and CD8 +  cells into the CNS [ 120 ], at the peak in EAE severity, we also investigated 
whether there were differences in the size of these populations in the spinal cords of 
 H. pylori -infected and  H. pylori -uninfected mice [ 41 ]. The populations were indeed 
reduced, by 4.5-fold and 2.5-fold, respectively, and we consider that this is probably 
responsible for the difference in EAE clinical scores. Both CD4 +  and CD8 +  cells 
play an important role in EAE and MS. CD8 +  cells cause infl ammatory lesions in 
the optic nerve, brain, and spinal cord, with focal loss of oligodendrocytes and axo-
nal damage [ 159 ]. 

 We then went on to investigate differences in the frequencies of Th1 and Th17 
cells in the CNS, hypothesizing that these would also be reduced since they play a 
major role in EAE pathogenesis [ 99 ]. The proportion of Th1 cells (identifi ed as 
T-bet +  and IFNγ + ) amongst the CD4 +  population in the infected EAE mice was half 
that of the uninfected EAE group. There were similar reductions in Th17 cells 
(RORγt +  and IL-17 + ). Differences in Th1 and Th17 populations in the spleen were 
much larger, however. Th1 cells were reduced by 31-fold in infected EAE mice and 
Th17 cells by 11-fold. 

 The balance between Th1/Th17 and Treg subsets is important in MS develop-
ment and progression [ 53 ,  164 ]. Because of this and the wealth of data on  H. pylori- 
 mediated immunomodulation (see section “  H. pylori -Induced Immunomodulation ” 
above), we therefore hypothesized that there would be increased frequencies of 
Foxp3 +  CD4 +  cells in infected EAE mice. Surprisingly no differences were observed, 
either in the spinal cord or the spleen. Unfortunately because we limited our quan-
tifi cation of Tregs to Foxp3 +  cells, we must now begin to examine other Treg and 
immunomodulatory cell populations. The most likely mechanism of protection is 
via IL-10, since  H. pylori- induced Tregs tend to act by secretion of this suppressive 
factor [ 10 ,  148 ]. It has recently been shown that a subset of FoxA1 + , Foxp3 −  Tregs 
are protective against EAE. This IFNβ-responsive cell type is present in MS patients 
and has an impact on the effectiveness of IFNβ therapy [ 97 ]. It is as yet unknown 
whether these cells are infl uenced by  H. pylori  infection status. 

 Another possibility is that the infection may inhibit EAE by altering the expres-
sion of chemokine receptors and integrins by T effector or regulatory T cells, lead-
ing to reduced numbers of T cells entering the CNS. We have previously reported 
that  H. pylori  infection results in increased numbers of human peripheral blood 
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Tregs expressing the chemokine receptor CCR6 and that there are high concentra-
tions of CCL20 (the ligand for CCR6) in the infected gastric mucosa [ 42 ]. CCR6 is 
also thought to play an important role in moderating the balance between Tregs and 
Th17 cells [ 37 ], and it has an impact on EAE [ 55 ,  96 ]. It is therefore possible that 
the traffi cking of CCR6 +  cells is diverted to the infl amed stomach. The peak of EAE 
severity correlates with DC recruitment to the CNS [ 155 ]. Since  H. pylori  infection 
reduced the peak EAE clinical scores, the involvement of DCs in protection should 
also be investigated in the future. 

  H. pylori  may merely be acting as a marker for other protective co-exposures and 
infections. Evidence using the Mongolian gerbil infection model has shown that  H. 
pylori  infection alters the microbiota of the gastrointestinal tract [ 73 ,  198 ]. Since the 
gut microbiota is known to have an impact on EAE [ 21 ,  91 ], it is possible that the 
protective effects of  H. pylori  are not mediated directly.   

    Conclusions 

 Epidemiological and serological evidence points to an inverse association between 
 H. pylori  infection and MS. This is supported by studies in the experimental model, 
EAE, in which exposure to  H. pylori  reduces the severity of the autoimmune T cell- 
mediated central nervous system infl ammation, with a reduction in the production 
of pro-infl ammatory cytokines. The exact mechanisms of this protection are unclear 
and are currently being investigated, but, based on evidence from previous studies, 
immunoregulatory networks activated by the infection with  H. pylori  are likely to 
play an important role. On the other hand,  H. pylori  may show a positive association 
with another neuroinfl ammatory disease, NMO. This refl ects the distinct underlying 
immunopathological mechanisms of MS and NMO. The further elucidation of the 
role of  H. pylori  in the pathogenesis of neuroinfl ammatory diseases is likely to 
improve our insight both into the potential for immunomodulatory strategies of 
these diseases and into the complex effects of  H. pylori  on the immune system.     
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    Chapter 7   
 Stress and the Gastrointestinal System                     

       Bruno     Bonaz     

    Abstract     Stress was characterized by Hans Selye, in 1936, as the “stereotyped 
biological response to any demand.” Corticotrophin-releasing factor (CRF) and its 
related peptides urocortins (Ucns 1,2,3) are the mediators of stress. They are present 
both in the central nervous system and in the gastrointestinal (GI) tract where they 
exert their biological actions on target cells through activation of two receptors, 
CRF1 and CRF2. Stress is able to modulate numerous functions of the GI tract such 
as motility, secretion, permeability, sensitivity, and microbiota. Classically, stress 
delays gastric emptying while stimulating colonic transit and secretion, increases 
intestinal permeability and visceral sensitivity, and modifi es intestinal microbiota. 
Through these various effects at the level of the GI tract, stress is involved in the 
pathophysiology of irritable bowel syndrome (IBS), a functional digestive disorder, 
as well as infl ammatory bowel disease (IBD), Crohn’s disease, and ulcerative coli-
tis. Targeting these CRF1/CRF2 signaling pathways by selective antagonists/ago-
nists should be of clinical interest in the domain of IBS and IBD.  

  Keywords     Autonomic nervous system   •   Corticotrophin-releasing factor
   •   Gastrointestinal   •   Hypothalamus   •   Infl ammatory bowel disease   •   Irritable bowel 
syndrome   •   Stress   •   Sympathetic nervous system   •   Urocortins   •   Vagus nerve  

      Stress-Defi nition 

 In 1936, Hans Selye defi ned the concept of stress as the “stereotyped biological 
response to any demand” [ 168 ] and elaborated the concept of the general adaptation 
syndrome. Later, the hypothalamic factor named corticotrophin-releasing factor 
(CRF) which stimulates ACTH release by the rat pituitary was discovered [ 77 ], posi-
tioning the hypothalamic–pituitary adrenal (HPA) axis as a key element in this con-
cept. In 1981, Vale and his group [ 196 ] identifi ed the 41-aa peptide CRF characterized 
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from ovine hypothalami and later the cloning of CRF receptors and the development 
of specifi c CRF receptor antagonists [ 157 ]. In 2003, McEwen and Wingfi eld [ 121 ] 
defi ned the concept of allostasis as a process through which organisms actively 
adjust to both predictable and unpredictable events with allostatic overload being the 
cause of serious pathophysiology.  

    History of Stress Infl uence on Gut Functions and Diseases 

 In 1833, William Beaumont [ 15 ], a US Army surgeon, was the fi rst to describe the 
infl uence of fear and anger on gastric acid secretion of his patient Alexis St. Martin, 
a Canadian trapper with a permanent gastric fi stula caused by a musket shot. In 
1902, Walter Cannon [ 42 ] observed gastrointestinal (GI) motility disturbances in 
the cat faced with an aggressive dog. Numerous other stress models have confi rmed 
the effect of stress on GI motility in rodents [ 185 ]. Nowadays, the effect of psycho-
logical, physical, and immunological stressors on GI secretion, motility, epithelial 
permeability, visceral sensitivity, microbiota, and infl ammation is clearly demon-
strated, and stress has a major infl uence in irritable bowel syndrome (IBS) and most 
likely plays a role in infl ammatory bowel disease (IBD). The circuitries and bio-
chemical coding, particularly CRF and its receptors, involved in the stress response 
have been characterized through  (i)  the use of the immediate early gene  c-fos , a 
marker of neuronal activation, and its relation to the autonomic regulation of gut 
functions [ 33 ] and  (ii)  its combination with the identifi cation of neuromediators 
activated by stress models and  (iii)  the use of CRF-overexpressing as well as knock-
out animals. 

 The present review will describe fi rst the state of knowledge on the distribution 
of the CRFergic system including CRF and its related peptides urocortins (Ucns), 
and their CRF receptors, in the brain and in the GI tract and the effects and mecha-
nisms of stress on gastrointestinal motility, secretion, permeability, visceral sensitiv-
ity, and microbiota. Lastly, the implication of stress in the pathophysiology of IBS 
and IBD [Crohn’s disease (CD) and ulcerative colitis (UC)] will be highlighted.  

    Mechanisms of Stress 

    Stress Peptides and Their Receptors 

    CRF and CRF-Related Peptides (Fig.  7.1 ) 

    CRF is a member of a family of mammalian CRF-related peptides including Ucn 1, 
Ucn 2 (known as stresscopin-related peptide), and Ucn 3 (known as stresscopin) [ 12 ] 
with 40, 38, and 38 aa in length, respectively. During stress, CRF is released from 
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the hypothalamus and is vehiculated through a portal venous network to the anterior 
pituitary where it triggers the release of ACTH which stimulates the release of corti-
sol, the stress steroid, by the adrenal glands, i.e., the HPA axis (Fig.  7.2 ). CRF also 
acts directly in the central nervous system (CNS) as a neurotransmitter and neuro-
modulator through the projections of CRF-containing neurons to areas of the central 
autonomic network that controls the central response to stress. The intracerebral 
injection of CRF mimics behavioral (anxiety/depression, alterations of feeding), 
autonomic (sympathetic and sacral parasympathetic activation, vagal inhibition), 
immune, metabolic, and visceral responses induced by various systemic or cognitive 
stressors [ 12 ,  188 ]. The hypothalamic peptide arginine–vasopressin (AVP) acts in 
synergy with CRF to stimulate ACTH secretion in acute stress conditions, while a 
habituation of the hypothalamic CRF is observed in chronic stress conditions where 
AVP takes over from CRF [ 31 ].

CRF

Antisauvagine-30
Astressin2-B

CP-154, 526
Antalarmin
NBI 27914
NBI 35965
NBI 30775/R121919
DPM696
CRA 1000
SN003
SSR125543A

Urocortin 1 Urocortin 2 Urocortin 3

Plasma membrane

CRF1a CRF2a’ CRF2b’ or CRF2c

α-Helical CRF(9–41)
D-Phe12

Astressin
Astressin-B

  Fig. 7.1    The CRF peptide family and its receptors and receptor antagonists (With permission 
from Taché and Bonaz [ 185 ]).  CRF  corticotrophin-releasing factor       
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  Fig. 7.2    The hypothalamic–pituitary–adrenal axis and the autonomic nervous system (With per-
mission from Bonaz and Bernstein [ 27 ])).  ACTH  adrenocorticotropic hormone,  AP  area postrema, 
 CRF  corticotrophin-releasing factor,  DMN  dorsal motor nucleus of the vagus nerve,  EN  epineph-
rine,  GC  glucocorticoids,  HPA  hypothalamic–pituitary adrenal axis,  LC  locus coeruleus,  LPS  lipo-
polysaccharides,  NE  norepinephrine,  PVN  paraventricular nucleus of the hypothalamus, 
 RVM  rostral ventrolateral medulla       
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       CRF Receptors 

 CRF and Ucns exert their biological actions on target cells through activation of two 
receptors, CRF1 (415 aa) and CRF2 (411 aa), that belong to the B1 class subfamily 
of 7-transmembrane domain G protein-coupled receptors and are encoded by two 
distinct genes [ 83 ]. 

  CRF1a , the main functional variant of CRF1, is greatly expressed in the brain and 
some peripheral tissues in mammals [ 83 ]. Alternative splicing of the primary tran-
script encoding CRF1 can lead to other variants ( n  = 8), named CRF1b–i, all of which 
display impaired signaling [ 83 ]. The functional signifi cance of these other transcripts 
is still poorly characterized. Selective peptide CRF1 agonists (cortagine and stressin1-
A) have been developed [ 155 ]. Three functional  CRF2  variants (2a,b,c) have been 
identifi ed in humans [ 83 ], whereas only 2a and 2b are expressed in other mammals. 

 CRF1 and CRF2 have distinct affi nities for the CRF family of peptides [ 12 ,  83 ]. 
CRF has a higher (10- to 40-fold) affi nity for CRF1 than for CRF2. Ucn 1 binds 
CRF2 with a greater (100-fold) affi nity than CRF and CRF1 with greater (sixfold) 
affi nity than CRF. Ucns 2 and 3 exhibit high selectivity only for CRF2, with a 
slightly higher affi nity for CRF2b  versus  CRF2a. CRF2a, CRF2b, and CRF2c are 
almost identical with high affi nity for Ucn 1, Ucn 2, and Ucn 3 and lower affi nity 
for rat/human CRF. In non-primate mammals, CRF2a is expressed only by neurons 
and CRF2b mainly in the periphery and by nonneuronal cells of the brain, whereas 
CRF2c is found only in the amygdala of the human brain. The binding of CRF fam-
ily peptides to their receptors has been characterized [ 83 ]. The long N-terminal 
extracellular domain of CRF receptors primarily interacts with the C-terminal resi-
dues of CRF, and the N-terminal residues of CRF interact with the transmembrane 
region of the receptor, resulting in conformational changes that enable G protein 
activation. Stimulation of CRF1a, CRF2a, and CRF2b activates adenylyl cyclase/
cAMP–protein kinase A signaling pathways through coupling and activation of Gαs 
proteins. CRF receptors modulate various kinases, including phosphokinases A, B, 
and C, and can phosphorylate and activate mitogen-activated protein kinase 
(MAPK), particularly the ERK1/2 and p38/MAPK pathways. CRF receptors also 
stimulate transient calcium mobilization in certain cell types by phospholipase C 
activation  in vitro  and PKC activation  in vivo . 

  CRF receptor antagonists  have been developed to characterize the functions of 
CRF receptors in the behavioral (anxiety, decreased feeding, and drug seeking), 
cognitive (arousal and anxiety), neuroendocrine (ACTH release), autonomic (acti-
vation of the sympathetic nervous system), immunological, and visceral (hyperten-
sion and alterations in gut motor function) responses to stress [ 50 ]. α-helical 
CRF9–41 was the fi rst CRF receptor antagonist [ 157 ] followed by subsequent CRF 
antagonists such as d-Phe12CRF12–41 and astressin. Astressin-B was developed 
later, as the most effi cacious and still effective 24 h after a single peripheral injec-
tion [ 158 ]. Peripheral administration of these peptide antagonists has a poor pene-
trance into the brain and could thus be used to selectively block physiological 
processes of the GI tract. Selective CRF2 peptide antagonists, binding equally to 
CRF2a, b, and c with little or no affi nity for CRF1 receptors, have been developed 
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[ 156 ] such as antisauvagine-30 and the long-acting analog astressin2-B.  Non- peptide 
selective CRF1 antagonists that cross the blood–brain barrier depending on their 
lipophilicity have been developed, e.g., CP-154,526, antalarmin, NBI 30775, and 
NBI 35965 [ 50 ]. The activation of the brain CRF/CRF1 signaling pathway plays a 
major role in the coordination of many physiological responses to adaptive stress 
through the activation of the HPA axis, autonomic nervous system (ANS), and 
changes in cardiovascular, GI, and immune functions in rodents and primates [ 80 , 
 115 ]. The abnormal increase of central CRF1 signaling could contribute to the 
pathogenesis of anxiety and depression as well as to IBS [ 11 ,  80 ,  161 ]. CRF2 recep-
tors in the brain dampen and/or facilitate the proper recovery of the CRF1-initiated 
behavioral, endocrine, and visceral responses to stress [ 154 ] and have a primary role 
in the anorexic response to exogenous administration of CRF and Ucns [ 177 ]. CRF- 
binding protein (332-aa) isolated in different species functions as an endogenous 
antagonist by sequestrating CRF ligands, thus modulating the access of CRF and 
related peptides to CRF receptors [ 16 ].   

    Expression of the CRFergic System in the Central Nervous 
System and the Gastrointestinal Tract 

  In the brain , these peptides are expressed in distinct regions. CRF is essentially 
expressed by the neurons of the parvocellular part of the paraventricular nucleus of 
the hypothalamus (PVH) involved in the activation of the HPA axis, in the prefrontal 
and cingulate cortices which mediate behavioral and cognitive components of stress, 
as well as in the central nucleus of the amygdala (CeA) [ 182 ], a limbic structure 
involved in the processing of emotion [ 29 ]. CRF is also present in the Barrington’s 
nucleus, which is located adjacent to the locus coeruleus (LC) and regulates the 
sacral parasympathetic nucleus and thus the autonomic control of the rectum, left 
colon, and bladder [ 199 ]. CRF is also found in the hippocampus, bed nucleus of the 
stria terminalis, nucleus accumbens, several thalamic areas, substantia nigra, raphe, 
periaqueductal gray, cerebellum, and spinal cord. 

 Ucn 1 neurons are mainly localized in the Edinger–Westphal nucleus (EWN) and 
lateral superior olive of the pons in rodents, humans, and nonhuman primates and at 
a lesser extent in the olfactory bulb, supraoptic nucleus (SON), ventromedial and 
magnocellular regions of the PVH, lateral hypothalamic area, several cranial nerve 
motor nuclei, and in neurons of the ventral horn of the spinal cord in experimental 
animals and humans [ 25 ,  97 ]. In the rat, the highest density of Ucn 1 immunoreac-
tive fi bers is found in the lateral septum, with more moderate levels in the SON, 
PVH, periaqueductal gray, EWN, dorsal raphe, nucleus of the solitary tract (NTS), 
parabrachial nucleus, substantia nigra, and interpeduncular nucleus, as well as 
throughout the length of the spinal cord. The only Ucn 1 projections are those from 
the EWN to the spinal cord and lateral septum. There is little neuroanatomical over-
lap between the brain distribution of CRF and Ucn 1. 

 Ucn 2 mRNA is expressed in the PVH, SON, and arcuate nucleus of the hypo-
thalamus and in the LC as well as in several cranial nerve motor nuclei and the 
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ventral horn of the spinal cord [ 113 ,  152 ]. The neuroanatomical distribution of Ucn 
2-containing fi bers has not been characterized. 

 The distribution of Ucn 3 in the brain differs from that of CRF and Ucn 1 and Ucn 
2. Ucn 3 is essentially located in the median preoptic nucleus, perifornical area between 
the fornix and the PVH, dorsal division of the medial amygdaloid nucleus, and superior 
paraolivary nucleus [ 107 ,  113 ]. Major Ucn 3 terminal fi elds are found in the forebrain, 
including the amygdala, the lateral septum, and the ventromedial hypothalamus. 

 CRF and Ucn 1 and Ucn 2 are localized in several stress-related nuclei involved 
in the modulation of GI functions and the integration of afferent signals from vis-
ceral origin, such as the PVH, SON, Barrington nucleus, and LC. 

 CRF ligands and receptors are also expressed in the  GI tract  in animals and 
humans where they can act directly on the gut in a paracrine or autocrine manner, 
thus supporting a role for peripheral CRF and/or Ucns in the modulation of GI func-
tions [ 38 ,  47 ,  48 ,  143 ,  144 ,  178 ]. 

  CRF  is present in guinea pig cecal smooth muscle cells and in epithelial and 
submucosal immune cells of the GI tract as well as in epithelial cells of the colonic 
mucosa including endocrine (enterochromaffi n) cells, in the myenteric and submu-
cosal plexuses along the GI tract. Numerous CRF-containing nerve terminals 
reached the circular smooth muscle layer and submucosal arterioles.  Ucn 1  has been 
described in the rat duodenum and in human gastric tissue, in parietal cells and oth-
ers, as well as in the human colonic mucosa and in the submucosal and myenteric 
plexuses along the small intestine and colon of the rat.  Ucn 2  is mainly distributed 
in the stomach, while low levels are observed in the small intestine and colon. In 
contrast, Ucn 3 is highly expressed in the gut, mainly in the stomach, small intestine, 
and colon, but not in the ileocecal region, cecum, and esophagus. 

  CRF receptors : CRF1 is present in the rat colon in goblet and stem cells of the 
crypts as well as on surface epithelial cells, lamina propria, and preferentially in the 
myenteric nervous plexus. CRF1 and CRF2 are expressed in the lamina propria of 
the human colon [ 133 ], particularly at the level of the colonic myenteric plexus 
[ 125 ]. CRF2a mRNA is expressed in human colonic epithelial HT-29 cells, with 
little expression of the b and c splice variants [ 95 ]. CRF2 receptors are highly 
expressed in the rat upper gut, including the esophagus and stomach.  

    Neuroanatomy of the Brain–Gut Axis (Figs.  7.2  and  7.3 ) 

    The CNS and the gut communicate bidirectionally through the  ANS  (i.e., the brain–
gut axis) and the circumventricular organs. The gut contains a “little brain,” i.e., the 
enteric nervous system (ENS), which contains as many as neurons as in the spinal 
cord (400–600 million) and can function independently of the CNS for the program-
ming of motility and secretion [ 66 ]. Some neuropeptides and receptors are present in 
both the ENS and the CNS. The function of the GI tract is modulated by both the 
ENS and the ANS which is composed of the sympathetic (i.e., the splanchnic nerves) 
and parasympathetic nervous system, i.e., the vagus nerves (VN), the largest visceral 
sensory nerve in the body, and the sacral parasympathetic nucleus represented by the 
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pelvic nerves, which are mixed systems. The VN contains 80–90 % of afferent fi bers 
carrying information from the abdominal organs to the brain [ 4 ] with the exception of 
pelvic viscera for which information is transmitted to the sacral (S2–S4) spinal cord 
by the pelvic nerves with central projections similar to other spinal visceral afferents. 
The VN carries mainly mechanoreceptor and chemosensory information of the gut. 
Vagal afferents do not encode painful stimuli but are able to modulate nociceptive 
processing in the spinal cord and the brain [ 149 ]. The VN is described as the sixth 
sense based on how sensory vagal information is processed in the CNS [ 210 ]. The 
sympathetic nerves contain 50 % afferent fi bers. Visceral afferents that enter via spi-
nal nerves (i.e., splanchnic and pelvic nerves), at thoracic fi ve–lumbar two segments 
of the spinal cord, carry information concerning temperature as well as nociceptive 
visceral inputs related to mechanical, chemical, or thermal stimulation through C and 
Aδ afferents, which will reach conscious perception. The afferent information of the 
ANS reaches the CNS at both the spinal cord, for the splanchnic nerves, and the NTS 
in the dorsal medulla, and sacral parasympathetic (S2–S4) for the VN and pelvic 
nerves, respectively. At the level of the spinal cord, sympathetic afferents are inte-
grated at the level of laminae I, II outer, V, VII (indirectly), and X, and the information 
is then projected to the upper level through the spinothalamic and spinoreticular 
tracts, the dorsal column with projection to the thalamus (ventral posterolateral 
nucleus, intralaminar nucleus) and the cerebral cortex (insular, anterior cingulate, 
dorsolateral prefrontal cortex, etc.). At the level of the NTS, vagal afferent informa-
tion is integrated according to a visceral somatotopy in subnuclei (e.g., medial, 
commissural, gelatinosus) [ 3 ] then projecting to the parabrachial nucleus, in the pons, 
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  Fig. 7.3    Regions where the activation of CRF receptors infl uences gastric and colonic motor 
functions through neural pathways innervating the gut (With permission from Taché 
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according to a viscerotopic organization, which in turn sends projections to numerous 
structures in the brainstem, hypothalamus, basal forebrain, thalamus, and cerebral 
cortex [ 65 ]. Among the cerebral cortex, the insular cortex acts as a visceral (e.g., GI) 
cortex through an NTS–parabrachial–thalamocortical pathway according to a vis-
cerotopic map. The insular cortex has connections with the limbic system (bed 
nucleus of the stria terminalis and CeA) and with the lateral frontal cortical system 
[ 165 ]. The NTS also sends projections to the ventrolateral medulla, the parvocellular 
part of the PVH, and the amygdala/bed nucleus of the stria terminalis contributing to 
visceral perception. The NTS receives convergent afferents from both the spinal cord 
(i.e., laminae I, V, VII, and X) and the VN; some of these afferents can be at the origin 
of autonomic refl ex responses. This convergence is also observed at the level of the 
parabrachial nucleus and ventrolateral medulla [ 164 ], thus arguing for a relationship 
of pain with visceral sensations. The dorsal vagal complex (DVC), located in the 
brainstem, in the fl oor of the fourth ventricle, and the PVH are the best candidates for 
the action of stress and CRF/Ucns in the brain. The DVC is composed of the NTS, the 
dorsal motor nucleus of the VN (DMNV), which contains the perikarya of efferent 
vagal preganglionic neurons, and area postrema (AP), which is a circumventricular 
organ lying dorsally in the middle third of the rostrocaudal extent of the DVC. The 
PVH and DVC, as well as limbic structures, contain neurons bearing CRF2a [ 24 ] and 
are known to infl uence autonomic nervous outfl ow. The messages coming from the 
gut are integrated in the central autonomic nervous system which contains brain 
regions involved in the autonomic, endocrine, motor, and behavioral responses [ 164 ]. 
This brain network can be divided into executive structures, mainly hypothalamic, 
and coordinating structures, mainly included in the limbic system, and high level 
control structures, mainly the frontal cortex. The LC and the Barrington nucleus are 
also important parts of this network. The LC, the largest group of noradrenergic neu-
rons located in the pons, mediates emotional arousal, autonomic, and behavioral 
responses to stress and attention-related processes through its dense projections to 
most areas of the cerebral cortex [ 60 ]. The Barrington nucleus is ventrolaterally 
located to the LC and projects to the sacral parasympathetic nucleus to increase the 
motility of the distal recto-colon through an LC-Barrington nucleus interaction [ 198 ]. 
The central autonomic nervous system, in turn, adapts the response of the digestive 
tract through the efferent ANS (the VNs, the sacral parasympathetic pelvic nerves, 
and the splanchnic nerves) through refl ex loops which are essentially unconscious or 
become conscious in pathological conditions. Descending pathways that control 
somatic as well as visceral pain by modulating at the spinal cord-level visceral infor-
mations have been described. These pathways are both inhibitory, thus producing 
analgesia as represented by projections from the periaqueductal gray to the rostroven-
tral medulla and LC descending fi bers to the spinal cord, and facilitatory producing 
hyperalgesia (rostroventral medulla and OFF and ON cells) [ 195 ]. Many of the 
regions of the CNS that we have described above contain the CRFergic system. 
Among them, the PVH, Barrington’s nucleus/LC, and amygdala are well positioned 
to participate in the reciprocal brain–gut interactions as it pertains to sensory infor-
mation from the colon and refl ex behavioral and autonomic responses to the viscera. 

  The circumventricular organs  are highly vascularized structures with fenestrated 
capillaries located around the third and fourth ventricles and characterized by the 
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lack of a blood–brain barrier; they represent points of communication between the 
blood, the brain, and the cerebrospinal fl uid [ 17 ]. They are represented by the sub-
fornical organ, median eminence, pineal gland, area postrema, and organum vascu-
losum of the lamina terminalis. They are involved in sodium and water balance, 
cardiovascular regulation, metabolic and energetic balance, immune function, regu-
lation of body temperature, vomiting, and reproduction.   

    Stress Effect on Gastrointestinal Functions 

    Motility and Secretion (Fig.  7.3 ) 

 Acute stress is currently known to delay gastric emptying and small bowel transit 
while increasing colonic motility in experimental animals as well as in healthy 
humans [ 185 ,  188 ]. The effects of stress on gastric emptying are reproduced by cen-
tral (intracerebroventricular or intracisternal) injections of CRF or Ucns, mainly per-
formed in rodents and dogs, and are prevented by central (intracerebroventricular or 
intracisternal) injection of either nonselective CRF1/CRF2 antagonists (α-helical 
CRF9 − 41, d-Phe12CRF12 − 41, astressin, astressin-B) or selective CRF2 antagonist 
(astressin2-B), while selective CRF1 antagonists (CP-154,526, antalarmin, NBI 
27914) have no effect, thus arguing that CRF and Ucns act primarily through interac-
tion with CRF2 receptors [ 185 ]. In contrast to gastric motor function, few data are 
available about the effects of stress on small intestinal motility, the role of brain CRF/
urocortins and their receptors being often studied in parallel with those observed in 
the stomach. Central injection of CRF and Ucn 1 induces inhibition of duodenal, 
small intestinal transit, and propulsive motility in rats and dogs [ 39 ,  93 ]. Central 
injection of CRF1 preferential agonists such as ovine CRF, rat/human CRF, and Ucn 
1 induces increase in colonic transit and defecation [ 33 ]. Central injection of Ucn 2 
and 3, selective CRF2 agonists, is ineffective in mice at a dose similar to that of CRF 
[ 116 ], while this effect is blocked by central administration of either nonselective 
CRF1/CRF2 receptor antagonists or selective CRF1 antagonists [ 33 ,  115 ]. In addi-
tion, central or peripheral injection of a selective CRF1 antagonist reduces stress-
induced increase of colonic transit time. CRF1 invalidated mice have signifi cantly 
less defecation in an open fi eld test than their wild-type littermates [ 13 ,  115 ,  188 ]. 
Central injection of a selective CRF2 antagonist (astressin2-B), at a dose which inhib-
its the CRF2-induced delay in gastric emptying, is not able to reverse the increase in 
colonic transit following central injection of CRF in rodents [ 188 ], thus confi rming 
that CRF1 is the receptor involved in stress-induced colonic motility disturbances. 

 Numerous data have established the involvement of peripheral CRF signaling in 
the modulation of secretory function under stress conditions via activation of both 
CRF1 and CRF2 receptors and activation of cholinergic enteric neurons, mast cells, 
and possibly serotonergic pathways [ 101 ]. 

 The HPA axis is not involved in stress-induced inhibition of gastric emptying. 
These effects are mediated by the ANS. The effect of CRF and Ucn 1 is mediated by 
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the VN and abolished by vagotomy [ 93 ,  103 ,  130 ]. The effect of Ucn 2 requires the 
integrity of the sympathetic nervous system and peripheral α-adrenergic receptors 
while not altered by vagotomy [ 54 ]. The effect of stress-induced CRF1- dependent 
activation of colonic motility is mediated by the parasympathetic nervous system, 
i.e., the celiac branch of the VN, which innervate the proximal colon, and the sacral 
parasympathetic fi bers, which innervate the distal part of the colon and the rectum 
[ 128 ,  130 ]. The intrinsic nervous system of the colon, as represented by myenteric 
cholinergic and nitrergic neurons, is involved in the effector mechanism of parasym-
pathetic activation, as well as the action of serotonin (5-HT), from enterochromaffi n 
cells and/or enteric neuron origin, on 5-HT3 and 5-HT4 receptors. The PVN and 
LC/Barrington’s complex are involved in central CRF1 signaling- induced increase 
in colonic motor function. Changes in  c-fos  and CRF gene expression in the 
Barrington nucleus have been reported under acute and chronic stress [ 86 ], and 
CRF-synthesizing neurons in the Barrington nucleus project to the noradrenergic 
LC as well as to the intermediolateral column of the sacral spinal cord, which con-
tains the sacral parasympathetic nucleus innervating the descending colon [ 197 ]. 
There are also CRF efferent projections directly from the PVH to the LC, thus mod-
ulating the activity of LC neurons and integrating autonomic responses in brain by 
infl uencing LC neurons [ 151 ]. Water avoidance stress activates the PVN and LC/
Barrington’s nuclei and CRF gene transcription in the PVH, whereas icv injection of 
the nonselective CRF1/CRF2 antagonist α-helical CRF9 − 41 reduces Fos expres-
sion in these nuclei in correlation with defecation score [ 33 ]. In agreement with a 
role for CRF/CRF1 signaling in the PVN in stress-induced increase in colonic motil-
ity, α-helical CRF9 − 41 injected directly into the PVN blocks partial restraint- and 
water avoidance-induced stimulation of colonic transit and defecation, and various 
neurogenic and systemic stressors activate the transcription of the CRF1 receptor 
gene in the PVN ([ 31 ];  130 ). CRF increases the fi ring rate of noradrenergic neurons 
in the LC and releases noradrenalin into the brain prefrontal cortex, an input of the 
LC, which results in arousal and anxiogenic behavior [ 198 ]. Consequently, CRF/
CRF1 signaling pathways in the PVN and LC/BN complex may physiologically 
regulate the behavioral and autonomic responses to stress that infl uence colonic 
function as part of the brain–gut axis [ 129 ,  198 ]. These CRF/CRF1 signaling path-
ways may play a role in diarrhea-predominant IBS patients with psychic comorbidi-
ties such as anxiety and depression [ 115 ].  

    Intestinal Permeability 

 The digestive tract is characterized by an epithelial monolayer essentially composed 
of enterocytes and colonocytes in the small bowel and colon, respectively, and to a 
lesser extent mucin-secreting goblet cells, enteroendocrine cells, and others such as 
intraepithelial lymphocytes. Its integrity is preserved by both cell polarity and the 
interactions between the cell adhesion complexes, represented by tight junctions 
and adherens junctions, with the actin cytoskeleton [ 79 ]. In physiological 
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conditions, a limited quantity of antigens goes through the epithelial barrier, playing 
an important role in the induction of normal immune tolerance toward foreign food 
antigens and the resident microbiota [ 88 ]. The gut is the largest immune organ with 
the majority of immune cells present in the mucosa. Consequently, a mucosal bar-
rier function is necessary to separate the luminal compartment from the body proper 
and control antigen-induced infl ammation. Any anatomical or functional damage to 
the intestinal epithelium may allow access of luminal contents to the mucosa then 
stimulating an infl ammatory response in a susceptible host, as observed in IBD, 
IBS, and celiac disease. This mucosal barrier function is regulated by neuroendo-
crine and immune factors; thus, it is not surprising that stress, and the CRFergic 
system, can have a major impact. In contrast to the effects of stress on GI motility, 
fewer studies have evaluated its effect on intestinal permeability. However, abnor-
mal intestinal permeability has been described in IBS [ 40 ] and IBD [ 175 ], two GI 
disorders where stress has a role in their pathogeny [ 27 ,  132 ]. The infl uence of 
stress on mucosal function has been recently recognized in short acute stress, early 
life trauma, and chronic ongoing psychological stress in rats [ 174 ]. Indeed, restraint 
stress or water avoidance stress performed in Wistar–Kyoto rats, a stress-sensitive 
strain, induces ion secretion, a decrease in barrier function, and an enhancement of 
small (e.g., proinfl ammatory bacterial tripeptides) and large molecules (e.g., horse-
radish peroxidase, HRP) across the epithelium through the transcellular and para-
cellular pathways [ 94 ,  167 ]. These effects are reproduced by ip injection of CRF 1h 
before stress [ 163 ] and blunted by ip injection of the specifi c nonselective CRF 
receptor antagonist, alpha-helical CRF9–41 as well as by pretreatment of the ani-
mals with adrenergic and cholinergic antagonists and a mast cell stabilizer. Acute 
immobilization stress or iv injection of CRF increases colonic mucin release through 
cholinergic-, adrenergic-, and mast cell-dependent mechanisms [ 43 ]. Immobilization 
stress induces increase in mast cell protease II and mucine release from colonic 
explants; these effects are prevented by peripheral administration of alpha-helical 
CRF9-41 [ 43 ]. The effects of acute stress on permeability returned to normal within 
24 h. These data argue for a complex mechanism of action involving peripheral 
CRF pathways, mast cell activation, mucine secretion, and increase of intestinal 
permeability. Mast cells regulate barrier physiology in normal as well as infl amed 
intestine in rats and humans [ 19 ]. Despite convincing evidence of intestinal expres-
sion of CRF-like peptides and receptors and its production by local immunocytes 
and enteroendocrine cells [ 47 ,  185 ], only recently a role for subepithelial CRF–mast 
cell loops in the regulation of colonic permeability in human biopsies has been 
reported [ 204 ]. Santos et al. [ 162 ] have recently shown that the stress-like peptides 
CRF and sauvagine stimulated ion secretion and macromolecular permeability in 
the distal colon of WKY rats in vitro. Epithelial responses were inhibited by both 
the nonselective CRF receptor antagonist astressin and the mast cell stabilizer 
doxantrazole and signifi cantly reduced in tissues from Ws/Ws rats. These data 
argue for the involvement of mucosal/submucosal CRF receptors through mast cell- 
dependent pathways. Neonatal Sprague–Dawley rats, a strain not normally sensitive 
to stress in contrast to Wistar–Kyoto rats, separated from their mothers from days 2 
to 21 for 4 h per day then housed normally until day 60 and then submitted at day 
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90 to either water avoidance stress or sham stress for 30 min, present an increase of 
permeability to macromolecules but not in controls [ 173 ]. More recently, CRF2 
signals through Src/ERK pathway induce the alteration of cell–cell junctions and 
the shuttle of p120ctn and Kaiso in the nucleus. In HT-29 cells, this signaling path-
way also leads to the remodeling of cell adhesion by the phosphorylation of focal 
adhesion kinase and a modifi cation of actin cytoskeleton and focal adhesion com-
plexes [ 58 ].  

    Gastrointestinal Infl ammation 

 Numerous data argue for a direct autocrine/paracrine effect of CRF on infl amma-
tion. CRF reaches the site of infl ammation either through nerve terminals or by local 
release of the peptide by epithelial, endothelial, or resident immune cells. CRF, 
Ucns, and their receptors are present in mast cells, mouse splenocytes, lymphocytes, 
monocytes–macrophages, and TH cells [ 73 ]. CRF has an opposite effect at the cen-
tral and peripheral level. Indeed, central CRF has an anti-infl ammatory role through 
the activation of the HPA axis and the release of glucocorticoids, while peripheral 
CRF acts as a proinfl ammatory mediator [ 147 ,  205 ]. CRF signals play a role in 
augmenting LPS-induced proinfl ammatory cytokine production by macrophages 
through CRF1 since these effects are inhibited by antalarmin [ 1 ]. Peripheral mecha-
nisms by which CRF and Ucn are involved in the development and progression of 
colitis are not completely clear. Several factors seem involved: the type of infl amma-
tory stimulus, intestinal cell phenotype, type of CRF receptor, and phase of colitis 
(acute versus chronic). CRF2 and its specifi c ligand, Ucn 2, appear to mediate pro-
infl ammatory responses in the gut. Indeed, CRF-defi cient mice develop substan-
tially reduced local infl ammatory responses [ 68 ] and have dramatically reduced 
ileal fl uid secretion, epithelial cell damage, and neutrophil transmigration 4 h after 
intraluminal  C. diffi cile  toxin A [ 5 ]. This effect is counterbalanced by administration 
of the selective CRF2 antagonist astressin 2B. The CRF system is also involved in 
the infl ammatory response associated with IBD [ 74 ]. Colonic biopsies from patients 
with active UC show signifi cantly increased CRF immunoreactive lamina propria 
mononuclear cells and macrophages [ 92 ]. In UC patients without glucocorticoid 
treatment, Ucn 1-positive cells and plasma cells increased in proportion to the sever-
ity of infl ammation but are signifi cantly lower in number in glucocorticoid-treated 
patients. Ucn 1 mRNA was expressed in lamina propria plasma cells, and both 
CRF1 and CRF2a mRNAs were also partially coexpressed in these cells and macro-
phages. Ucn 1 therefore may act as a possible local immune- infl ammatory mediator 
in UC [ 166 ]. Ucn 2 mRNA is expressed in normal conditions in the small intestine 
and colon, while in a rat model of chemically induced colitis, Ucn 2 levels are 
increased, whereas expression levels of its only identifi ed receptor, CRF2, are 
decreased. This suggests that Ucn 2 exerts its effects only in part via CRF2 [ 44 ]. 
The endogenous upregulation of Ucn 2 following the local infl ammatory process 
accounts for the downregulation of the respective receptor, being either a causing or 
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a resulting effect. Exposure of human colonic epithelial cells HT-29 to  C. diffi cile  
toxin A or TNF-alpha induces an increase expression of CRF2 mRNA and protein 
and stimulation of NCM460 colonocytes overexpressing CRF2a with Ucn 2 results 
in a time- and concentration-dependent increase in IL8 production as well as to an 
activation of NF-kappaB and MAP kinase in these cells. In addition, expression of 
Ucn 2 and CRF2 mRNA was increased in mucosal samples of patients with IBD 
(CD and UC) and after exposure of human intestinal xenografts to C. diffi cile toxin 
A. These data suggest that Ucn 2 has proinfl ammatory effects in human intestinal 
cells via CRF2a and may be involved in the pathophysiology of colitis in humans 
[ 131 ]. CRF2-defi cient mice develop substantially reduced intestinal infl ammation 
and had lower intestinal mRNA expression of the potent chemoattractant keratino-
cyte chemokine and MCP 1 when exposed to intraluminal C. diffi cile toxin A. This 
effect is mimicked by the selective CRF2 antagonist astressin 2B before toxin A 
exposure. Only Ucn 2, but not other Ucn, was signifi cantly upregulated by ileal 
administration of toxin A at 4 h compared with buffer exposure [ 95 ]. These data 
argue for CRF2-mediated intestinal infl ammation via the release of proinfl amma-
tory mediators at the colonocyte level. La Fleur et al. [ 99 ] have shown that, in an 
experimental model of toxin-induced intestinal infl ammation, inhibition of CRF 
ablated the infl ammatory response, while Ucn 2 dsRNA treatment did not modify 
the infl ammatory response to toxin. Gonzales-Rey et al. [ 71 ] investigated the poten-
tial therapeutic effect of Ucn 1 in a murine model of TNBS-induced colitis and 
showed that Ucn 1 signifi cantly improved the clinical and histopathological severity 
of colitis and increased the survival rate of mice with colitis. Importantly, Ucn 1 
treatment was effective in established colitis and avoided recurrence of the disease. 
This work identifi es Ucn 1 as a potent anti-infl ammatory factor. Few data are avail-
able regarding the role of the CRFergic system as a pro- or anti-infl ammatory sys-
tem at the level of the stomach. In the upper GI, CRF2 appears to be the most 
prominent. Indeed, CRF1- and CRF2-positive cells are present in the oxyntic gland 
and the submucosal blood vessels. No specifi c CRF1 is observed in the antrum. 
CRF2 is present in the gastric glands along with immunoreactive Ucn. Thus, both 
CRF receptor subtypes are expressed in the upper GI tissues with a distinct pattern 
and regional differences suggesting a differential function. A paracrine CRF-like 
circuit is present in human stomach composed of Ucn and its CRF2 receptor com-
pared to the CRF/CRF1 circuit in the human colon. Chatzaki et al. [ 49 ] examined 
the presence of CRF and Ucn transcripts and peptides in human gastric mucosa and 
the association between CRF and Ucn and H. pylori gastritis. They observed the 
presence of the Ucn transcript in biopsies obtained by gastroscopy from normal 
and infl amed gastric mucosa, while the CRF transcript was not detectable. 
Immunoreactive Ucn was localized in gastric epithelial cells and in infl ammatory 
elements of the surrounding negative for Ucn gastric stroma. The level of immuno-
reactive Ucn was higher in gastric biopsies from patients with active H. pylori gas-
tritis than in controls. Eradication of H. pylori was followed by a dramatic increase 
of ir-Ucn levels, while nonresponders to the eradication treatment did not show any 
signifi cant change in ir-Ucn levels. These data suggest that in human gastric epithe-
lium, Ucn is present and plays an important physiological role, while CRF is absent. 
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In addition, and in contrast to what has been observed for CRF in ulcerative colitis 
[ 92 ], a highly signifi cant but negative correlation has been found between Ucn levels 
and gastric infl ammation, suggesting that Ucn may exert an anti-infl ammatory effect 
in the gastric mucosa. The Ucn/CRF2 system in the upper gastrointestinal tract 
plays a completely different role in gastric infl ammatory response compared with 
that of the CRF/CRF1 system in the infl ammatory response in the colon. These dif-
ferences between upper and lower GI tracts,  vis-à-vis  their CRF paracrine circuits, 
may partially explain the lack of severe chronic infl ammatory diseases in the stom-
ach compared with the colon in IBD.  

    Microbiota 

 There are 10–100 trillion bacterial cells in our gut, ten times more than the number 
of somatic and germ cells in our body. The number of species is estimated between 
500 and 800, and eighty percent of these species are unculturable [ 59 ]. New molec-
ular techniques allow inventory of the gut’s resident bacterial species without hav-
ing to culture them. Bacterial genes outnumber our body’s genes by as much as 
100–1 [ 7 ]. The human microbiota is necessary to the healthy functioning of the GI 
tract and contributes to the intestinal development, metabolic transformations, and 
protections against enteric infections [ 75 ]. Bacteria in the gut have an important role 
in the immune response, including infl ammation [ 106 ]. There is a new concept on 
the bidirectional communication between the nervous system and commensal, 
pathogenic, and probiotic organisms, i.e., the microbiota–brain–gut axis where gut 
microorganism can activate the VN; this activation plays a critical role in mediating 
effects on the brain and behavior. The VN appears to differentiate between non-
pathogenic and potentially pathogenic bacteria even in the absence of overt infl am-
mation and mediates signals that can induce both anxiogenic and anxiolytic effects, 
depending on the nature of the stimulus [ 62 ]. Mice treated orally with Campylobacter 
jejuni showed vagally mediated activation in the NTS in the absence of intestinal 
infl ammation [ 70 ]. This axis is vital for maintaining homeostasis and may be 
involved in the etiology of several metabolic and mental dysfunctions/disorders. 
Commensal microbiota can affect the postnatal development of brain systems 
involved in the endocrine response to stress. Indeed, an exaggerated response of the 
HPA axis to stress (higher plasma ACTH and corticosterone elevation) was observed 
in germ-free mice that was reversed by reconstitution of the microbiota; germ-free 
mice also exhibited reduced brain-derived neurotrophic factor (BDNF) expression 
levels in the cortex and hippocampus [ 181 ]. The exaggerated HPA stress response 
by germ-free mice was reversed by reconstitution with Bifi dobacterium infantis. 
Thus, commensal microbiota can affect the postnatal development of the HPA stress 
response in mice. Prevention of intestinal barrier impairment by a probiotic attenu-
ates HPA response to an acute psychological stress in rats [ 2 ]. In addition, germ-free 
mice show reduced anxiety-like behavior in comparison to specifi c pathogen-free 
mice, a phenotype accompanied by changes in plasticity-related genes in the 
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hippocampus and amygdala [ 136 ], two key structures in the adaptation to the stress 
response. The intestinal microbiota infl uences central (i.e., hippocampal) levels of 
BDNF, which regulates dendritic architecture and spines, and behavior indepen-
dently of the ANS, gastrointestinal-specifi c neurotransmitters, or infl ammation 
[ 18 ]. Consumption of a fermented milk product with probiotic for 4 weeks by 
healthy women altered brain intrinsic connectivity or responses to emotional atten-
tion tasks [ 192 ]; thus, neuroimaging seems to be an interesting tool to study the 
microbiome–gut–brain axis. In regular functioning conditions, the intestinal barrier 
is able to prevent most environmental and external antigens to interact openly with 
the numerous and versatile elements that compose the mucosal-associated immune 
system. Stress is well known to induce an increase of intestinal permeability that 
allows bacteria to cross the epithelial barrier to activate mucosal immune response 
(Killiaan et al. 1998) and to translocate to secondary lymphoid organs [ 10 ], thus 
stimulating the innate immune system. Stress is able to modify the intestinal micro-
biota [ 9 ]. Indeed, exposure of mice to a social stressor affects the structure of the 
intestinal microbiota and increases the circulating level of cytokines; this effect is 
reversed by antibiotics [ 8 ]. Changes in the intestinal microbiota reduce resistance to 
infectious challenge with intestinal pathogens [ 9 ]. These data provide evidence for 
the interplay between stress, the intestinal microbiota, and the immune response. 
This can in turn have signifi cant impact on the host and affect behavior, visceral 
sensitivity, and infl ammatory susceptibility [ 52 ]. The sympathetic nervous system, 
through the release of catecholamines, e.g., norepinephrine, a stress mediator, stim-
ulates growth of bacteria [ 111 ]. Stress-mediated changes may shift the microbial 
colonization patterns on the mucosal surface and alter the susceptibility of the host 
to infection; these changes in host–microbe interactions may also infl uence neural 
activity in stress-responsive brain areas [ 110 ].  

    Visceral Sensitivity 

 Stress increases visceral perception and emotional response to visceral events by a 
perturbation of the brain–gut axis at its different levels, central (brain and spinal 
cord), peripheral (gut), and the ANS [ 100 ]. Genetic models of depression and anxi-
ety, such as the high-anxiety Wistar–Kyoto rats or Flinders Sensitive Line, rats [ 139 ] 
or deleting CRF1, exhibit a decrease of colonic sensitivity to colonic distension 
[ 194 ] while models overexpressing CRF1 exhibit enhanced response [ 127 ]. These 
data argue for the fi liation stress–anxiety–infl ammation and visceral hypersensitiv-
ity. CRF signaling, both at the central and peripheral level, is a key element involved 
in this effect. Data argue for an equally important contribution of the peripheral 
CRF/CRF1 signaling locally expressed in the gut to the GI stress response [ 101 ]. 
Indeed, mast cell degranulation in the colon under stress and peripheral administra-
tion of CRF induces visceral hypersensitivity through the release of their mediators 
(histamine, tryptase, prostaglandin E2, nerve growth factor, CRF, TNF) that can 
stimulate or sensitize sensory afferents [ 201 ]. 
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 Among the brain structures involved in stress-induced visceral hypersensitivity, 
the amygdala, a major extrahypothalamic source of CRF, is a key element. Indeed, 
an activation of the amygdala is observed in experimental models of somatovisceral 
and visceral pain [ 171 ,  172 ] as well as experimental models of stress-induced GI 
disturbances [ 31 – 33 ] and colitis [ 145 ] as well as in a model of visceral pain in 
healthy volunteers [ 6 ] and IBS patients [ 30 ]. Activation of corticosteroid receptor in 
the CeA is involved in the induction of anxiety and visceral hypersensitivity [ 135 ]. 
Implants of corticosterone micropellets in the CeA increase anxiety-like behavior as 
well as visceral hypersensitivity to colonic distension and increased responsiveness 
of viscera-sensitive lumbosacral spinal neurons that mediate visceromotor refl exes 
to colorectal distension [ 134 ]. Water avoidance stress performed for 7 consecutive 
days induced visceral hypersensitivity that is abolished by glucocorticoid receptor 
and mineralocorticoid receptor antagonists in the amygdala. Wistar–Kyoto rats 
express a greater amount of CRF and CRF1 mRNA in the CeA and PVH [ 36 ] and 
depict colonic hypersensitivity to luminal distension which is reversed by peripheral 
administration of a CRF1 antagonist as well as into the CeA, thus strengthening the 
role of CRF1 receptor in the amygdala in visceral hypersensitivity mechanism [ 90 ]. 
CRF neurons in the CeA project directly to the LC and increase the fi ring rate of LC 
neurons, thus increasing noradrenaline release in the vast terminal fi elds of this 
ascending noradrenergic system. The expression of CRF in the LC is increased in 
WKY rats, and a selective CRF1 receptor antagonist dampened the activation of LC 
neurons by colorectal distension and intracisternal CRF in rats [ 96 ]. CRF1 and 
CRF2 in the amygdala mediate opposing effects on nociceptive processing, i.e., 
pro- and antinociceptive effects of CRF, respectively [ 89 ]. Low concentrations of 
CRF facilitate nociceptive processing in the CeA neurons through CRF1, while 
higher concentrations of CRF have inhibitory effects through CRF2 receptors, in 
agreement with the concept that CRF2 receptors serve to dampen or reverse CRF1- 
initiated responses [ 185 ]. These results clarify to some extent the controversial role 
of CRF in pain modulation. Administration of CRF into the CeA signifi cantly 
increased the number of abdominal muscle contractions in response to colorectal 
distension in male Wistar rats; this effect was dampened by injection of the CRF1 
antagonist, CP-154526. Colorectal distension increased noradrenaline in the CeA 
which was further increased by CRF and inhibited by CRF1 antagonist. These data 
suggest that CRF in the CeA sensitizes visceral nociception via CRF1 with release 
of noradrenaline [ 180 ]. The insular cortex is also a key region of the pain matrix, 
more particularly involved in visceral pain (i.e., colorectal distension) [ 6 ,  30 ]. 
Bilateral insular cortex lesions in rats markedly inhibit visceral hypersensitivity 
induced by chronic stress, thus strengthening its role in the pathophysiology of 
stress-related visceral hypersensitivity [ 208 ]. Chronic stress increases DNA meth-
ylation and histone acetylation of genes that regulate visceral pain sensation in the 
peripheral nervous system of rats. These results have potential therapeutic implica-
tions when blocking epigenetic regulatory pathways in specifi c regions of the spinal 
cord [ 84 ]. 

 A temporary disruption of the gut microbiota in early life induces specifi c and 
long-lasting changes in visceral sensitivity in male rats, a hallmark of stress-related 
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functional disorders of the brain–gut axis such as IBS [ 138 ]. Early life adversity is 
known to induce visceral hypersensitivity through ovarian hormones, specifi cally 
estradiol, and signaling within the HPA axis, either through reduced negative feed-
back or increased facilitation, with specifi c changes in amygdala-mediated mecha-
nisms. Stress-induced visceral hypersensitivity following maternal separation is 
transferred across generations, this transfer depending on maternal care [ 200 ].   

    Implication in Functional Digestive Disorders 
and Infl ammatory Bowel Diseases 

    Functional Digestive Disorders: Irritable 
Bowel Syndrome (Fig.  7.4 ) 

    IBS is the most common functional digestive disorders, with an estimated prevalence 
rate in the general population of 10–15 % in industrialized countries. IBS is charac-
terized by abdominal pain, bloating, and altered bowel habits without any organic 
cause [ 132 ]. Women have a higher prevalence of symptoms than men. IBS accounts 
for up to 12 % of visits to primary care doctors and 28 % of visits to 
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  Fig. 7.4    The relationship between early life, psychological factors, physiology, subjective experi-
ence of symptoms, behavior, and outcome in irritable bowel syndrome (With permission from 
Mulak and Bonaz [ 132 ])).  CNS  central nervous system,  ENS  enteric nervous system,  IBS  irritable 
bowel syndrome,  MD  medical doctor       
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gastroenterologists [ 41 ]. IBS is associated with a signifi cant impairment in quality of 
life, a high rate of absence from work, and a signifi cant increase in healthcare costs. 
Extraintestinal manifestations are frequently associated to digestive symptoms such 
as headache, arthralgia, urinary manifestations, insomnia, and fatigue. Fibromyalgia 
is often observed in IBS and conversely [ 46 ]. Psychiatric comorbidity, mainly major 
depression, anxiety, and somatoform disorders, is observed in 20–50 % of IBS 
patients [ 67 ]; stress is involved in such disorders and psychiatric disorders precede 
the onset of the GI symptoms [ 184 ]. Numerous data argue for a role of stress in the 
pathophysiology of IBS. Patients with IBS report more stressful life events than 
medical comparison groups or healthy subjects. Stress is strongly associated with 
symptom onset and symptom severity in IBS patients. Illness experience, healthcare- 
seeking behavior, and treatment outcome are adversely affected by stressful life 
events, chronic social stress, anxiety disorders, and maladaptive coping style. A his-
tory of emotional, sexual, or physical abuse is found in 30–50 % of IBS patients [ 35 ]. 
A majority of patients with IBS have a visceral hypersensitivity as represented by 
lower pain thresholds to intestinal distension compared to healthy controls [ 153 ]. 
Among the peripheral mechanisms of this visceral hypersensitivity, low-grade 
infl ammation in the GI tract could favor modifi cations of neuronal plasticity [ 37 , 
 119 ] and mast cells could also be involved by sensitizing visceral afferent terminals 
[ 76 ]. A postinfectious IBS has been observed in 4–30 % following bacterial gastro-
enteritis [ 78 ]; perceived stress, anxiety, somatization, and negative illness beliefs at 
the time of infection in favor of a cognitive–behavioral model of IBS were predictors 
of postinfectious IBS [ 176 ]. Modifi cations in central sensory processing are described 
in IBS [ 30 ]. A spinal hypersensitivity has been evoked in IBS patients as well as a 
supraspinal cause where stress is of primary importance [ 132 ]. A defect of descend-
ing pain inhibition pathways is also evoked [ 206 ], as described in fi bromyalgia 
patients [ 102 ]. Globally, IBS is assimilated to a central sensitization syndrome as 
observed for chronic fatigue syndrome, fi bromyalgia, posttraumatic stress disorders, 
headaches, restless legs syndrome, and others [ 209 ]. 

 Early life traumas, known to increase the risk of developing IBS later in life, play 
a major role in the development of mood and anxiety disorders and increased CRF 
signaling [ 81 ]. Neonatal maternal separation (MS), as an early life trauma, is a model 
of IBS in rodents, leading to chronic dysregulation in the limbic–HPA axis [ 150 ]. This 
has led to the biopsychosocial model of IBS [ 189 ] and the concept that IBS is due to 
a brain–gut axis dysfunction consistent with an upregulation in neural processing 
between the gut and the brain. Globally, there is a hypervigilance state that explains 
the visceral hypersensitivity observed in these patients most likely through a central 
(and peripheral) hyper-CRFergic state. In addition, pain is a stress per se that could 
amplify such disturbances, contributing to its chronicity. Since the ANS is the link 
between the gut and the brain, it is not surprising in this context of an abnormal brain–
gut axis to observe an important dysautonomia, with a high sympathetic and a low 
parasympathetic tone, whatever the positive or negative affective adjustment [ 142 ]. 

 Functional brain imaging studies have allowed a better understanding of the 
pathophysiology of IBS. Indeed, an abnormal brain processing to visceral pain has 
been described in IBS patients [ 30 ,  193 ] particularly in brain loci of the pain matrix 
such as the somatosensory, insular, prefrontal, and cingular cortices as well as sub-
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cortical loci such as the thalamus, the amygdala, and the periaqueductal gray. In 
addition there is a major infl uence of cognitive–affective processes, including 
arousal, attention, conditioning and negative affect, and coping strategies, on GI sen-
sations, and its central correlates in health and IBS [ 118 ,  142 ,  202 ]. The role of the 
central and/or peripheral CRF system is gaining clinical recognition as part of the 
neurobiological common denominator of IBS symptoms susceptible to stress and 
anxiety/depression [ 63 ,  186 ]. Elevated concentrations of CRF in the CSF are 
observed in patients with anxiety and vulnerability to stress as well as in those suf-
fering from obsessive–compulsive disorders, posttraumatic stress disorders, or child-
hood trauma, and CRF in the CSF is a predictor of perceived aversive early life 
experiences [ 105 ]. In patients suffering from fi bromyalgia, known to have comorbid-
ity with IBS, CSF levels of CRF are associated with both pain symptoms and auto-
nomic dysfunction [ 122 ]. An overactivity of the HPA axis and enhanced plasma CRF 
response to mental stress has been described in IBS patients [ 146 ]. IBS patients have 
previously been proposed to have an exaggerated brain–gut response to CRF [ 64 ]. 
Basal levels of noradrenaline are higher in IBS patients than in controls [ 82 ] indicat-
ing enhanced activity of the sympathetic nervous system, known to selectively 
increase visceral sensitivity [ 87 ]. An alteration in central noradrenergic signaling is 
observed in IBS; early life trauma may be one mediator of these abnormalities [ 20 ]. 
In healthy controls, CRF iv decreases rectal pain threshold to distension and mimics 
an IBS-specifi c visceral response [ 137 ]. Peripheral injection of α-helical CRF9 − 41 
prevents rectal electrical stimulation-induced enhanced sigmoid colonic motility, 
visceral perception, and anxiety in IBS patients compared to controls without alter-
ing the HPA axis [ 161 ] and improves decreased alpha power spectra and increases 
beta power spectra of electroencephalogram in IBS patients [ 190 ]. The induction of 
IBS-like symptoms in healthy subjects and heightened sensitivity in IBS patients are 
alleviated by a peptide CRF antagonist targeting CRF1 receptor [ 63 ] that may pro-
vide a new therapeutic avenue in the treatment of IBS [ 115 ]. However, in women 
with diarrhea-predominant IBS, a CRF1 antagonist did not signifi cantly alter colonic 
or other regional transit or bowel function, thus requiring further study [ 183 ]. 

 The medical treatment of IBS is disappointing, often targeting symptoms. In the 
meantime, because of the complexity of the pathophysiology of IBS, one might 
wonder that such an ideal treatment would not exist. Nonmedical treatments, as 
represented by cognitive–behavioral therapy or hypnosis, are of interest [ 61 ,  104 ].  

    Infl ammatory Bowel Diseases (Fig.  7.5 ) 

    IBDs are organic diseases classically divided in CD and UC involving the digestive 
tract, and particularly the small bowel and colon, starting early in life (between 15 
and 30 years), and evolving by fl ares alternating with periods of remissions of vari-
able duration. Symptoms are characterized by abdominal pain, diarrhea, fever, weight 
loss, and extraintestinal manifestations. The rising incidence of IBD in Western coun-
tries supports the hypothesis that “Westernization” of our lifestyle has led to the 
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increased incidence of IBD. Today, there is no medical treatment susceptible to cure 
defi nitively IBD; the treatment is only suspensive. The pathophysiology of IBD is 
multifactorial involving immunological, genetic, infectious, and environmental fac-
tors [ 85 ]. Among the latter, the role of stress is evoked based on experimental and 
clinical data [ 27 ]. IBDs are models of “brain–gut” interactions; they represent an 
interoceptive (immunogenic) and exteroceptive (psychological) stress involving the 
neuroendocrine–immune axis. The ANS has a key role in the relation between stress 
and digestive infl ammation. A dysautonomia is reported in IBD, as represented by a 
sympathetic dysfunction in CD [ 109 ] and a vagal dysfunction in UC [ 108 ]. This dys-
autonomia could explain the differential effect of tobacco, nicotine being a parasym-
pathetic activator, which is protective in UC and deleterious in CD. Stress may play a 
deleterious role in IBD through different pathways close to the ones described for 
IBS [ 27 ] (Fig.  7.5 ): (1) Activation of mast cells in the intestinal mucosa, in close 
contact with sympathetic and VN terminals, induces the release of their mediators 

  Fig. 7.5    Actors and pathways through which stress may play a role in the pathophysiology of infl am-
matory bowel disease (With permission from Bonaz and Bernstein [ 27 ]).  HRV  heart rate variability, 
 VN  vagus nerves,  SN  sympathetic nerves       
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(see above) that increase intestinal permeability and activate the mucosal immune 
function [ 23 ,  187 ]; (2) Catecholamines, acting through α- and β-adrenergic receptors, 
mediate stress-induced increases in peripheral and central infl ammatory cytokines 
and activation of the infl ammatory nuclear factor- kB signaling pathway [ 91 ]. 
Classically, the SNS has a proinfl ammatory role [ 120 ], (3) The VN has a dual anti-
infl ammatory effect both through its afferents, activating the anti-infl ammatory HPA 
axis, and efferents through the cholinergic anti- infl ammatory pathway [ 28 ]. Indeed, 
acetylcholine (ACh) released at the distal end of VN efferents decreases the produc-
tion of proinfl ammatory cytokines such as TNF by human macrophages through 
alpha7 nicotinic ACh receptor (a7nAChR) expressed by macrophages [ 140 ]. VN 
stimulation (VNS) has been shown to reduce the systemic infl ammatory response to 
endotoxin [ 34 ] and intestinal infl ammation [ 57 ,  124 ] and could be a nonpharmaco-
logical treatment of IBD [ 28 ,  51 ]. The VN also modulates the immune activity of the 
spleen either directly through connections with the splenic sympathetic nerve [ 159 ] 
or indirectly [ 114 ]. Stress has a proinfl ammatory effect based on its activation of the 
SNS and adrenomedullary activity while inhibiting the VN [ 185 ,  207 ]. (4) The activ-
ity of the sympathovagal balance and the HPA axis, monitored by heart rate variabil-
ity and cortisol, is linked to the activity of the prefrontal cortex (PFC) and amygdala, 
respectively [ 191 ]. The hypoactivity of the PFC and the enhancement of amygdala 
activity are strongly infl uenced by stress [ 53 ]. A dysregulation of the amygdala–PFC 
equilibrium induces an imbalance between the HPA axis and the ANS, as observed in 
IBD [ 179 ], and thus a proinfl ammatory condition. There is an imbalance between the 
HPA axis and the vagal tone in CD patients with an inverse association between vagal 
tone and TNF- alpha level [ 141 ], (5) Habituation of the hypothalamic CRFergic sys-
tem is observed in chronic stress conditions [ 31 ]. Chronic colitis suppresses CRF 
gene activation in the hypothalamus and plasma corticosterone level and dampens the 
counter- regulatory anti-infl ammatory mechanisms during water avoidance stress, 
thus contributing to the stress-related worsening of colitis [ 98 ]. A predisposition to a 
hyporeactive HPA axis and an inhibition of the central response to a chronic intero-
ceptive stress may favor infl ammation in IBD, (6) As described above, the CRFergic 
system is present in the GI tract and may play an anti- or proinfl ammatory role. The 
peripheral CRFergic system forms an interacting and balanced system, and the differ-
ences observed among studies depend on the model of infl ammation and the recep-
tors activated and the ligands; an imbalance of this system could favor GI infl ammation, 
(7) There is a microbial basis of IBD [ 55 ]. Stress-induced increased intestinal perme-
ability allows bacteria to cross the epithelial barrier to activate mucosal immune 
response [ 94 ] and to translocate to secondary lymphoid organs [ 10 ] to stimulate the 
innate immune system. The sympathetic nervous system, through the release of cat-
echolamines (e.g., norepinephrine), stimulates growth of bacteria [ 111 ]. The intesti-
nal microbiota may act as a mediator in the communication between the gut and the 
brain (i.e., the microbiota brain–gut axis), (8) Modifi cation of the stress axis early in 
development, as observed in early life traumas, could induce a maladaptive control 
of neuroendocrine immune axis. Indeed, the HPA axis is programmed by early life 
events, and neonatal infl ammatory stimuli exert long-term changes in HPA activity 
and immune regulation in adult animals [ 169 ]. Experimental colitis induces a 
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signifi cantly higher infl ammatory reaction in MS animals [ 14 ]. Defi cient maternal 
care in rats increases glucocorticoid receptor promoter methylation leading to 
decreased expression in the hippocampus, a recognized target for glucocorticoid 
feedback [ 123 ]. There is a link between early life stress and depression that may 
predispose to increased infl ammation both under baseline conditions and following 
stress [ 56 ]. MS mice develop a behavioral pattern reminiscent of depression and are 
more susceptible to infl ammation; this vulnerability is reversed by tricyclic antide-
pressants [ 203 ]. Experimental depression in mice is followed by impaired parasym-
pathetic function and increased susceptibility to an experimental colitis that was 
reduced by desmethylimipramine, through a vagally dependent enhanced parasym-
pathetic function [ 69 ]. Most of the data presented above are described in experimen-
tal conditions. However, there are now increasing data arguing for a role of stress in 
IBD patients. There is consistent evidence that psychological factors play a role both 
in the pathophysiology and course of IBD and in how patients deal with IBD. In a 
population-based cohort of IBD patients, signifi cantly more people in the persistently 
inactive disease group indicated they had experienced no stressful events compared 
to those in the persistently active disease group. Only the psychological factors, 
including occurrence of a major life event, high perceived stress, and high negative 
mood during a previous 3-month period, were signifi cantly associated with the occur-
rence of a fl are [ 21 ]. On multivariate logistic regression analyses of these variables, 
only high perceived stress was associated with increased risk of fl are. Perception of 
stress is a key factor, which incorporates the individual’s appraisal of the demands 
created by stress in general and resources to cope with stress. The interaction between 
perceived stress and avoidance coping was predictive of earlier relapse in quiescent 
CD [ 26 ]. Chronic stress, including caregiving and marital discord, and perceived 
stress are associated with increases in CRP and other infl ammatory mediators [ 126 ]. 
Stress increased LPS- stimulated cytokines, leukocyte and NK cell counts, platelet 
activation, and reactive oxygen metabolites production and reduced rectal mucosal 
blood fl ow in a study of rectal mucosa of UC patients compared to healthy controls 
[ 117 ]. Sympathetic nerve fi bers and neurotransmitters are lost in infl amed areas of 
the colon in both CD but not in noninfl amed ileum [ 112 ]; thus, stress may generate 
symptoms from the uninfl amed areas where sympathetic nerve fi bers are intact. 
Perhaps, then, stress may contribute to spreading of the infl ammatory lesion. Recent 
reviews have concluded that stress has an impact on the course of disease, but the jury 
is still out as to whether cognitive therapies or psychotropic medications can posi-
tively infl uence the course of IBD [ 72 ,  148 ]. 

 At least 33–57 % of IBD patients are able, during the course of their disease, to 
switch from IBD to IBS [ 170 ] most likely through modifi cations of neuroplasticity 
induced by chronic infl ammation [ 37 ]. Proinfl ammatory cytokines (IL1, IL6, and 
TNF-α) could favor visceral hyperalgesia via an activation of spinal immune-like 
glial cells inducing release of proinfl ammatory substances (IL1, IL6, TNF-α, prosta-
glandins, nitric oxide) triggering the amplifi cation of pain by modulating the excit-
ability of spinal neurons. However, if visceral hypersensitivity is classically described 
in IBS, we [ 160 ] and others [ 22 ,  45 ] found a visceral hyposensitivity in IBD patients 
in remission.   
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    Conclusions 

 Major advances have been made in the domain of stress and CRF signaling path-
ways in the brain and, more recently, in the gut. The CRFergic system mediates the 
effects of psychological, physical, and immunological stressors on hormonal 
responses, anxiety, mood, feeding behavior, and GI functions. Conclusive experi-
mental data show that activation of brain and colonic CRF1 pathways mimics the 
features of stress-induced stimulation of colonic motility, defecation/watery diar-
rhea, intestinal permeability, and visceral hypersensitivity described in pathological 
conditions such as IBS. In contrast, in the upper gut, the brain and gastric CRF2 
signaling systems are more prominently involved in CRF ligands- and stress-related 
suppression of gastric motor function. CRF2 signaling has proinfl ammatory proper-
ties in the lower GI tract but anti-infl ammatory properties in the upper GI tract. 
Targeting these CRF1/CRF2 signaling pathways by selective antagonists/agonists 
should be of clinical interest in the domain of IBS and IBD.     
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    Chapter 8   
 Nutrition, Macrobiotics, and the Brain’s 
Neuroinfl ammatory Response                     

       Violeta     Arsenescu     

    Abstract     Environmental factors play an important role in the development of chronic 
brain infl ammatory and neurodegenerative conditions. Diet-derived bioactive mole-
cules can modulate the blood-brain barrier and immune cell traffi c to the brain. 
Alteration in the brain cytokine milieu results in microglial polarization that dictates 
the outcome of infl ammatory process. Preclinical and clinical studies have revealed 
the anti-infl ammatory properties of plant-derived compounds, such as polyphenols 
and polyunsaturated fatty acids. Nevertheless, no specifi c diets have been adopted in 
patients with multiple sclerosis (MS) or Alzheimer’s or Parkinson’s diseases. 

 The aim of this review was to provide a framework for nutritional interventions in 
patients with chronic brain infl ammatory and neurodegenerative conditions. The effects 
of diet are analyzed in the context of complex interaction with gut microbiota and pre-
existent gut barrier defects as seen in patients with infl ammatory bowel disease.  

  Keywords     Nutrition   •   Neuroinfl ammation   •   Multiple sclerosis   •   Alzheimer   
•   Parkinson   •   Infl ammatory bowel disease   •   Blood-brain barrier   •   Gut microbiota   
•   Calprotectin   •   Microglia   •   T cells   •   Aryl hydrocarbon receptor   •   PUFA   
•   Polyphenols   •   Autoimmunity  

   It is known that proteins, fats, and carbohydrates are indispensable food groups for 
growth and maintenance of life. Besides their nutritive value, new scientifi c evi-
dence points toward the nonnutritive function of several components of these large 
food groups. These physiologically active substances and bioactive compounds 
within the food matrix are known as functional foods and are suggested or expected 
to provide health benefi ts. Key substances include fl avonoids, antioxidants, vita-
mins, minerals, fatty acids, phospholipids, and phytochemicals. Functional foods 
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may naturally contain these benefi cial compounds or may be enriched with/or for-
mulated with these bioactive compounds. Functional foods are distinct from medi-
cal foods (formulated to be administered by physicians for disease management) or 
dietary supplements (non-foods supplementing the conventional food diet). Despite 
advances in understanding the pathophysiology of chronic diseases, including neu-
rological disorders, we lack adequate treatments that can reverse these chronic ill-
nesses. Currently, there are anti-infl ammatory, antioxidant, or anticarcinogenic 
synthetic drugs that can be used for long-term treatment, but they have multiple side 
effects. In comparison, functional foods are natural and safe products that can 
enhance individual health, well-being, and resilience to chronic diseases. 

 Here, we review the effects of nutrition on the molecular mechanisms that lead 
to chronic infl ammation and degeneration in the central nervous system (Fig.  8.1 ).

      The Brain’s Neuroinfl ammatory Response 

 The central nervous system (CNS) is an immune-privileged apparatus due to its 
specialized blood-brain barrier (BBB) composed of astrocytes, endothelial cells, 
pericytes, and tight junctions [ 1 ]. Environmental factors such as trauma, toxins, and 
diet can modulate an infl ammatory response that activates the resident immune 
cells, microglia. Subsequent recruitment of peripheral blood immune cells leads to 
a chronic infl ammatory and neurodegenerative process [ 2 ]. Similar to peripheral 
macrophages, microglia can be polarized toward the M1 phenotype by lipopolysac-
charides (LPS) or interferon gamma (IFN ϒ ), while interleukin (IL)-4 and IL-13 
promote an M2 phenotype [ 3 ]. Microglial polarization will alter the local 

Food regulation of gut-brain axis
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  Fig. 8.1    Nutrient pathways that lead to chronic infl ammation and degeneration in the central ner-
vous system. ( 1 ) Dietary metabolites – CNS pathway. ( 2 ) Diet – gut microbiota – CNS pathway. 
( 3 ) Diet – GALT – CNS pathway       
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environment and the permeability of the BBB through the production of pro-infl am-
matory and immunomodulatory cytokines IL-1, IL-6, tumor necrosis factor alpha 
(TNFα), IL-10, as well as chemokines that enhance the immune traffi c [ 4 ,  5 ]. Thus, 
interventions aimed at restoring the balance between M1 and M2 microglia could 
alter the course of neurodegenerative processes.  

    Gut-Centric Pathways Modulate Brain Infl ammation 

 The intestinal barrier is a complex, multilayered structure that regulates nutrient 
absorption, electrolyte, and water exchanges, as well as the entry of pathogenic 
microorganisms. The cross talk between gut epithelial cells, intestinal microbiota, 
and gut-associated immune system provides a dynamic regulatory network that is 
essential for homeostasis. Gut barrier dysfunction allows abnormal transfer of mol-
ecules that result in direct or indirect activation of immune cells at distant sites such 
as the CNS. Host genetic polymorphisms or preexisting infl ammatory responses 
dictate which remote target will be activated as a consequence of the primary gut 
barrier defect. On the other hand, even the physiological function of one barrier can 
infl uence the other. Stressful events and food allergies can activate the gut resident 
mast cells via the enteric nervous system. In turn, mast cell degranulation can trig-
ger a systemic infl ammatory response that affects the blood-brain barrier. For exam-
ple, these series of events have been shown as a mechanistic link between autistic 
disorders and environmental factors. 

 Infl ammatory bowel conditions are associated with an infl ux of leukocytes and 
epithelial layer damages. Fecal calprotectin, a leukocyte cytosolic protein, corre-
lates with disease activity and is used as a marker of gut infl ammation. Interestingly, 
patients with Alzheimer’s disease have elevated stool level of calprotectin that is 
inversely associated with serum concentration of essential aromatic amino acids 
and refl ects an abnormal gut barrier [ 6 ]. Insulin resistance may play a role in neu-
rodegenerative diseases as well. Glucagon-like peptide one (GLP-1) is a potent 
insulin tropic hormone produced by L cells in the distal gut during the postprandial 
phase. Preclinical studies have indicated that liraglutide, a GLP-1 analogue, has 
anti- apoptotic, anti-infl ammatory, antioxidant, and neuroprotective effects in 
stroke and Alzheimer’s disease [ 7 ]. Patients that underwent colectomy have lower 
postprandial GLP-1 levels [ 8 ] due to the loss of L cells. Therefore, surgical inter-
ventions on gastrointestinal tract could alter the progression of neurodegenerative 
diseases. 

 Parkinson’s disease (PD) is an idiopathic neurodegenerative disorder associated 
with destruction of the nigrostriatal pathway. Lewy bodies, a hallmark of PD, are 
predominantly composed of the presynaptic protein α-synuclein [ 9 ]. Interestingly, 
patients with de novo PD have abnormal colonic permeability, motility, and accu-
mulation of α-synuclein in the enteric neurons [ 10 ]. According to Braak hypothesis 
[ 11 ], the enteric nervous system serves as a conduit for disease progression and in 
preclinical disease models; sympathetic and parasympathetic nerve interruption can 
halt disease progression. Gut barrier defects also lead to increased circulating levels 
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of gut microbiota-derived LPS and systemic infl ammation. Systematic administra-
tion of LPS (a pro-infl ammatory molecule) in mouse models of PD leads to progres-
sion of nigral pathology and, thus, brings further evidence into pathological gut-brain 
axis theory [ 10 ]. 

 Multiple sclerosis (MS) is the prototypical infl ammatory disease of the CNS. No 
specifi c cause has been identifi ed, but both clinical and preclinical studies (experi-
mental autoimmune encephalitis, EAE) indicate that Th1 and Th17 cells derived in 
the periphery play an important role [ 12 ]. Intriguingly, MS shares immune-related 
gene polymorphisms with infl ammatory bowel diseases and type 1 diabetes. Not 
surprisingly, dysbiosis and gut barrier defects are present in all these conditions. 
Altered intestinal morphology and Th1/Th17 cell infi ltration precede the develop-
ment of EAE and are associated with overexpression of the tight junction regulator 
zonulin [ 13 ]. Furthermore, overexpression of zonulin is also seen in patients with 
celiac sprue (CS) exposed to dietary gluten [ 14 ]. Importantly, up to twenty percent 
of these patients may have demyelinating lesions in the CNS [ 15 ]. Furthermore, CS 
is more prevalent in MS patients and their fi rst-degree relatives [ 16 ]. Similar to IBD, 
antibiotic treatment can ameliorate the severity of EAE and underscores the impor-
tance of gut commensal microorganisms in regulating the blood-brain barrier func-
tion and CNS response to infl ammation.  

    Nutrient Effect on Gut-Brain Infl ammatory Axis 

 The nutrient effect on central nervous system (CNS) function has been shown to be 
either direct via metabolites generated during digestion or indirect through complex 
interaction with gut microbiota and the gut-associated lymphatic tissue (GALT) 
(Fig.  8.1 ). 

    Dietary Metabolites: CNS Pathway 

 The blood-brain barrier assures selective transport of various dietary-derived com-
pounds that circulate in the plasma. In general, the ability to diffuse across the bar-
rier is a function of the lipid solubility, but molecules with low solubility will benefi t 
from a carrier-mediated transport. Furthermore, vitamins and essential amino acids 
are not synthesized in the brain and require specifi c transport systems; their avail-
ability in the brain is dependent on the diet and could be limited by substrate com-
petition [ 17 ]. 

 Western diet has been associated with obesity epidemic and a rising incidence of 
autoimmune disorders [ 18 ]. Saturated fat has been linked to the development of MS 
[ 19 ] and restriction of animal fat may alter the disease course. The relative concentra-
tion of dietary polyunsaturated fatty acids (PUFA) can alter the outcome of chronic 
infl ammation. N-3 fatty acids are found in plant oils (i.e., α-linolenic acid) and fi sh 
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oils (i.e., EPA and DHA) and exert anti-infl ammatory activity. On the other hand, 
excess of n-6 fatty acids (i.e., linoleic acid) may promote an infl ammatory milieu by 
stimulating the production of arachidonic acid (AA) and downstream production of 
pro-infl ammatory prostaglandins, leukotrienes, and thromboxanes. N-3 fatty acid-
derived resolvins D1 and E1 can decrease microglial production of TNFα and IL-6 
and, thus, mitigate neuroinfl ammatory conditions [ 20 ]. In an animal model of cupri-
zone-induced demyelination, n-3 PUFAs docosahexaenoic (DHA) and eicosapentae-
noic (EPA) acids were able to reduce the neurodegenerative process and improve 
motor and cognitive functions [ 21 ]. Mechanistically, this was linked to decreased 
microglial production of interferon gamma (IFNγ), increased myelin phagocytosis, 
and a shift toward M2 phenotype. Similar protective activity was observed in vascu-
lar neurodegenerative disease models [ 22 ]. Several randomized control studies have 
addressed the role of n-3 PUFAs (EPA and DHA) in patients with multiple sclerosis 
[ 23 ,  24 ]. Until now, there was no signifi cant effect on MRI disease activity, rate, or 
severity of relapses. All studies used comparable daily doses of EPA and DHA. 

 Molecular mimicry between host and microbial components may lead to patho-
logical activation of the immune system. A study in children with central nervous 
system (CNS) infl ammatory demyelination revealed autoreactive T cells, as well as 
abnormal T cell responses against multiple cow-milk proteins [ 25 ], such as butyr-
ophilin (BTN). Interestingly, butyrophilin resembles the MS autoantigen, myelin oli-
godendrocyte glycoprotein (MOG). In a rat model of EAE, BTN administration 
resulted in accumulation of meningeal and perivascular infi ltrates of T cells and mac-
rophages throughout the brain [ 26 ]. Furthermore, MOG-specifi c T cells that were 
activated by exposure to BTN or/and transfer of BTN-induced T cells, reacted to 
MOG antigen, thus proving the molecular mimicry mechanism. Based on clinical and 
preclinical studies, MS patients may choose to refrain from consuming cow’s milk, a 
rich source of BTN. On the other hand, this cross-reactivity with the MS-putative 
antigen may be exploited to induce immune tolerance and reduce disease activity [ 26 ] 
by modulating Th1, Th17, and Treg responses [ 27 ]. 

 Prior exposure to viral antigen may generate T cell clones that cross react with food 
antigens. Patients with celiac sprue (CS) develop a chronic autoimmune response and 
gut barrier damage when exposed to dietary gluten peptides. It was proposed that 
adenovirus infection might promote the development of CS upon subsequent expo-
sure to gluten [ 28 ]. Neurological complications such as cerebellar ataxia, gluten 
encephalopathy, multiple sclerosis, and peripheral neuropathies are not uncommon in 
CS [ 29 ]. Interestingly, infl uenza A and Epstein-Barr viral infections have been associ-
ated with higher relapse rate, and there is a known relationship between these events 
and the immune response to dietary antigens. Currently, the association between CS 
and MS remains controversial [ 30 ,  31 ], and a small observational study indicated no 
benefi t of a gluten-free diet in MS patients [ 32 ]. 

 It is known that the reactive oxygen species (ROS) promote infl ammation and 
neuronal damage. Bioactive plant-derived molecules may act as antioxidants and 
ROS scavengers and thus exert a neuroprotective effect. Polyphenols present in 
vegetables, fruits, tea, spices, and wine have been shown to have protective effect 
in animal models of brain injury. In vivo and in vitro animal studies indicate that 
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polyphenols, such as fl avonoids, can cross the blood-brain barrier [ 33 ,  34 ]. 
Flavonoids have been shown to modulate several pathways that regulate neuronal 
death (p38, JNK1/2) and survival (PI3K/Akt, ERK1/2, PKC) [ 35 ,  36 ]. In addition, 
they might regulate disease-specifi c processes. For example, plaque formation in 
Alzheimer’s disease is largely due to accumulation of amyloid β and tau protein. 
The fl avonoid myricetin can antagonize the aggregation of amyloid [ 37 ], while 
green and white tea extracts (epigallocatechin gallate) can function as acetylcho-
linesterase inhibitors, a cofactor of amyloid toxicity [ 38 ]. In a mouse model of 
Parkinson’s disease, acacetin, a naturally occurring fl avone, was able to protect 
dopaminergic neurons by blocking the production of nitric oxide, prostaglandin 
E2, and TNFα [ 39 ]. 

 Food represent a mixture of compounds that may synergize or antagonize each 
other, and thus, activity of isolated phytochemicals components may not be readily 
translated in a disease modifying diet. For example, in a mouse model of ischemic 
stroke, the fl avonols epicatechin and quercetin showed a protective effect on neuro-
nal survival only when administered together [ 40 ].  

    Diet-Gut Microbiota: CNS Pathway 

 Dietary interventions that affect gut microbial species will alter gut barrier function 
and promote local and distant organ dysfunction. A study comparing children from 
Burkina Faso and an urban European area correlated a high ratio of gut  Bacteroidetes  
to  Firmicutes  bacteria with higher dietary fi ber intake [ 41 ]. 

 Moreover, two of the bacterial species,  Prevotella  and  Xylanibacter  associated 
with enhanced production of short-chain fatty acids (SCFAs), were absent in the 
European cohort. Studies have shown that colon microbiota in humans consuming 
high-fi ber diet will benefi t from a higher production of short-chain fatty acids 
(SCFA) known to block infl ammation and cancer development. On the other hand, 
diet-induced gut dysbiosis may promote neurodegenerative and neuroinfl ammatory 
processes. In a recent study, transfer of gut microbiota from high-fat diet fed mice 
to nonobese mice on regular chow resulted in abnormal cognitive and behavioral 
changes [ 42 ]. MS patients, similar to those with infl ammatory bowel diseases or 
obesity, exhibit a decrease in  Clostridia  clusters XIVa and IV, which consist of bac-
terial species associated with the production of anti-infl ammatory SCFA [ 43 ]. 

 SCFA production is dependent on dietary intake of fi ber and specifi c microbiota. 
Bacterial fermentation of dietary fi ber produces acetate, propionate, and butyrate. 
Acetate is the most abundant SCFA in circulation followed by propionate and butyr-
ate. SCFAs may cross the BBB [ 44 ] and modulate neuronal metabolic function, as 
well as gene transcription by their histone deacetylase inhibitory activity [ 45 ]. 
Recent studies have indicated an imbalance in the histone acetylation/deacetylation 
in patients with Parkinson’s disease [ 46 ]. Excessive histone deacetylation may alter 
the expression of genes involved in neuronal survival. Thus, histone deacetylase 
(HDAC) inhibitors such as SCFAs may be benefi cial in neurodegenerative condi-
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tions. Furthermore, in vitro studies showed that butyrate protects cerebellar granule 
neurons, microglia, and astrocytes against LPS-induced secretion of pro- 
infl ammatory cytokines [ 47 ]. The observed effect appeared to be mediated by epi-
genetic modulation of nuclear factor kappa B (NF-kB) binding to the promoter 
region of these cytokines and consistent with the HDAC inhibitory activity of 
SCFAs. 

 Mediterranean diet (MD) promotes consumptions of cereals, legumes, nuts, and 
fruits and has been shown to reduce the incidence of metabolic disorders and infl am-
matory and degenerative conditions. Alterations in gut microbiota by MD may 
underlie these benefi cial effects. A 6-week study in patients with Crohn’s disease 
showed that MD ameliorated infl ammation and dysbiosis. Crohn’s disease patients 
on Mediterranean diet had higher frequency of  Bacteroides  and  Clostridium  and 
reduced presence of  Proteobacteria  and  Bacillaceae , similar to healthy controls 
[ 48 ]. Thus, diet-induced microbiome changes can modulate the outcome of chronic, 
autoimmune infl ammation. Given the higher amount of polyphenols, n-3 PUFAs, 
and fi ber in MD compared to Western diet, Mediterranean dietary interventions can 
effectively modulate gut microbiota and the gut barrier and change the outcome of 
various neurodegenerative illnesses.  

    Diet: GALT: CNS Pathway 

 Gut barrier and gut-associated lymphoid tissue (GALT) can modulate distant organ 
infl ammation via dietary and microbial antigens, as well as generation of autoreac-
tive T cells. Pro-infl ammatory cytokines generated during states of intestinal infl am-
mation may alter brain function. In a mouse model of dextran sodium sulfate (DSS) 
colitis, chronic intestinal infl ammation reduced hippocampal neurogenesis [ 49 ]. 
Analysis of hippocampal tissue in mice that developed colitis revealed increased 
expression of pro-infl ammatory cytokines TNF-α and IL-1. Furthermore, in vivo 
and in vitro experiments demonstrated that pro-infl ammatory cytokines reduced 
hippocampal neurogenesis by upregulating the cell cycle “molecular brake” p21 
and decreasing the levels of neuron proliferation markers doublecortin (DCX) and 
Ki-67 [ 50 ]. 

 High-fat diet induces gut barrier defects and promotes naïve T-cell polarization 
into Th1 and Th17 phenotypes [ 51 ]. Peripherally generated T cells can cross the 
BBB and may alter the course of neuroinfl ammatory conditions such as MS, amyo-
trophic lateral sclerosis, Alzheimer’s disease, and Parkinson’s disease. Antibiotic 
treatment ameliorates infl ammation in animal models of infl ammatory bowel dis-
eases and experimental autoimmune encephalitis (EAE) [ 52 ]. Analysis of intestinal 
Peyer’s patches (PP) and mesenteric lymph nodes (MLN) in a mouse model of EAE 
indicated that oral antibiotics enhanced the frequency of FoxP3 T reg  cells (anti- 
infl ammatory) while decreasing the production of cytokines inductive of Th1 and 
Th17 pro-infl ammatory cells [ 52 ]. The enhanced conversion of naïve T cells into 
FoxP3 T reg  cells was linked to increased number of tolerogenic CD11c high CD103 +dendritic  
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cells in PP and MLN. Thus, immune cell polarization in the gut environment could 
alter the course of brain infl ammatory diseases. 

 Aryl hydrocarbon receptor (AhR) is a ligand-activated transcription factor with 
important homeostatic functions. Also, it plays an important role in pathological pro-
cesses, such as xenobiotic metabolism, cancer, and immunity. In a DSS model of 
infl ammatory bowel diseases, AhR knockout mice succumbed early in the process of 
colitis due to widespread barrier defects and uncontrolled infl ammation [ 53 ]. On the 
other hand, AhR −/+  heterozygote mice were protected from colitis, whereas AhR +/+  
wild mice developed severe infl ammation. Mechanistically, we observed that the 
increased AhR expression in the wild-type mice was associated with increased mark-
ers of pro-infl ammatory Th1 and Th17 cells and a signifi cant decrease in the tolero-
genic Treg cells [ 53 ]. It was previously shown that both exogenous and endogenous 
components activate the AhR pathway. Intriguingly, the fi ne line between homeo-
static and pathological effects depends on the dose and the type of ligand. Dioxin-
type xenobiotics, such as those present in cigarette smoke, promote chronic 
infl ammation [ 54 ,  55 ]. On the other hand, dietary tryptophan and cruciferous vegeta-
bles are rich sources of AhR ligands that modulate the immune response and help 
establish immune tolerance, increasing resistance to pathogenic bacteria and fungi 
[ 56 ,  57 ]. Furthermore, several preclinical studies assessed the effect of dietary AhR 
ligands (baicalein, daidzein, resveratrol, naringenin, sulforaphane) on experimental 
autoimmune encephalitis. Sulforaphane, a compound obtained from cruciferous veg-
etables such as broccoli, Brussels sprouts, or cabbages, inhibited the development 
and severity of EAE [ 58 ]. Mechanistically, this compound had pleiotropic effects: 
maintenance of blood-brain barrier (claudin-5, occludin, MMP-9), anti-infl amma-
tory (Th17, IL-10), and antioxidant (Nrf2/ARE pathway). Thus, plant-derived AhR 
ligands hold promise in the treatment of multiple sclerosis as well as neurodegenera-
tive diseases.   

    Conclusion 

 A signifi cant progress has been made in understanding the molecular mechanisms 
of neuroinfl ammatory and neurodegenerative diseases. Most of the efforts are 
geared toward drug delivery devices that enhance passage across the blood-brain 
barrier as well as drugs that target disease-specifi c pathways. On the other hand, 
understanding the role that diet plays in the immune cell activation, BBB integrity, 
and intracellular mechanism that promote clearance of neurotoxic host-derived pro-
teins (α-synuclein, β-amyloid) can offer powerful complimentary interventions in 
MS and Parkinson’s and Alzheimer’s disease. Furthermore, it is crucial to under-
stand the complex interactions between diet and gut microbiome. Diet-derived 
immunomodulatory and neuroprotective products depend on microbiome metabo-
lism. Similarly, survival of health-promoting microbial communities requires spe-
cifi c dietary-derived prebiotics. Thus, although Mediterranean diet may be seen as 
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a more general nutritional intervention, designing diets based on patient-specifi c 
microbiome and metabolomic data can offer customized treatments and fulfi ll the 
tenets of personalized medicine.     
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    Chapter 9   
 Guillain–Barré Syndrome and  Campylobacter 
jejuni  Enteritis                     

       Nortina     Shahrizaila       and     Nobuhiro     Yuki     

    Abstract     Guillain–Barré syndrome is an immune-mediated neuropathy that 
accounts for one of the most common acute neuromuscular paralysis worldwide. 
Characteristic to its history is an antecedent illness and this includes  Campylobacter 
jejuni  enteritis. The pathogenesis of  C. jejuni -related Guillain–Barré syndrome has 
been extensively studied, and there is good evidence to support molecular mimicry 
between self and microbial components as the mechanism of disease. Self-antigens 
in the form of gangliosides which are predominantly cell-surface glycolipids 
highly expressed in nervous tissue share similar characteristics as lipo- 
oligosaccharides of  C. jejuni  outer membrane. Molecular mimicry has been dem-
onstrated between GM1 ganglioside and lipo-oligosaccharide of  C. jejuni  isolated 
from Guillain–Barré syndrome patients. This includes the establishment of disease 
models by sensitisation of rabbits with GM1 and  C. jejuni  lipo-oligosaccharide. 
This chapter discusses the current understanding of Guillain–Barré syndrome fol-
lowing  C. jejuni  enteritis.  

  Keywords     Acute motor axonal neuropathy   •   Anti-ganglioside antibodies
  •    Campylobacter jejuni  enteritis   •   Guillain–Barré syndrome   •   Molecular mimicry  

      Introduction 

 Guillain–Barré syndrome (GBS) is an immune-mediated neuropathy and is the 
leading cause of fl accid paralysis in the post-polio era. The syndrome was named 
after two French neurologists who described the condition presenting in two sol-
diers [ 1 ]. In a typical case of GBS, patients present with a history suggestive of a 
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progressive sensorimotor neuropathy. Cerebrospinal fl uid (CSF) analysis reveals 
albumin-cytological dissociation and nerve conduction studies support a neuropathy. 
The global incidence of GBS ranges from 0.4 to 4.0 (median 1.3) cases per 100,000 
people annually, occurring slightly more often in adolescents and young adults than 
in children [ 2 ,  3 ]. 

 Several studies have demonstrated the presence of a preceding illness prior to the 
development of GBS. This antecedent illness is likely to play an important role in 
the pathophysiology of GBS. In particular, GBS patients with an antecedent 
 Campylobacter jejuni  infection go on to develop an axonal form of GBS. The mech-
anism underlying the relationship between  C. jejuni  and axonal GBS lies in the 
concept of molecular mimicry. The hypothesis of molecular mimicry postulates that 
the structural similarities between microbial antigens and certain host antigens lead 
to the autoantibodies or autoreactive T cells induced by the antecedent infections to 
destroy both the microbial and host targets. GBS is one of the few conditions in 
which this hypothesis has been proven to hold true.  

    GBS and Its Related Conditions 

 Since its fi rst clinical description in 1916, there have been many reports of variable 
presentations of an acute immune-mediated polyneuritis similar to GBS. Historically, 
Guillain also recognised various forms of GBS which he reported in 1938 and pro-
posed a clinical classifi cation that took into account four presentations: the lower 
form, the spinal and midbrain form, the midbrain form and polyradiculoneuropathy 
with impaired mentation. Clinical diagnostic criteria for GBS were introduced in 
1978 following an increase in incidence after the swine fl u vaccination programme 
[ 4 ]. The criteria were later validated and modifi ed accordingly [ 2 ]. These sets of crite-
ria have since been utilised in most reported works of GBS. However, the criteria were 
developed to enable non-neurologists to recognise GBS; thus, they were intentionally 
restrictive, requiring the presence of universal limb arefl exia or hyporefl exia. 

 The electrodiagnosis of GBS plays an important part in confi rming the presence 
of a neuropathy as well as characterising the type of nerve involvement. The electro-
diagnosis of GBS can be divided into two forms, acute infl ammatory demyelinating 
polyneuropathy (AIDP) and acute motor axonal neuropathy (AMAN). 

 The more recent GBS criteria outlined by the Brighton Collaboration GBS work-
ing group in 2011 aimed to standardise the collection and assessment of information, 
particularly on vaccination-related GBS or Miller Fisher syndrome (MFS) patients. 
The criteria allowed for data comparability between different geographical locations 
that have health- care settings that differ by availability of and access to health care 
[ 5 ]. It is now recognised that with the identifi cation of several new phenotypes in the 
past 30 years, the clinical presentations are best represented as a disease spectrum 
which includes the extent of disease involvement, ranging from mild to severe. A 
new set of diagnostic criteria has since been recommended which is less restrictive 
and more inclusive of the possible presentations of GBS [ 6 ]. 
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 The subtypes of GBS have also been demonstrated to vary amongst different geo-
graphical regions. For instance, AIDP is common in North America and Europe, 
whereas AMAN have been more commonly found in studies in China, Japan and 
Mexico [ 7 ,  8 ]. MFS has also been described more frequently in Asian countries [ 9 ].  

    Antecedent Illness in GBS 

 What is remarkable in the history of patients with GBS is that the neuropathy is com-
monly preceded in the previous month by an infective episode. A recent systematic 
review of GBS estimated that 40–70 % of all GBS cases are preceded by an acute 
infectious illness, of which 22–53 % are upper respiratory infections and 6–26 % are 
gastrointestinal infections [ 10 ]. Several studies have demonstrated this to be true in 
GBS cases when compared to controls, including other neurological controls. 

 In 1964, a case–control study reported a history of respiratory infection in 48 % 
of GBS patients compared to only 18 % of controls [ 11 ]. In a retrospective review 
that compared GBS patients with patients presenting with Bell’s palsy, a history of 
preceding infection was noted in 28/37 patients, 12 of whom had primarily gastro-
intestinal symptoms [ 12 ]. This was later followed by another study that looked pro-
spectively at the association of antecedent illness and GBS, and the investigators 
found a relative risk of 4.1 for antecedent respiratory illness in GBS patients, 
whereas this risk was higher at 7.5 for gastrointestinal infections [ 13 ]. GBS patients 
would typically report respiratory infections occurring 1–2 weeks before neuropa-
thy onset, whereas gastrointestinal infections would typically precede neuropathy 
by only 1 week. 

  C. jejuni  is one of the most common causes of bacterial gastroenteritis, affecting 
almost 50 per 100,000 individuals in developed countries [ 14 ]. The fi rst case of  C. 
jejuni  infection in GBS patients was reported in 1982 [ 15 ]. The authors described a 
45-year-old man who developed GBS 2 weeks after  C. jejuni  enteritis. The enteritis 
was initially treated with erythromycin before the onset of symmetrical limb weak-
ness. It is often diffi cult to isolate  C. jejuni  from stool samples at the time of GBS 
presentation because the bacteria are usually eliminated from the body within 16 days 
of infection [ 16 ] and before the onset of neurological symptoms, which normally 
begin 10 days to 3 weeks after the onset of diarrhoea. However, later studies were able 
to look at serological reaction to  C. jejuni  to detect a recent infection. Since then, sev-
eral case–control studies have reported a signifi cant association between antecedent  C. 
jejuni  infection and GBS. 

 A case–control study of 56 Australian GBS patients and 57 controls found evi-
dence of a recent  C. jejuni  infection in 38 % of GBS patients [ 17 ]. The authors also 
found that in comparison to sera from patients with uncomplicated  C. jejuni  enteri-
tis, the degree of IgG rise was signifi cantly higher in GBS patients compared to IgA 
or IgM. The possibility of an immune-mediated cross-reaction between neural tis-
sue and  C. jejuni  was considered. A separate study investigating a cohort of British 
GBS patients also found a higher percentage of patients who were seropositive for 

9 Guillain–Barré Syndrome and Campylobacter jejuni Enteritis



172

 C. jejuni  infection compared to controls [ 13 ]. The risk of developing GBS was 
 highest within the fi rst 2 weeks of having had an infection, and  C. jejuni  infection 
was associated with a worse outcome in their cohort. 

 Two prospective case–control studies came later which provided convincing 
evidence that the association of  C. jejuni  with GBS was real [ 18 ,  19 ]. Rees and 
colleagues investigated 96 GBS and 7 MFS patients presenting over a period of 2 
years and found signifi cantly higher frequency of GBS patients with antecedent 
 C. jejuni  infection (26 % vs 2 %) [ 18 ]. The authors also found that a preceding  C. 
jejuni  infection was associated with axonal degeneration, slow recovery and 
severe residual disability. Similar studies were performed by the Dutch GBS 
group who investigated 154 GBS patients and found antecedent  C. jejuni  infec-
tion in 32 % followed by cytomegalovirus (13 %) and Epstein–Barr virus (10 %) 
[ 19 ]. The authors also found antecedent  C. jejuni  infection to be associated with 
axonal form as well as a more severe form of GBS. The exclusive association of 
antecedent  C. jejuni  and the axonal form of GBS has been questioned. The current 
electrodiagnostic criteria have limitations as they fail to recognise early reversible 
“demyelinating” features that are seen in acute motor conduction block neuropa-
thy [ 20 ]. In a recent study of  C. jejuni -related GBS, serial neurophysiology found 
that early demyelination reversed within 3 weeks of disease onset to reveal an 
axonal subtype of GBS suggesting the target antigens in  C. jejuni -related GBS are 
likely to be axonal [ 21 ]. 

 What has remained unresolved is the reason why, despite the common occur-
rence of  C. jejuni  infection worldwide, the risk of developing GBS remains very 
low. In the United States, for instance, the incidence of GBS was estimated to be 
1 in every 1000  C. jejuni  infections [ 22 ]. The Penner O serotyping has been used to 
characterise  C. jejuni  strains isolated from patients with GBS or MFS, and associa-
tions have been described in O:1, O:2, O:4, O:4/50, O:5, O:10, O:16, O:19, O:23, 
O:37, O:41, O:44 and O:64 [ 23 ]. However, later studies demonstrated wide varia-
tions in serotyping that failed to differentiate between  C. jejuni  associated with GBS 
and those without neurological complications [ 24 ]. These results suggest that spe-
cifi c Penner O serotyping is unlikely to be exclusively associated with GBS. Instead, 
sialylation of  C. jejuni  lipo-oligosaccharide (LOS) was more likely to play an 
important role in GBS pathogenesis. Ultimately, multiple factors are related to the 
microorganism as well as host factors that contribute towards the susceptibility of 
developing  C. jejuni -related GBS.  

    The Pathophysiology of  C. jejuni -Related GBS 

    The Role of Anti-ganglioside Antibodies 

 Gangliosides are a large family of glycosphingolipids, predominantly distributed on 
the cell-surface membrane and anchored in the external leafl et of the lipid bilayer by 
a ceramide moiety. The highly variable sialylated oligosaccharides are exposed 
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extracellularly [ 25 ] (Fig.  9.1 ). They are involved in maintaining the cell membrane 
structure and are likely to also be involved in cell growth, cell differentiation and 
cell to cell recognition. In GBS, antibodies against multiple different gangliosides 
have been reported, implicating these antibodies in the underlying disease patho-
genesis [ 26 ].

   The suggestion that anti-ganglioside antibodies may play an important role in the 
pathogenesis of GBS came following the report of a patient with a motor neuron 
disease-like disorder who had anti-GM1 IgM antibodies [ 27 ]. It was likely that the 
patient had multifocal motor neuropathy, although nerve conduction studies were not 
described. Anti-ganglioside antibodies were fi rst reported in 1988 in fi ve of 26 GBS 
patients [ 28 ]. The authors described the IgG titres as high in the acute phase of illness 

  Fig. 9.1    Immunopathogenesis of  Campylobacter jejuni -related Guillain–Barré syndrome. Panel 
( a ) depicts the similarities between GM1 and  C. jejuni  lipo-oligosaccharide (LOS). Infection by  C. 
jejuni  bearing the ganglioside-like LOS ( b ) results in the production of anti-GM1 or anti-GD1a 
antibodies. The autoantibodies bind to the nodes of Ranvier in the spinal anterior roots. This results 
in complement activation, and membrane attack complex (MAC) is formed at the nodal axolemma. 
Immunofl uoresence analyses of rabbit ventral roots ( c ) demonstrate how MAC formation result in 
the disappearance of voltage-gated sodium channel clusters at the nodes of Ranvier in the acute 
phase. Further evidence is seen on electron microscopy ( d ) of lengthening of the nodes of the rab-
bit ventral roots. These pathological changes go on to produce motor nerve conduction failure and 
muscle weakness       
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and subsequently reduced as the clinical condition improved. In 1990, two patients 
with GBS following a bout of  C. jejuni  enteritis were found to have high titres of IgG 
antibodies against GM1. The patients also had, on neurophysiology, the AMAN sub-
type of GBS [ 29 ]. Other studies also demonstrated similar fi ndings. Walsh and col-
leagues detected the predominant presence of IgG rather than IgM in 15 % of their 
GBS patients [ 30 ]. This group of patients also had a recent history of  C. jejuni  infec-
tion. In their study, Rees et al. demonstrated that signifi cantly more  C. jejuni -related 
GBS patients had anti-GM1 IgG antibodies, and this group of seropositive patients 
was also more likely to have axonal degeneration and less sensory disturbance than 
patients who were anti-GM1 antibody-negative patients. These fi ndings were mir-
rored by those of Jacobs et al. who also reported a subgroup of GBS patients with 
anti-GM1 antibodies, who often had a more severe neuropathy in which there was 
predominantly distal distribution of weakness without sensory disturbances [ 31 ]. 
Apart from anti-GM1 antibodies,  C. jejuni -related GBS have also been associated 
with antibodies to GM1b, GD1a and GalNAc-GD1a [ 32 – 34 ]. In the case of MFS, 
associations have been made with IgG antibodies against GQ1b and GT1a in patients 
who present with antecedent  C. jejuni  infection. 

 There may be situations where antibodies target pairs of gangliosides rather than 
a single ganglioside epitope in the pathogenesis of GBS. These are known as the 
antibodies against ganglioside complexes (GSC) [ 35 ]. In one study, 17 % had anti- 
GSC IgG antibodies, and they presented with a higher frequency of antecedent gas-
trointestinal infection and lower cranial nerve defi cits [ 36 ]. Our own observations 
have demonstrated that GM1-like and GD1a-like LOSs form a GM1b epitope, induc-
ing the development of anti-GM1b antibodies in GBS after  C. jejuni  enteritis. Mass 
spectrometry analysis confi rmed that two isolates from GBS patients with anti-
GM1b antibodies, but without anti-GM1 nor anti-GD1a antibodies, expressed both 
GM1/GD1a-like LOSs, but not concomitant GM1b-like LOS suggesting that com-
plex of different bacterial structures form a new molecular mimicry [ 37 ]. The studies 
described provide evidence that IgG antibodies against gangliosides and GSC are 
associated with  C. jejuni  infection.  

     C. jejuni  and LOSs 

 The development of GBS following an infective  C. jejuni  episode is linked to the 
cross-reactivity between antibodies that recognise both microbial and neural com-
ponents to be similar. Specifi cally, the oligosaccharide core of LOS molecules 
expressed by  C. jejuni  is structurally similar to oligosaccharide moiety of the 
gangliosides. 

 In 1993, the authors demonstrated the LOS extracted from the  C. jejuni  isolated 
from a patient with GBS who had anti-GM1 IgG antibody reacted with cholera 
toxin (a specifi c ligand for the GM1-oligosaccharide) and could be purifi ed by 
 column chromatography. Gas–liquid chromatography–mass spectrometric analysis 
showed that the purifi ed LOS has galactose (Gal),  N -acetylgalactosamine (GalNAc) 
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and  N -acetylneuraminic acid (NeuAc)—i.e. the sugar components of the GM1 gan-
glioside.  1 H nuclear magnetic resonance showed that the oligosaccharide structure 
(Galβ1–3 GalNAc β1–4[NeuAc α2–3] Galβ1) protrudes from the LOS core [ 38 ]. 
This terminal structure was identical to that of the terminal tetrasaccharide of the 
GM1 ganglioside. Similar fi ndings were demonstrated in subsequent studies not 
only of GM1-like LOS but also GD1a-like, GD3-like and GT1a-like LOSs [ 39 ,  40 ]. 

 In the case of anti-GSC antibodies, four patients with anti-GSC antibodies were 
analysed and found to cross-react with LOS from autologous  C. jejuni  isolates, sug-
gesting that these antibodies were induced by  C. jejuni  LOS [ 35 ]. These fi ndings set 
the stage for supporting the hypothesis that molecular mimicry was key to the patho-
genesis of GBS, at least in  C. jejuni -related GBS.  

    Molecular Mimicry and Animal Model 

 The concept of molecular mimicry postulates that the structural similarities between 
microbial antigens and certain host antigens lead to the production of autoantibod-
ies or autoreactive T cells induced by antecedent infections to destroy both the 
microbial and host targets [ 41 ]. To conclude that a disease is triggered by molecular 
mimicry, four criteria should be satisfi ed as follows:

•    Establishing an epidemiological association between the infectious agent and the 
immune-mediated disease  

•   Identifying T cells or antibodies directed against host target antigens in patients  
•   Identifying a microbial mimic of the target antigen  
•   Reproducing the disease in an animal model    

 In  C. jejuni -related GBS, the fi rst three criteria have been fulfi lled as previously 
discussed. Robust epidemiological studies have established an association between 
antecedent  C. jejuni  infection with the development of GBS [ 13 ,  18 ]. The presence 
of anti-ganglioside antibodies and their structural similarities to the LOS of the  C. 
jejuni  isolates from GBS patients fulfi l the second and third criteria. In order to fulfi l 
the fourth criteria, GBS has to be reproduced in an animal model. 

 Efforts to reproduce disease in a mice model were attempted [ 42 ], but failed to 
produce the characteristic weakness seen in GBS. Instead,  C. jejuni  LOS inoculated 
into mice produced IgM against GM1 ganglioside. A further study immunised rab-
bits with GM1-like  C. jejuni  LOS from GBS-associated strains which produced high 
titres of IgG antibodies against GM1 but failed to produce the clinical signs in the 
rabbits [ 43 ]. The Japanese group, sensitising Japanese white rabbits with GM1 gan-
glioside, did subsequent studies. These rabbits developed acute fl accid paralysis and 
produced anti-GM1 antibodies. Pathological fi ndings in their peripheral nerves 
showed predominant Wallerian-like degeneration with neither lymphocytic infi ltra-
tion nor demyelination features. IgG antibodies were deposited on the axons of the 
anterior roots, internodal axolemmas and nodes of Ranvier. Cauda equina and spinal 
nerve root specimens from the paralysed rabbits showed macrophage infi ltration in 
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the periaxonal space [ 44 ]. Surrounding myelin sheaths were almost intact. These 
fi ndings correspond well with pathological fi ndings for human AMAN [ 45 ,  46 ], con-
fi rming that GM1 was involved in the pathogenesis of the axonal form of GBS, 
AMAN. 

 In later studies, the rabbits were immunised with  C. jejuni  LOS bearing a GM1- 
like structure [ 47 ]. On sensitisation, the rabbits also developed anti-GM1 IgG anti-
bodies and subsequent fl accid limb weakness. Autopsy studies demonstrated that 
their nerve roots had occasional macrophages in the periaxonal spaces surrounded 
by an almost intact myelin sheath. Axons of these nerve fi bres showed various 
degrees of degeneration. Demyelination and remyelination features were rare. 
These fi ndings again were compatible with the features of human AMAN. A suc-
cessful animal model for AMAN subtype of GBS was developed, fulfi lling the fi nal 
criterion on the molecular mimicry. The AMAN animal model represents the fi rst 
replica of human autoimmune disease in an animal model immunised by a micro-
bial mimic of a self-antigen.  

    The Relationship Between Sialylated LOS and Different Clinical 
Presentations of GBS 

 In  C. jejuni -associated GBS, the clinical presentation can be AMAN where patients 
present with fl accid paralysis or, in other cases, patients present with ataxia, oph-
thalmoplegia and arefl exia which is characteristic of MFS. 

 The heterogeneity seen in the clinical presentations can be explained by the poly-
morphism of the gene encoding the enzyme,  Campylobacter  sialyltransferase 
(Cst-II), cst-II.  C. jejuni  strains from GBS patients expresses Cst-II which is 
involved in the sialylation of LOS [ 48 ]. Cst-II consists of 291 amino acids, and the 
51st amino acid determines its enzymatic activity. Cst-II (Thr51) has only α2–3 
sialyltransferase activity and produces GM1-like or GD1a-like LOS, whereas Cst-II 
(Asn51) has both α2–3 and α2–8 sialyltransferase activity and produces GT1a-like 
or GD1c-like LOS.  C. jejuni  isolates were collected from 105 patients with GBS 
(including variants) and from 65 patients with uncomplicated enteritis [ 48 ]. Patients 
infected with  C jejuni  cst-II (Thr51) were more frequently positive for anti-GM1 
(88 % vs 35 %) and anti-GD1a IgG antibodies (52 % vs 24 %) and had limb weak-
ness (98 % vs 71 %), whereas those with  C. jejuni  cst-II (Asn51) were more often 
positive for anti-GQ1b IgG antibodies (56 % vs 8 %) and had ophthalmoparesis 
(64 % vs 13 %) and ataxia (42 % vs 11 %). 

 The molecular pathogenesis of GBS or MFS subsequent to  C. jejuni  enteritis can 
be summarised as follows (Fig.  9.2 ):  C. jejuni  that carries cst-II (Thr51) can express 
GM1-like or GD1a-like LOS on its cell surface. Infection by such a  C. jejuni  
strain may induce anti-GM1 or anti-GD1a IgG antibodies in some patients. The 
 autoantibodies bind to GM1 or GD1a expressed on motor nerves, inducing AMAN. In 
contrast,  C. jejuni  carrying cst-II (Asn51) expresses GT1a-like or GD1c-like LOS on 
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its cell surface, and infection by such a strain may induce anti-GQ1b IgG antibodies 
in some patients. These autoantibodies bind to GQ1b that is expressed at the neuro-
muscular junctions of oculomotor muscles and on muscle spindles, inducing MFS.

        Conclusion 

 In comparison to other antecedent infections, much progress has been made in our 
understanding of the pathogenesis of  C. jejuni -associated GBS. This has as yet not 
been translated to more effective treatment options in GBS, where the mainstay of 
treatment is intravenous immunoglobulin or plasmapheresis. Current trials of com-
plement inhibitors are underway. Future research is also likely to consider the 
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mechanisms by which susceptible individuals mount an autoimmune response fol-
lowing exposure to microorganisms.     

   References 

    1.    Guillain G, Barré J, Strohl A. Sur un syndrome de radiculonévrite avec hyperalbuminose du 
liquide céphalo-rachidien sans réaction cellulaire. Remarques sur les caractères cliniques et 
graphiques des réfl exes tendineux. Bulletins et mémoires de la Société des Médecins des 
Hôpitaux de Paris. 1916;40:1462–70.  

     2.    Asbury AK, Cornblath DR. Assessment of current diagnostic criteria for Guillain-Barré syn-
drome. Ann Neurol. 1990;27(Suppl):S21–4.  

    3.    Hadden RDM, Cornblath DR, Hughes RAC, Zielasek J, Hartung HP, Toyka KV, et al. 
Electrophysiological classifi cation of Guillain-Barré syndrome: clinical associations and out-
come. Ann Neurol. 1998;44(5):780–8.  

    4.    Asbury AK. Diagnostic considerations in Guillain-Barré syndrome. Ann Neurol. 1981;
9(Suppl):1–5.  

    5.    Sejvar JJ, Kohl KS, Gidudu J, Amato A, Bakshi N, Baxter R, et al. Guillain-Barré syndrome 
and Fisher syndrome: case defi nitions and guidelines for collection, analysis, and presentation 
of immunization safety data. Vaccine. 2011;29(3):599–612.  

    6.   Wakerley BR, Uncini A, Yuki N, GBS Classifi cation Group. Guillain-Barré and Miller Fisher 
syndromes: new diagnostic classifi cation. Nat Rev Neurol. 2014;10(9):537–44.  

    7.    Paradiso G, Tripoli J, Galicchio S, Fejerman N. Epidemiological, clinical, and electrodiagnostic 
fi ndings in childhood Guillain-Barré syndrome: a reappraisal. Ann Neurol. 1999;46(5):701–7.  

    8.    Ogawara K, Kuwabara S, Mori M, Hattori T, Koga M, Yuki N. Axonal Guillain-Barré syn-
drome: relation to anti-ganglioside antibodies and  Campylobacter jejuni  infection in Japan. 
Ann Neurol. 2000;48(4):624–31.  

    9.    Shahrizaila N, Goh KJ, Kokubun N, Tan AH, Tan CY, Yuki N. Sensory nerves are frequently 
involved in the spectrum of Fisher syndrome. Muscle Nerve. 2014;49(4):558–63.  

    10.    McGrogan A, Madle GC, Seaman HE, de Vries CS. The epidemiology of Guillain-Barré syn-
drome worldwide: a systematic literature review. Neuroepidemiology. 2009;32(2):150–63.  

    11.    Melnick SC, Flewett TH. Role of Infection in the Guillain-Barré syndrome. J Neurol Neurosurg 
Psychiatry. 1964;27:395–407.  

    12.    Kennedy RH, Danielson MA, Mulder DW, Kurland LT. Guillain-Barré syndrome: a 42-year 
epidemiologic and clinical study. Mayo Clin Proc. 1978;53(2):93–9.  

      13.    Winer JB, Hughes RAC, Anderson MJ, Jones DM, Kangro H, Watkins RP. A prospective 
study of acute idiopathic neuropathy: II. antecedent events. J Neurol Neurosurg Psychiatry. 
1988;51(5):613–8.  

    14.    Janssen R, Krogfelt KA, Cawthraw SA, van Pelt W, Wagenaar JA, Owen RJ. Host-pathogen 
interactions in  Campylobacter  infections: the host perspective. Clin Microbiol Rev. 
2008;21(3):505–18.  

    15.    Rhodes KM, Tattersfi eld AE. Guillain-Barré syndrome associated with  Campylobacter  infec-
tion. Br Med J (Clin Res Ed). 1982;285(6336):173–4.  

    16.    Svedhem A, Kaijser B.  Campylobacter fetus subspecies jejuni : a common cause of diarrhea in 
Sweden. J Infect Dis. 1980;142(3):353–9.  

    17.    Kaldor J, Speed BR. Guillain-Barré syndrome and  Campylobacter jejuni : a serological study. 
Br Med J (Clin Res Ed). 1984;288(6434):1867–70.  

      18.    Rees JH, Soudain SE, Gregson NA, Hughes RAC.  Campylobacter jejuni  infection and 
Guillain-Barré syndrome. N Engl J Med. 1995;333(21):1374–9.  

     19.    Jacobs BC, Rothbarth PH, van der Meché FGA, Herbrink P, Schmitz PIM, de Klerk MA, et al. 
The spectrum of antecedent infections in Guillain-Barré syndrome: a case–control study. 
Neurology. 1998;51(4):1110–5.  

N. Shahrizaila and N. Yuki



179

    20.    Uncini A, Kuwabara S. Electrodiagnostic criteria for Guillain-Barré syndrome: a critical revi-
sion and the need for an update. Clin Neurophysiol. 2012;123(8):1487–95.  

    21.    Kokubun N, Shahrizaila N, Koga M, Hirata K, Yuki N. The demyelination neurophysiological 
criteria can be misleading in  Campylobacter jejuni -related Guillain-Barré syndrome. Clin 
Neurophysiol. 2013;124(8):1671–9.  

    22.    Mishu B, Blaser MJ. Role of infection due to  Campylobacter jejuni  in the initiation of Guillain- 
Barré syndrome. Clin Infect Dis. 1993;17(1):104–8.  

    23.    Nachamkin I, Allos BM, Ho T.  Campylobacter  species and Guillain-Barré syndrome. Clin 
Microbiol Rev. 1998;11(3):555–67.  

    24.    Endtz HP, Ang CW, van den Braak N, Duim B, Rigter A, Price LJ, et al. Molecular character-
ization of  Campylobacter jejuni  from patients with Guillain-Barré and Miller Fisher syn-
dromes. J Clin Microbiol. 2000;38(6):2297–301.  

    25.    Ledeen RW, Yu RK. Gangliosides: structure, isolation, and analysis. Methods Enzymol. 
1982;83:139–91.  

    26.    Shahrizaila N, Yuki N. Antiganglioside antibodies in Guillain-Barré syndrome and its related 
conditions. Expert Rev Neurother. 2011;11(9):1305–13.  

    27.    Freddo L, Yu RK, Latov N, Donofrio PD, Hays AP, Greenberg HS, et al. Gangliosides GM1 
and GD1b are antigens for IgM M-protein in a patient with motor neuron disease. Neurology. 
1986;36(4):454–8.  

    28.    Ilyas AA, Willison HJ, Quarles RH, Jungalwala FB, Cornblath DR, Trapp BD, et al. Serum 
antibodies to gangliosides in Guillain-Barré syndrome. Ann Neurol. 1988;23(5):440–7.  

    29.    Yuki N, Yoshino H, Sato S, Miyatake T. Acute axonal polyneuropathy associated with anti-
 GM1 antibodies following  Campylobacter  enteritis. Neurology. 1990;40(12):1900–2.  

    30.    Walsh FS, Cronin M, Koblar S, Doherty P, Winer J, Leon A, et al. Association between glyco-
conjugate antibodies and  Campylobacter  infection in patients with Guillain-Barré syndrome. 
J Neuroimmunol. 1991;34(1):43–51.  

    31.    Jacobs BC, van Doorn PA, Schmitz PIM, Tio-Gillen AP, Herbrink P, Visser LH, et al. 
 Campylobacter jejuni  infections and anti-GM1 antibodies in Guillain-Barré syndrome. Ann 
Neurol. 1996;40(2):181–7.  

    32.    Kusunoki S, Chiba A, Kon K, Ando S, Arisawa K, Tate A, et al.  N -Acetylgalactosaminyl 
GD1a is a target molecule for serum antibody in Guillain-Barré syndrome. Ann Neurol. 
1994;35(5):570–6.  

   33.    Kusunoki S, Iwamori M, Chiba A, Hitoshi S, Arita M, Kanazawa I. GM1b is a new member of 
antigen for serum antibody in Guillain-Barré syndrome. Neurology. 1996;47(1):237–42.  

    34.    Ho TW, Willison HJ, Nachamkin I, Li CY, Veitch J, Ung H, et al. Anti-GD1a antibody is asso-
ciated with axonal but not demyelinating forms of Guillain-Barré syndrome. Ann Neurol. 
1999;45(2):168–73.  

     35.    Kaida K, Morita D, Kanzaki M, Kamakura K, Motoyoshi K, Hirakawa M, et al. Ganglioside 
complexes as new target antigens in Guillain-Barré syndrome. Ann Neurol. 2004;56
(4):567–71.  

    36.    Kaida K, Morita D, Kanzaki M, Kamakura K, Motoyoshi K, Hirakawa M, et al. Anti- 
ganglioside complex antibodies associated with severe disability in GBS. J Neuroimmunol. 
2007;182(1–2):212–8.  

   37.   Koga M, Gilbert M, Li J, Yuki N. Complex of GM1- and GD1a-like lipo-oligosaccharide 
mimics GM1b, inducing anti-GM1b antibodies. PLoS One. 2015;10(4):e0124004.  

     38.    Yuki N, Taki T, Inagaki F, Kasama T, Takahashi M, Saito K, et al. A bacterium lipopolysac-
charide that elicits Guillain-Barré syndrome has a GM1 ganglioside-like structure. J Exp Med. 
1993;178(5):1771–5.  

    39.    Aspinall GO, Fujimoto S, McDonald AG, Pang H, Kurjanczyk LA, Penner 
JL. Lipopolysaccharides from  Campylobacter jejuni  associated with Guillain-Barré syndrome 
patients mimic human gangliosides in structure. Infect Immun. 1994;62(5):2122–5.  

    40.    Prendergast MM, Lastovica AJ, Moran AP. Lipopolysaccharides from  Campylobacter jejuni  
O:41 strains associated with Guillain-Barré syndrome exhibit mimicry of GM1 ganglioside. 
Infect Immun. 1998;66(8):3649–55.  

9 Guillain–Barré Syndrome and Campylobacter jejuni Enteritis



180

    41.    Witebsky E, Rose NR, Terplan K, Paine JR, Egan RW. Chronic thyroiditis and autoimmuniza-
tion. J Am Med Assoc. 1957;164(13):1439–47.  

    42.    Wirguin I, Briani C, Suturkova-Milosevic L, Fisher T, Della-Latta P, Chalif P, et al. Induction 
of anti-GM1 ganglioside antibodies by  Campylobacter jejuni  lipopolysaccharides. 
J Neuroimmunol. 1997;78(1–2):138–42.  

    43.    Ang CW, Endtz HP, Jacobs BC, Laman JD, de Klerk MA, van der Meché FGA, et al. 
 Campylobacter jejuni  lipopolysaccharides from Guillain-Barré syndrome patients induce IgG 
anti-GM1 antibodies in rabbits. J Neuroimmunol. 2000;104(2):133–8.  

    44.    Susuki K, Rasband MN, Tohyama K, Koibuchi K, Okamoto S, Funakoshi K, et al. Anti-GM1 
antibodies cause complement-mediated disruption of sodium channel clusters in peripheral 
motor nerve fi bers. J Neurosci. 2007;27(15):3956–67.  

    45.    Hafer-Macko C, Hsieh S-T, Li CY, Ho TW, Sheikh K, Cornblath DR, et al. Acute motor axonal 
neuropathy: an antibody-mediated attack on axolemma. Ann Neurol. 1996;40(4):635–44.  

    46.    McKhann GM, Cornblath DR, Griffi n JW, Ho TW, Li CY, Jiang Z, et al. Acute motor axonal 
neuropathy: a frequent cause of acute fl accid paralysis in China. Ann Neurol. 1993;33(4):333–42.  

    47.    Yuki N, Susuki K, Koga M, Nishimoto Y, Odaka M, Hirata K, et al. Carbohydrate mimicry 
between human ganglioside GM1 and  Campylobacter jejuni  lipooligosaccharide causes 
Guillain-Barré syndrome. Proc Natl Acad Sci U S A. 2004;101(31):11404–9.  

     48.    Koga M, Takahashi M, Masuda M, Hirata K, Yuki N.  Campylobacter  gene polymorphism as a 
determinant of clinical features of Guillain-Barré syndrome. Neurology. 2005;65(9):1376–81.    

N. Shahrizaila and N. Yuki



181© Springer International Publishing Switzerland 2016 
C.S. Constantinescu et al. (eds.), Neuro-Immuno-Gastroenterology, 
DOI 10.1007/978-3-319-28609-9_10

    Chapter 10   
 Gut Microbiota: A Possible Role 
in the Pathogenesis of Multiple Sclerosis                     

       Takashi     Yamamura     

    Abstract     Multiple sclerosis (MS) is an autoimmune disease affecting the central ner-
vous system, in which both genetic and environmental factors are involved. Prevalence 
of MS is increasing remarkably in Asian countries including Japan, indicating a role 
of environmental factors related to westernization of lifestyle. Recent studies in immu-
nology have demonstrated the dependency of pathogenic or regulatory lymphocytes on 
the gut microbiota component. Based on the epidemiological data in human and 
mouse immunology studies, we have been hypothesizing that alterations in the gut 
microbiota may underlie the pathogenesis of MS at least in Japan. Very recently, anal-
ysis of the bacterial 16S ribosomal RNA (rRNA) gene by using a high-throughput 
culture-independent pyrosequencing method provided evidence of a moderate dysbi-
osis in the structure of gut microbiota in Japanese patients with MS. Furthermore, we 
have identifi ed 21 species that showed signifi cant differences in relative abundance 
in MS as compared with healthy subjects, 2 increased and 19 reduced. The taxa reduced 
in MS comprised primarily of clostridial species belonging to  Clostridia  clusters 
XIVa and IV. Correcting the dysbiosis and altered gut microbiota might deserve 
consideration as a potential strategy for the prevention and treatment of MS.  

  Keywords     Multiple sclerosis   •   Gut microbiota   •   Dysbiosis   •   Autoimmune disease   
•   Clostridium   •   Regulatory T cells   •    Faecalibacterium prausnitzii   

      Introduction 

 Human gut is inhabited and colonized by trillions of commensal bacteria, fungi, and 
viruses, which are collectively referred to as the gut microbiota. Recent studies have 
demonstrated that gut microbiota interacts with the host immune system and plays 
an essential role in keeping the health and preventing disease conditions [ 1 ]. Previous 
works in the fi eld of gastroenterology showed that compositions of fecal microbiota 
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are signifi cantly biased in infl ammatory bowel diseases (IBD), including ulcerative 
colitis and Crohn’s disease [ 2 ,  3 ]. Parallel research in rodent demonstrated that 
intestinal bacteria are involved in the pathogenesis of IBD models [ 4 ,  5 ]. More 
recently, it has been revealed that an alteration in the gut commensal fl ora is not only 
associated with IBD, but also with obesity, diabetes, cancer, and autoimmune dis-
eases like multiple sclerosis (MS) [ 6 ,  7 ]. Curiously, patients with these diseases are 
increasing in developed countries, including Japan, where “westernized” lifestyle, 
higher intake of high-fat, low-fi ber food, or early exposure to antibiotics is prevail-
ing over last decades [ 8 ]. Nowadays, dysbiosis of human gut microbiota can be 
demonstrated by comprehensive genome analysis for bacterial 16S sequences or 
metagenome analysis. In this short review article, current understanding on the role 
of gut microbiota in MS is overviewed.  

    What Is the Relationship Between MS and Infl ammatory 
Bowel Disease? 

 MS is a chronic autoimmune disease of the central nervous system (CNS), typically 
characterized by recurrent episodes of neurological disabilities and presence of mul-
tiple demyelinating foci in the CNS. MS is continuously increasing in developed 
countries over last decades [ 8 ,  9 ]. Although MS used to be a very rare disease in 
Japan, we are witnessing a very remarkable increase of patients with MS in Japan 
(Fig.  10.1a ). This increase could not be explained by better awareness of the disease 
or advancement in diagnostic skills or facilities [ 10 ], and therefore nongenetic, envi-
ronmental factors should be considered. Known environmental risk factors for MS 
include lower exposure to sunlight resulting in vitamin D3 defi ciency, EB virus infec-
tion, and cigarette smoking [ 11 ]. There is no evidence that Japanese are exposed more 
signifi cantly to these risk factors during last decades. High salt intake is also proposed 
to be a risk factor for MS [ 12 ]. However, salt intake is actually decreasing in Japan.

   At the turn of centuries, the role of commensal bacteria in shaping lymphocyte 
repertoire started to attract the attention of immunologists [ 1 ], opening the gate to the 
research into microbiota-immune interactions. We are aware that Crohn’s disease and 
ulcerative colitis are also increasing in Japan in parallel with MS (Fig.  10.1b ). Is it rea-
sonable to hypothesize that MS and IBD may share common pathways leading to occur-
rence of the infl ammatory destruction? Although even nonexperts accepted the possible 
pathogenic role of altered gut environments in IBD, it took some more years till peo-
ple started to consider if a brain disease MS could be associated with altered gut fl ora.  

    Roles of Gut Commensal Flora in Animal Models of MS 

 It remained obscure for years whether the gut microbiota could affect systemic 
immune responses beyond the gut. To answer the question, an animal model of MS, 
experimental autoimmune encephalomyelitis (EAE), has signifi cantly contributed 
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to our understanding. In 2008, we investigated if antibiotic treatment altering gut 
fl ora compositions might affect development of EAE. As reported by Yokote et al. 
[ 13 ], we induced EAE with MOG 35–55 peptide in B6 mice. Before and during 
induction phase, drinking water, containing nonabsorbing antibiotics kanamycin, 
colistin, and vancomycin, was given to the mice. The antibiotics treatment signifi -
cantly altered the composition of intestinal microbiota but also reduced the clinical 
and pathological signs of EAE [ 13 ]. The suppressed signs of EAE were associated 
with reduced Th1 and Th17 responses to MOG35–55 in the draining lymph nodes. 
T cells isolated from the gut-associated lymph nodes showed a selectively sup-
pressed IL-17 production. Interestingly, the effect of antibiotics was not observed in 
mice whose invariant NKT (iNKT) cells are genetically depleted, indicating the role 
for iNKT cells in this antibiotic-mediated suppression of EAE. In 2011, Lee et al. 
[ 14 ] reported that although germ-free mice are very resistant against induction of 
EAE, colonizing the mice with segmented fi lamentous bacteria (SFB), that is essen-
tial for induction of Th17 cells in mice [ 15 ], would restore the susceptibility to 
EAE. Berer et al. used T cell receptor (TCR) transgenic mice that spontaneously 
develop EAE to address the role of gut microbiota in EAE [ 16 ]. They showed that 
the commensal fl ora greatly affects the development of disease in their spontaneous 
EAE model created by genetic engineering.  

    Analysis of Fecal Samples of MS 

 These results obtained from rodent EAE experiments indicate a role for the indige-
nous gut microbiota in the pathogenesis of EAE, and raised the possibility that an 
altered gut microbiota might be an environmental risk factor for MS. However, 
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  Fig. 10.1    Increase of multiple sclerosis ( MS ) and Crohn’s disease in Japan       

 

10 Gut Microbiota: A Possible Role in the Pathogenesis of Multiple Sclerosis



184

analysis of human fecal commensal microbiota has been a challenge till lately, as the 
large majority of the gut bacteria is anaerobic and has not been isolated in culture. To 
overcome the problem, we have used a high-throughput culture- independent pyrose-
quencing method to compare the gut microbiota of MS patients and healthy subjects 
[ 17 ]. Samples were obtained from 20 patients with relapsing-remitting type of MS 
during remission and from 40 healthy subjects. In addition, we used 158 control 
samples from 18 healthy subjects who repeatedly provided the fecal samples. 

 Bacterial 16S ribosomal RNA (rRNA) gene analysis of fecal DNA revealed that 
species diversity and richness were not altered in MS (Fig.  10.2 ). This feature is in 
striking contrast to the gut microbiota of patients with infl ammatory bowel disease 
(IBD), which is characterized by lower species richness compared with healthy 
 controls. However, UniFrac analysis revealed a signifi cant difference in the overall 
gut microbiota structure between MS and healthy subjects (Fig.  10.3 ), indicating 
that the gut microbiota in MS is signifi cantly altered.

    More strikingly, we detected a signifi cant difference in the abundance of 21 bac-
terial species; two increased and 19 decreased in MS. On comparing MS samples to 
the 158 longitudinal samples from 18 healthy subjects, the differences were found 
to be reproducibly signifi cant for most of the species. The taxa reduced in MS com-
prised primarily of clostridial species belonging to  Clostridia  clusters XIVa and IV 
and  Bacteroidetes . Among the reduced clostridial strains, the proportions of 
 Faecalibacterium prausnitzii  and  Eubacterium rectale  were reduced in fecal and 
mucosa-associated microbiota in patients with IBD and were associated with a 
higher risk of postoperative recurrence of ileal Crohn’s disease [ 18 ,  19 ]. 
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  Fig. 10.2    Bacterial 
species diversity and 
richness were not altered in 
MS. Number of 
operational taxonomic 
units (OTUs) generated by 
clustering of 3000 16S 
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control subjects and 20 
patients with multiple 
sclerosis (Revised from 
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  Clostridial  species including  Faecalibacterium prausnitzii  [ 18 ] are involved in 
fermenting digestion of diet fi ber, which leads to production of short chain fatty acids 
(SCFA), including acetate, propionate, and butyrate. Butyrate is known to exert anti-
infl ammatory functions via inhibition of NF-κB activation and IκB degradation [ 20 ]. 
Interestingly, Atarashi et al. [ 21 ] have succeeded in identifying 14 clostridial strains 
from human feces that are capable of inducing foxp3+ regulatory T cells. Although 
most of these strains were reduced in IBD samples, they were not phylogenetically 
close to those that were reduced in MS.  

    Implications 

 Results of experimental works as well as epidemiological studies prompted us to 
evaluate the importance of gut microbiota in MS. As described above, we have 
found that potentially immunosuppressive clostridial strains are reduced in the gut 
microbiota from Japanese patients with MS [ 17 ]. We could now speculate that the 
remarkable increase of MS in Japan might result from alterations in the gut micro-
biota due to the change of lifestyle. If all the bacteria reduced in MS have immune- 
regulatory potentials like  Faecalibacterium prausnitzii  [ 18 ], not only diet therapy 
but more drastic therapy such as fecal transplantation may deserve consideration for 
preventive or therapeutic strategies in MS. 
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 Gut commensal microbiota are not harmful, but accomplish benefi cial functions 
for promoting and maintaining health. For example, they would serve for hosts 
through synthesizing vitamins and producing short chain fatty acids (SCFA) with 
anti-infl ammatory activity. Of particular interest, nutritional factors previously 
reported to show protective effects on MS include vegetable protein, dietary fi ber, 
cereal fi ber, vitamin C, thiamin, ribofl avin, calcium, and potassium [ 22 ]. Dietary 
fi bers are a source of butyrate capable of maintaining intestinal homeostasis. It is 
also of note that green vegetables contain ligands for aryl hydrocarbon receptor 
expressed by Th17 cells [ 23 ]. Along with rapid progress in basic research, anecdotal 
or fragmental works, supporting diet therapy of MS, could be now re-evaluated 
based on more solid scientifi c background [ 24 ,  25 ]. Ongoing works may lead to 
development of sophisticated approaches for correcting dysbiosis that may lead to 
cure of MS in the future.     
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    Chapter 11   
 Intestinal Parasites and Immunomodulation 
in Neuroinfl ammatory Disease                     

       Radu     Tanasescu     

    Abstract     Some intestinal parasites are major human pathogens, and deworming is 
rightly advocated to prevent helminth-induced morbidity. Actual understanding of 
the immunoregulatory responses induced by helminths, in combination with epide-
miological and animal studies, suggests however that intestinal worms may have 
therapeutic potential in autoimmune diseases such as multiple sclerosis (MS). The 
epidemiology of MS shows an inverse correlation with helminth infections. Positive 
effects of helminths in animal models of MS and observational studies in people with 
MS naturally infected with helminths suggest that those organisms can act as immune 
regulators and led to clinical trials of helminth therapy. This chapter reviews the ani-
mal studies, the rationale for and the safety and effi cacy results of clinical trials of 
helminth therapy in MS. Studies on helminth treatments in MS may provide infor-
mation that could lead to advances in our understanding of MS pathogenesis.  

  Keywords     Multiple sclerosis   •   Helminth   •   Immunoregulation   •   Hygiene hypothesis   
•   Neuroinfl ammatory disease  

      Helminths and Immunoregulation: An Evolutionary 
Perspective 

 The ‘hygiene hypothesis’ or ‘microbial deprivation hypothesis’ states that autoim-
mune and allergic disorders may be an unanticipated consequence of otherwise ben-
efi cial advances in sanitation and public health [ 1 – 3 ]. The ‘old friends’ hypothesis is 
part of the hygiene hypothesis and dwells on the depletion from the urban environ-
ment of organisms that accompanied mammalian evolution such as symbiotic 

        R.   Tanasescu ,  MD, PhD       
  Division of Clinical Neuroscience, Clinical Neurology Research Group ,  University of 
Nottingham, Queen’s Medical Centre ,   Nottingham ,  UK    

  Department of Neurology, Neurosurgery and Psychiatry ,  University of Medicine and 
Pharmacy Carol Davila Bucharest, Colentina Hospital ,   Bucharest ,  Romania   
 e-mail: r.tanasescu@nottingham.ac.uk  

mailto:r.tanasescu@nottingham.ac.uk


190

intestinal microbiota and intestinal worms (helminths) [ 4 ,  5 ]. The ‘old friend’ organ-
isms stand in contrast to infl ammation-promoting new infections acquired by humans 
during the Neolithic period such as measles, mumps, infl uenza and smallpox viruses 
[ 6 ]. Helminths had to be tolerated during evolution since their removal by the immune 
system would translate to unacceptable effects on the host. Therefore, co-evolutionary 
forces ensured that they came to play essential roles in promoting immunoregulatory 
pathways involved in tolerance [ 7 ]. Autoimmune diseases are more likely in suscep-
tible individuals who have not experienced exposure to ‘old friend’ organisms such as 
helminths, as shown by epidemiological surveys which indicate an inverse, dichoto-
mous relationship between helminths and autoimmune conditions [ 6 ,  8 ]. If the absence 
of helminths is associated with abnormal immunoregulation, the question that arises 
is whether replacement of helminths will diminish the impact of established autoim-
mune conditions [ 6 ]. 

 Many helminth species mediate protection using similar immune regulatory 
mechanisms. The mechanisms of protection are not likely to be the same for all auto-
immune diseases. The large number of independent regulatory circuits that helminths 
stimulate may explain why they can infl uence susceptibility to a number of autoim-
mune disease states [ 15 ,  46 ]. Common themes include activation of T-regulatory 
cells (Tregs), induction of regulatory dendritic cells, alteration of macrophage activ-
ity and stimulation of regulatory cytokine synthesis (such as IL-10, TGF-β). These 
mechanisms can function concurrently and independently of each other, and the loss 
of one regulatory pathway will not necessarily abolish disease protection. 
Generational exposure to helminths would select in their hosts genetic traits that are 
suitable for the presence of these organisms. Fumagalli et al. estimated pathogen 
richness (the number of pathogen species in a specifi c geographic location) and ana-
lysed 91 interleukin (IL) and IL receptor genes (ILR) for 52 human populations 
distributed worldwide [ 9 ]. They showed that helminths have been a major selective 
force on a subset of these genes, some of them such as IL-1 and ILR-7 being highly 
relevant to MS [ 9 ,  10 ]. Single nucleotide polymorphisms (SNPs) that display a strong 
correlation with the diversity of helminth species in different geographic areas map 
to genes including loci involved in regulatory T-cell function and in macrophage 
activation, leukocyte integrins and co-inhibitory molecules [ 11 ]. Therefore, helminth 
infection may promote decisive evolutionary effects on the host, especially for genes 
that control immunoregulation [ 12 ]. The absence of this dynamic relationship 
between helminths and the host recently may have led to an immune incongruity 
(‘biome depletion’) [ 13 ], and interventions aimed at compensating this mismatch 
could be a way to prevent or treat autoimmune disease (‘biome reconstitution’) [ 13 ].  

    Multiple Sclerosis and Natural Infection with Helminths: 
Epidemiological and Observational Data 

 The topic of intestinal worms as a therapeutic strategy in multiple sclerosis (MS) 
has been recently reviewed [ 8 ,  12 ,  14 ]. 
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 MS is a chronic infl ammatory disease of the central nervous system (CNS) char-
acterised by faulty immunoregulation. It is considered that MS occurs as a conse-
quence of different gene interactions, abnormal host immune responses and 
environmental factors. MS incidence has increased in the second half of the twenti-
eth century in developed countries. Fifty years ago, Leibowitz and colleagues were 
the fi rst to demonstrate that MS was more prevalent in areas of high sanitation [ 15 , 
 16 ]. Moreover, current epidemiological evidence shows that MS is spreading into 
underdeveloped countries where changes in lifestyle occur [ 17 ,  18 ].  Trichuris trich-
iura  is a surrogate marker for infection with other macroparasites and low levels of 
community sanitation, and a prevalence of about 10 % in a given population sug-
gests an exposure to multiple parasite infections [ 19 ]. Once a critical threshold in 
the prevalence of the common human helminth  Trichuris trichiura  is exceeded, the 
prevalence of MS falls abruptly [ 19 ]. The same mutual exclusive tendency of asso-
ciation with MS applies for infections with hookworms ( Necator americanus  and 
 Ancylostoma duodenale ) [ 8 ,  20 ,  21 ]. As MS is thought to have a multifactorial 
pathogenesis, this association may not prove causality, and other factors should be 
considered (genetics, sunlight exposure, diet) [ 22 – 24 ]. However, this epidemiologi-
cal evidence may imply either that the absence of intestinal worms increases the risk 
of MS, that helminths are a marker of a more important aspect directly implicated 
in the occurrence of MS, or that the intestinal parasites are a protective factor for 
developing MS [ 7 ,  8 ,  15 ,  16 ,  18 ]. 

 In order for clinical trials of helminth therapy in MS to be designed, conducted 
and interpreted optimally, it is essential that the interaction between MS and intesti-
nal helminths is understood as well as possible. Gut-based helminths initiate and 
intervene on the regulation of immune responses at fi rst-contact mucosal and epithe-
lial surfaces. At this fi rst-contact site with the environmental microbiota, the immune 
system simultaneously discriminates between pathogenic and nonpathogenic 
microbes and mounts a response protecting the body from the former whilst remain-
ing tolerant of the latter whilst minimising or avoiding damage to the host [ 6 ]. 
Discrimination between microbial pathogens and commensals is facilitated by acti-
vation of pattern recognition receptors (PRRs) found on fi rst-contact host cells. Pro-
infl ammatory molecules are released as a consequence of microbial invasion and 
cellular stress. Because of the permanent microbial exposure, infl ammation is con-
stant in the mucosa; quantitative extraction methods confi rm the qualitative histo-
logic impression that the normal gut mucosa is in a state of physiologic infl ammation 
[ 6 ]. Immunoregulation, which is infl uenced by the presence of helminths, would 
keep this infl ammation under control. Therefore, deprivation from intestinal para-
sites may lead to an excess of pro-infl ammatory activity [ 6 ]. 

 Important data on helminth-induced immunoregulation in MS are provided by 
observational studies of MS patients naturally infected with intestinal worms. Those 
studies suggest that intestinal helminth infection act as an ‘immunological switch’ 
(turning off MS activity during infection and losing its effects after deworming) [ 25 ]. 
Correale and Farez reported a longitudinal study involving 12 MS patients with mild, 
asymptomatic intestinal parasite infections, matched with 12 uninfected patients 
with comparable clinical characteristics [ 26 ]. The participants were followed up 
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for approximately 4.5 years with serial clinical, MRI and immunological assessments. 
MS patients infected with helminths had a signifi cant reduction in relapses, disability 
accumulation and new or enlarging T2 lesions or gadolinium- enhancing MRI lesions, 
downregulation of Smad7 signalling with increased numbers and activity of Treg and 
a parasite-induced Th2-type cytokine response in comparison with the uninfected con-
trol patients [ 26 ]. Mechanistic studies demonstrated that the improved control of MS in 
the infected group was associated with cellular immune responses characterised by 
increases in IL-10 and TGF-β expression, decreases in IL-12 and expression of IFN-γ 
and also induction B-regulatory cells [ 26 – 28 ]. Moreover, helminth-related immuno-
modulation observed in MS patients was mediated by Toll-like receptor (TLR) 2 and 
retinoic acid-dependent pathways via induction of IL-10 and Treg and suppression of 
pro-infl ammatory cytokine production mediated by suppressor of cytokine signalling 3 
(SOCS3) [ 29 ]. 

 More data were reported from the 7.5-year follow-up of the demographically 
matched groups of infected and uninfected MS patients and healthy controls (HC) 
(12 in each group) [ 30 ]. During the fi rst 5 years of follow-up, the infected group had 
a signifi cantly lower disease activity than the uninfected group. After 5.25 years, four 
MS patients infected with helminths were dewormed. After helminth eradication, 
MS clinical and radiological activities increased to the level seen in the uninfected 
group. Mechanistic immunological studies of peripheral blood mononuclear cell 
responses after stimulation with myelin basic protein or phytohaemagglutinin showed 
that the MS patients had increased IL-12- and IFN-γ-secreting cells and lower num-
bers of IL-10- and TGF-β-secreting cells in comparison with HC. This pattern, as well 
as Treg numbers, reversed during helminth infection but returned to a pro-infl amma-
tory state after deworming. The limitations of the study were the lack of blinding, the 
small size and the observational design [ 25 ].  

    Helminths Treatment in the Animal Model of MS 

 The most commonly studied animal model of MS is experimental autoimmune 
encephalitis (EAE). EAE mimics several of the key clinical and pathological fea-
tures of MS and is a proven tool of testing therapies effective in human studies 
[ 31 – 35 ]. Nevertheless, EAE models the effects of an intervention for an individual 
infl ammatory attack and provides less information on the long-term impact that an 
intervention could have on the course of a recurring conditions such as MS [ 8 ]. 
Since many models of EAE are monophasic in contrast to MS, helminth treatment 
in people with MS is likely to require continuous treatment [ 12 ]. 

 Parasite effects on EAE have been recently reviewed and compared to EAE stud-
ies involving protozoan organisms [ 12 ,  36 ]. Data generated from these EAE studies 
vary broadly depending on study designs, schedules of administration, types and 
doses of specifi c live helminths or helminth products, sites of action and type of 
pathological changes of host tissue and alterations in biomarkers [ 12 ]. However, the 
overwhelming majority of EAE studies showed that treatment with live helminths 
or helminth products has benefi cial effects in EAE [ 37 – 50 ] (Table  11.1 ), whilst one 
study did not show any effect [ 49 ].
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   Administration of helminths has different effects depending on the stage of 
EAE. In all but two of the EAE studies in which the treatment induced changes [ 41 , 
 42 ], the more localised helminthic activity was mostly effective in the pre- 
immunisation and induction phases of EAE. Treatment with soluble egg antigen 
from  Schistosoma  spp. only had an effect when administered before induction of 
EAE [ 38 ]. This suggests that in order to be effective, helminth treatments should be 
administered early, before irreversible damage of the CNS occurs. 

 Helminth treatment in EAE induces a general anti-infl ammatory milieu through 
multiple pathways that fi nally regulate the activity of autoreactive T cells and effec-
tor cells [ 8 ]. Firstly, helminths generate a modifi ed Th2 response with high amounts 
of IL-4, IL-5, IL-10 and distinct IgG subclasses as well as an increase in Tregs. The 
majority of studies of helminth treatment in EAE show the induction of a Th2 pro-
fi le with an increase of IL-4 and IL-5 and a decrease of IFN-γ, IL-12 and IL-17 [ 8 , 
 41 ]. The positive effects on EAE outcome are unlikely to be mediated only by a 
Th1-Th2 shift. Sewell et al. showed no effect of helminth treatment on EAE severity 
in STAT6 defi cient mice, a key regulator of Th2 differentiation [ 37 ]. Moreover, a 
Th2 shift was induced also in the only published EAE study that failed to show a 
positive effect of helminth treatment following infection [ 49 ]. Importantly, the per-
centage and absolute number of Treg cells (CD4 + CD25 + Foxp3+ T cells) were not 
changed, suggesting that a Th2-polarised response without concomitant expansion 
of Treg was not enough to modify EAE outcome [ 49 ]. 

 Secondly, induction of Treg is typically seen in conjunction with increased IL-10 
and TGF-β [ 52 ,  53 ]. Although IL-10 primarily suppresses local helminth-specifi c 
T-helper cell responses such as production of IL-4, IFN-γ and IL-17 [ 45 ], it is not a 
primary modulator of the autoimmune response. IL-10 knockout mice with EAE and 
infected with helminths exhibit similar reductions in clinical severity as wild- type 
mice [ 45 ]. Adoptive transfer of mesenteric lymph node cells from helminth- infected 
mice in EAE and allergic disease infl uences disease outcomes equally in animals that 
received cells from IL-10-negative or wild-type mice [ 46 ,  52 ]. Whilst IL-10 plays a 
central role in protozoan-mediated immune suppression [ 54 ,  55 ], other mediators 
such as TGF-β seem to be crucial for helminth-induced suppression. In helminth-
infected EAE animals, the disease is restored by neutralisation of TGF-β [ 45 ]. TGF-β 
reduces production of pro-infl ammatory cytokines and controls differentiation of 
alternatively activated macrophages [ 56 ,  57 ]. In animals with EAE and helminth 
infection, this macrophage phenotype is associated with decreased disease activity 
[ 47 ]. In parasite-infected animals, there is an increased production of TGF-β by iso-
lated splenocytes, concomitant with Treg induction [ 36 ]. Moreover, TGF-β can be 
produced by Treg cells, and it further infl uences their differentiation [ 57 ,  58 ]. 

 Under the infl uence of helminth excretory-secretory (ES) products, dendritic 
cells (DCs) may acquire a semi-mature phenotype and are able to polarise naive T 
cells in vitro and in vivo [ 42 ]. When ES-pre-stimulated DCs were used to pretreat 
animals undergoing EAE induction, they were able to reduce the clinical signs and 
the duration of the disease. Treated animals had decreased production of IFN-γ and 
IL-17 and increased production of IL-4, IL-10 and TGF-β, as well as an expansion 
of Treg in the spinal cord and spleen [ 42 ]. In a recent study, prophylactic application 
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of  Trichinella spiralis  excretory-secretory muscle larvae products ameliorated EAE 
with the same success as infection did [ 50 ]. However, additional to the shift to the 
Th2-type response, the authors noted an increased proportion of unconventional 
CD4 + CD25-Foxp3+ Tregs both in the periphery and in the CNS of animals treated 
with ES L1 before the induction of EAE [ 50 ]. 

 To conclude, treatment of EAE with helminths generates an immunoregulatory 
response which involves tolerising stimulation of B cells and DC by helminth- 
derived molecules, induction of Tregs and production of TGF-β and IL-10. Those 
effects are beyond the classical Th2 response and could explain why helminth treat-
ment modulates both Th1- and Th2-driven conditions [ 8 ].  

    Helminths in Clinical Trials in MS 

 Principles of and recommendation for trials of helminth therapy in autoimmune 
disease have been recently published [ 6 ]. The two helminth species used in clinical 
trials of helminth therapy in MS were  Trichuris suis  and  Necator americanus ; both 
are chosen due to their favourable safety profi le in a setting of controlled infection. 

 Most of the therapeutic helminth trials in MS have used  Trichuris suis , the por-
cine whipworm.  Trichuris suis  is closely related to  Trichuris trichiura  (human 
whipworm) and can briefl y colonise people [ 59 ]. Microscopic parasite eggs are 
ingested, and each egg releases one larva that matures into an adult worm. The fea-
tures that make  Trichuris  species good candidates for clinical use are the following 
[ 8 ]: (1) larvae and adults do not migrate beyond the gut and do not multiply within 
the host; (2)  Trichuris suis  has not been documented to cause human disease; (3) 
normal hygienic practices impede transmission from host to host, since ova require 
incubation in moist soil for 1–2 months to mature and become infective; and (4) 
 Trichuris suis  obtained from pigs is cultured in a specifi c pathogen-free environ-
ment; thus, any risk from using this helminth is likely to be small [ 8 ]. The down-
sides regarding the use of  Trichuris suis  are the following: (1) the parasite is 
zoonotic; therefore errant migration to various organs in the human host cannot be 
excluded; (2) infection is short-lived (2 weeks) requiring frequent dosing; and (3) 
fi nancial cost of frequent dosing is high [ 60 ]. 

 The hookworm  Necator americanus  is a gastrointestinal pathogen that infects over 
500 million people. The parasite is encountered only in humans, which makes it a 
‘family heritage’ and an evolutionary ‘old friend’ that has accompanied humans dur-
ing historical migration [ 8 ]. Infection with  Necator americanus  is generally benign 
once adult worms are established in the gut; however it can produce anaemia if infec-
tion intensity is heavy or if iron status is compromised [ 61 – 63 ]. In hookworm- endemic 
populations, the hookworm induces a mixed peripheral T-helper cell response with 
Th2, IL-10 and TGF-β dominance [ 64 ,  65 ]. For clinical application, people are colo-
nised by applying infective larvae to the skin. This method mimics natural infection, 
which occurs after the subject walks barefoot on the larvae that have hatched after 
incubation on the soil [ 8 ]. After penetrating the intact skin of the human, the larvae 
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migrate to the lungs, enter the bronchi and migrate up the trachea to the throat where 
they are swallowed residing in the small gut and maturing. To obtain larvae for thera-
peutic use, they are cultured from the stool of human volunteer donors that are actively 
colonised with  Necator americanus  and screened to reduce the risk of transmitting 
other infections [ 7 ]. After the larvae are washed to eliminate any bacterial co-infec-
tion, they are applied to the skin [ 8 ]. The advantages of using this helminth are that the 
hookworm establishes a chronic but localised infection that can last more than 5 years 
[ 66 ] and the systemic exposure created by larval migration may be more effective at 
activating a range of different immune compartments [ 8 ]. 

 The theoretical drawbacks of  Necator americanus  treatment are pulmonary dam-
age during larval transit, anaemia due to gastrointestinal blood loss and altered air-
way responsiveness. However, studies at the University of Nottingham have shown 
that controlled infection with a small number of larvae is very safe and does not have 
any pulmonary or haematological side effects [ 67 ]. Acute infection can cause gastro-
intestinal symptoms, but dose-ranging studies showed that light infection (e.g. ten 
larvae) is asymptomatic [ 68 – 70 ]. A successful parasite-host relationship is one that 
edges on commensalism, where the parasite causes little-to-no overt damage to its 
host, and ideally approaches mutualism, where the host actually derives some benefi t 
from the parasite [ 60 ,  63 ,  71 ].  Necator americanus  would fi t this profi le for its poten-
tial benefi ts in treating MS or other chronic diseases of infl ammation [ 71 ]. The safety 
and therapeutic effect of low dose of  Necator americanus  infection has been evalu-
ated for a number of infl ammatory diseases, proving to be safe and tolerable [ 60 ,  62 , 
 65 ,  67 ,  72 – 74 ]. 

 Clinical trials of helminth therapy in MS have been recently reviewed [ 8 ]. The 
fi rst phase I clinical trial of helminth therapy in MS (the HINT study: Helminth- 
induced immunomodulation therapy) was conducted by Fleming et al. at the 
University of Wisconsin, USA [ 75 ]. It followed preclinical studies conducted 
between 2005 and 2007 [ 12 ]. In the fi rst part of the trial (HINT 1), fi ve relapsing- 
remitting MS subjects were treated with 2,500 live  Trichuris suis  ova (TSO) orally 
every 2 weeks for 3 months [ 75 ]. TSO were microbiologically checked by the pro-
ducer and at the University of Wisconsin for all porcine adventitious agents and 
other microbiological contaminants [ 12 ,  75 ]. Brain MRI was performed at baseline, 
monthly for 3 months and at 2 months after the end of TSO treatment. The mean 
number of new active brain lesions was 6.6 at baseline, 2.0 after 3 months of treat-
ment, and 5.8 at 2 months post-treatment. The authors noted that the promising MRI 
results should be interpreted with caution, given the small number of subjects and 
the short period of observation [ 75 ]. No major adverse clinical effects were reported 
in the HINT 1 subjects. In three of the fi ve subjects, transient mild gastrointestinal 
symptoms that did not interfere with daily living activities were reported at approxi-
mately 30 days after TSO initiation. This ‘fi rst-dose’ phenomenon was similar to 
that reported in a study of TSO for allergic rhinitis [ 76 ]. Biologically, TSO treat-
ment resulted in eosinophilia, an elevation of serum C-reactive protein and antibody 
to  Trichuris suis  ES products (IgG1, IgA, but not IgE) and an increase in serum IL-4 
and IL-10. TSO therapy produced changes suggestive of modulation of TLR regula-
tory pathways, but didn’t have an effect on the percentage of circulating monocytes 
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expressing typical surface markers of alternatively activated macrophages from the 
PBMCs of treated patients when compared to healthy controls [ 12 ]. This lack of 
change suggested that any alternatively activated macrophage-inducing soluble fac-
tors at the site of helminthic infection, if present, had no effect on the phenotype of 
circulating monocytes [ 25 ]. 

 HINT 2 was a follow-up exploratory clinical trial with baseline versus treatment 
design involved 15 treatment-naive relapsing-remitting MS [ 12 ,  77 ]. The patients 
underwent 5 months of pretreatment observation and 10 months of treatment with 
 Trichuris suis  ova (2,500 live ova orally every 2 weeks). The primary outcome 
measures were the safety and tolerability of  Trichuris suis  ova and the change in 
the number of gadolinium-enhancing lesions (Gd+) during monthly brain MRI 
scans with double-dose gadolinium contrast [ 12 ]. No signifi cant safety or tolerabil-
ity issues were observed. The mean number of Gd + lesions per month was 3.2 
during 5 months of observation and 2.1 during the last 5 months of treatment, i.e. 
a 34 % relative reduction. Immunological assessments indicated that TSO was 
associated with increases in Treg cells and a modifi ed Th2 immune response. 
Transcriptional analyses of peripheral blood mononuclear cells suggested that 
treatment led to diminished expression of the pellino E3 ubiquitin protein ligase 1 
(pelli 1) gene, recently demonstrated to be a central activator of microglia in exper-
imental autoimmune encephalomyelitis and possibly in MS itself [ 78 ]. The inves-
tigators concluded that TSO appears safe and well tolerated in RRMS subjects and 
that the modest decrease observed in numbers of Gd + lesions during treatment 
indicates that further studies of TSO will be required to assess its effectiveness in 
RRMS [ 79 ]. 

 A pilot, exploratory study of helminth therapy in secondary progressive MS 
(SPMS) was conducted by Benzel et al. at the Charite University, Berlin, Germany 
[ 80 ]. Four SPMS subjects were treated for 6 months with 2,500 TSO administered 
orally every 2 weeks. The patients were clinically stable during the study, and treat-
ment was well tolerated [ 80 ]. To determine whether TSO limits the CD4 + Th1 
response or instead increases the general Th2 response, they stimulated whole blood 
cells with different superantigens (staphylococcus enterotoxins A and B and toxic 
shock syndrome toxin) before, during and after therapy with TSO in vitro and subse-
quently stained them for CD154, CD4, IFN-g, IL-2, IL-4 and IL-10. Immunological 
monitoring showed a slight downregulation of the Th1-associated cytokine pattern, 
especially IL-2, with a temporary increase of Th2-associated cytokines such as IL-4 
[ 80 ]. Mild eosinophilia and changes in CD4+ and CD8+ T cells and natural killer 
(NK) CD56 bright cell numbers were observed. Stimulated PBMC showed a trend 
towards an initial increase of IL-2 and IFN-γ after 1 month, followed by a reduction 
in these cytokines after 2 months [ 80 ]. This suggests an early pro-infl ammatory 
response to the helminth infection followed by an anti-infl ammatory Th2 response, 
as previously described [ 81 ,  82 ]. A signifi cant decrease of serum brain-derived neu-
rotrophic factor (BDNF) levels during TSO therapy was reported [ 83 ]. This was 
different from reports from naturally infected patients, in which an increased produc-
tion of BDNF and nerve growth factor in stimulated B cells from MS patients with a 
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helminth infection compared to uninfected patients and controls was reported [ 28 ]. 
Several differences in study design were suggested as explanations for the opposite 
trends in BDNF levels (RRMS vs. SPMS, stimulated B cells vs. serum levels, natural 
infections vs. experimental TSO treatment, clinical observational vs. prospective 
clinical trial study design) [ 83 ]. 

 Rosche et al. have initiated a phase II study aiming to enrol 50 RRMS subjects 
who will be treated with either TSO or placebo for 12 months ( Trichuris suis  ova in 
relapsing-remitting multiple sclerosis (TRIOMS) and clinically isolated syndrome) 
[ 84 ]. In comparison to HINT2, TRIOMS includes a placebo-controlled arm, and it 
aims to include more patients. The study is currently ongoing. As in HINT 2, the 
safety, tolerability and effect on disease activity and in vivo mechanisms of action 
of TSO in MS will be assessed by neurological, laboratory and immunological 
exams and MRI throughout the 12-month treatment period and over a follow-up 
period of 6 months [ 84 ]. PBMCs from the peripheral blood will be sampled prior to 
and during the intervention to assess the effect of TSO treatment on cellular and 
soluble components of the immune system (Table  11.2 ).

   Voldsgaard et al. conducted an open-label, MRI assessor-blinded safety study of 
ten RRMS patients treated with 2,500 TSO orally for 3 months (TRIMS A) [ 85 ]. 
Six from ten patients were concomitantly treated with β-interferon. MRI was per-
formed every 3 weeks. The investigators concluded that TSO was safe and well 
tolerated but that no clinical, MRI or immunological signals suggestive of a benefi t 
were observed [ 85 ]. The trial design was adapted to test safety and not drug effec-
tiveness. The concomitancy of disease-modifying therapies in more than half of the 
patients, the small patient sample and the short follow-up do not allow any conclu-
sions in terms of effectiveness of helminth therapy in this study [ 8 ]. 

 The fi rst phase II double-blinded placebo-controlled clinical trial of hookworm 
treatment in relapsing MS is currently ongoing at the University of Nottingham 
(Worms for Immune Regulation of MS (WIRMS)) [ 8 ,  86 ]. Seventy-two RRMS 
patients will be treated either with 25 dermally administered hookworm ( Necator 
americanus ) larvae or with placebo. In order to be included, patients should be 
between 18 and 65 years old, should have at least one relapse in the last 12 months 
or two in the last 24 months and an expanded disability status scale (EDSS) score 
in the range of 0–5.5 at baseline [ 8 ]. The primary endpoint consists in the cumula-
tive number of new or enlarging Gd + lesions at 9 months, whilst several immuno-
logical parameters refl ecting Treg expression and activity and Th2 shift are 
secondary and exploratory outcome measures. MRI scans are performed monthly 
from 3 months to 9 months and 3 months after deworming [ 8 ]. Interim safety anal-
ysis as per January 2015 suggests good tolerability and safety profi le of treatment 
in this trial. 

 In short, pilot MS studies with helminths have shown a very good safety profi le 
and some encouraging effects on clinical, radiological and immunological out-
comes. Results from phase II studies are needed in order to confi rm the promising 
hints suggested by preclinical, epidemiological and observational and pilot thera-
peutic studies regarding effectiveness of helminth therapies in MS [ 8 ].  
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    Diffi culties of Therapeutic Studies with Helminth and Future 
Directions 

 Fleming and Weinstock have recently highlighted some of the issues raised by the 
current clinical studies of helminth treatments [ 6 ]. The early studies included small 
numbers of subjects and limited resources. However, the purposes of those explor-
atory trials were to evaluate initial safety and to determine whether suffi cient poten-
tial exists to warrant larger follow-up studies [ 6 ]. Patient selection (too mild or too 
severe disease), the dose and schedule of helminth treatment and statistical power 
issues are to be considered when designing a clinical trial with intestinal parasites in 
autoimmune disease, including MS [ 6 ]. An important point remains the choice and 
manufacturing of the helminth agent, which may alter the longevity and vitality of 
the parasite [ 6 ]. It may be possible that only a human pathogen may be therapeutic in 
human autoimmune disease or that the control of chronic condition requires purifi ed 
helminth-derived immune regulatory molecules administered at different time points 
[ 6 ]. An important point regards the possibility that patients with MS raised in a 
hygienic or Western environment may not have signifi cant childhood exposures to 
helminths [ 87 ]. Thus, they may not have ‘the type of childhood epigenetic imprinting 
which in adulthood will be adequate to support a strong immune regulatory response 
upon therapeutic application of helminths’ [ 6 ]. This would infl uence their immuno-
logical response during a trial using helminths which would be different from the 
response seen in people raised in areas where helminths are endemic, as was the case 
in naturally infected MS patients in the observational studies [ 26 ]. This latter group 
may generate a robust immunoregulatory response to helminth treatment [ 6 ]. 
Moreover, it is possible that once full-blown MS and associated secondary effects 
such as epitope spreading occur [ 88 ], an absolute control may not be achievable. 
Therefore, research on parasite infl uence on MS should ideally tackle the preclinical 
stages of MS. Finally, the hygiene hypothesis may be incorrect, and the observed 
inverse relationship of MS and helminths may prove to be just a marker for a more 
fundamental process in the pathogenesis of MS involving many factors (e.g. UV 
light exposure, vitamin D, inciting infection, environmental toxins [ 6 ]). 

 Deworming is rightly advocated to prevent helminth-induced morbidity; how-
ever it may lead to the emergence of metabolic and infl ammatory conditions includ-
ing MS, in countries that are not prepared for these new epidemics [ 89 ]. Further 
studies are needed to assess this risk and to enhance understanding of how hel-
minths modulate infl ammatory and metabolic pathways [ 89 ]. 

 The relationship between MS, and parasites and infections in general is complex 
and unclear. The types and timing of particular microbial exposures, the character of 
innate immune responses they induce and the downstream effects of continued micro-
bial pressure from the innate immune system on the adaptive immune system may all 
play a potential role in MS immune dysregulation [ 6 ]. Data from clinical trials and 
animal and basic science studies which address the mechanism of helminth exposure 
in MS are important not only for a better management of MS but also by unravelling 
the relationship between intestinal parasites and autoimmunity in general.     
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    Chapter 12   
 Neurological Complications of Anti-TNF 
Treatments and Other Neurological Aspects 
of Infl ammatory Bowel Disease                     

       Su-Yin     Lim      and     Cris     S.     Constantinescu     

    Abstract     Infl ammatory bowel diseases (IBD) result from dysregulated immune 
responses in the bowel. They are characterised by pathology mediated by immune 
cells with upregulated infl ammatory profi le. These disorders of immune regulation 
often coexist with other infl ammatory conditions with altered immunoregulatory 
activities, including multiple sclerosis, rheumatoid arthritis, psoriasis, etc. 
Treatments targeting the pro-infl ammatory cytokine, tumour necrosis factor alpha 
(TNFα), such as antibodies or soluble receptors, have revolutionised the manage-
ment of IBD. However, paradoxically, such treatments have been associated with a 
risk of developing demyelinating disease, often typical multiple sclerosis. This 
chapter reviews the literature on the known prevalence and risk of demyelination in 
patients with IBD receiving TNF inhibitors, discusses potential mechanisms and 
also addresses the immunopathogenic, environmental and genetic commonalities of 
IBD and central nervous system demyelinating disease.  
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      Introduction: Pathological Basis of TNFα in Infl ammatory 
Bowel Disease and Multiple Sclerosis 

 The two main forms of infl ammatory bowel disease (IBD), Crohn’s disease (CD) 
and ulcerative colitis (UC), share characteristic features of chronic, relapsing 
infl ammation of the gastrointestinal tract, although they demonstrate distinct clini-
cal and pathological features. CD most commonly affects the small intestine and 
colon, although any part of the GI tract can be affected. It is characterised by discon-
tinuous or ‘skip’ ulcerated lesions and transmural infl ammation. UC involves the 
colonic mucosa, usually extending to the rectum, characterised by mucosal infl am-
mation, ulcers and crypt abscesses [ 1 ]. 

 The exact aetiology of IBD is unknown. The development of IBD is believed to 
be, in part, due to genetic susceptibility and a dysregulated T-cell-mediated immu-
nological response to enteric bacteria, along with other environmental factors [ 2 ]. 
TNFα has been identifi ed as a crucial mediator in the infl ammatory response in 
IBD, and TNF-inhibitory therapies have been effective in the treatment of both CD 
and UC where conventional therapy has failed [ 3 ]. 

 TNFα is part of a large family of pleiotropic cytokines that induce signalling via 
two receptors, i.e. TNFRI and TNFRII. Cellular proliferation, survival, differentia-
tion and death are mediated via complex signalling pathways, giving rise to infl am-
matory and immunomodulatory processes. Dysregulation of TNFα expression and 
of its signalling have been implicated in the pathogenesis of a variety of disorders 
including cancer, sepsis and autoimmune-mediated infl ammatory disorders such as 
IBD, multiple sclerosis (MS), rheumatoid arthritis (RA), psoriasis and psoriatic 
arthritis (PsA). TNFα is secreted by macrophages, monocytes, lymphocytes, natural 
killer cells, microglia, fi broblasts, astrocytes and other immune and nonimmune 
cells. TNFα is expressed in response to a number of stimuli including infective 
antigens, tumour cells and a variety of complement and cytokines [ 4 ]. Signalling via 
TNFRI can induce both pro- and anti-apoptotic mechanisms via separate pathways 
[ 5 ], whilst activation of TNFRII is thought to enhance the actions of TNFRI and is 
involved in remyelination [ 6 ] and other pro-infl ammatory effects [ 7 ,  8 ]. 

 TNF inhibition (TNFi) is achieved by blocking TNFα activation of their recep-
tors using a monoclonal antibody or soluble receptor. A number of TNFi agents are 
licensed for use in IBD – infl iximab (Remicade, Merck Sharp & Dohme), adalim-
umab (Humira, Abbott Laboratories), certolizumab pegol (Cimzia, UCB) and goli-
mumab (Simponi, Merck Sharp & Dohme). Infl iximab, adalimumab and golimumab 
are monoclonal antibodies to TNFα, and certolizumab pegol is a PEGylated anti- 
TNFα antibody fragment. 

 Infl iximab, adalimumab and certolizumab pegol have licensed indications in CD, 
whereas infl iximab, adalimumab and golimumab are licensed in UC. Pivotal studies of 
infl iximab, a chimeric monoclonal antibody to TNFα, demonstrated therapeutic effi -
cacy in inducing and maintaining disease remission in luminal and fi stulising CD [ 9 –
 13 ] and in UC [ 14 ] compared to placebo. Adalimumab, a human monoclonal antibody, 
has shown comparable effi cacy to infl iximab in the induction of disease remission and 
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maintenance of remission in both CD [ 15 – 17 ] and UC [ 18 ], including those previously 
unresponsive to infl iximab [ 19 ]. The newer agents, certolizumab pegol and golimumab, 
have both shown effectiveness in inducing and maintaining remission in CD [ 20 ] and 
UC [ 21 ], respectively. TNFi therapy reduces hospitalisations and surgical intervention 
in these patients [ 22 ]. Infl iximab and adalimumab are currently recommended in the 
UK by the National Institute for Health and Care Excellence (NICE) for patients with 
severe, active CD who have not responded to or are intolerant of conventional therapy 
including immunosuppressive and/or corticosteroid treatment. Infl iximab, adalimumab 
and golimumab are recommended by NICE for the treatment of moderate to severe UC 
in those who have failed or are unsuitable for conventional treatment. 

 MS is an immune-mediated infl ammatory demyelinating disorder of the CNS, 
with a UK population prevalence of around 203 per 100,000 [ 23 ]. The disease is 
characterised by the appearance of demyelinating plaques disseminated in time and 
space. The exact aetiology of MS is uncertain and likely involves an interplay 
between genetic and environmental factors [ 24 ]. The immunopathogenesis of MS is 
shown to be mediated by autoreactive CD4+ T-cells, CD8+ T-cells, antibodies and 
components of the innate immune system [ 25 ]. 

    MS and TNFα 

 TNFα is detected in MS lesions [ 26 ] and cerebrospinal fl uid (CSF) of MS patients 
[ 27 ], showing a correlation with disease progression [ 28 ] and relapses [ 29 ]. TNFα 
contributes to oligodendrocyte damage and demyelination by signalling apoptotic 
pathways [ 30 ,  31 ], enhancing leukocyte transgression into the CNS via upregula-
tion of endothelium-based cellular adhesion molecules at the blood–brain barrier 
[ 32 ] and promoting the expression of MHC I and II on neurons and glial cells which 
are targeted by MHC-restricted cytotoxic T-cells [ 33 ,  34 ]. In the animal model of 
MS, experimental autoimmune encephalomyelitis (EAE) administration of TNFα 
causes disease worsening [ 35 ]. Mice genetically engineered to overexpress TNFα 
developed infl ammatory demyelination [ 36 ], whilst antagonism of TNFα prevented 
the onset of EAE [ 37 – 39 ]. 

 Despite the role of TNFα in the pathogenesis of MS and its animal model, TNFα 
inhibition has been shown to worsen disease activity in MS patients. In an early 
phase I open-label study, infl iximab was administrated to two MS patients with rap-
idly progressive disease [ 40 ]. Both patients showed an increase in contrast- enhancing 
MRI lesions and a corresponding rise in CSF leukocyte counts and IgG index, denot-
ing increased disease activity. Subsequently, two MS patients with active disease 
were treated with lenercept, a soluble recombinant TNF receptor fusion protein, in a 
phase II double-blinded trial [ 41 ]. Lenercept had previously demonstrated effi cacy in 
preventing the onset of demyelination in the animal model of MS [ 42 ]. The lener-
cept-treated patients showed a higher relapse rate and more severe clinical relapses 
compared to the placebo-treated group, leading to the cessation of TNFi use for treat-
ment of MS.   
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    Demyelination Associated with TNFi Therapy 

 There are an increasing number of reports from trial safety data, postmarketing 
surveillance and cases in the medical literature of the development of CNS demye-
lination with TNFi therapy for conditions such as IBD, RA, ankylosing spondylitis 
(AS), psoriasis, systemic lupus erythematosus (SLE) and vasculitis [ 43 – 58 ]. 

 Deepak et al. [ 59 ] evaluated neurological adverse events with TNFi treatment 
(infl iximab, adalimumab, certolizumab pegol and etanercept) reported to the FDA 
Adverse Event Reporting System (FAERS) between 1st January 2000 and 31st 
December 2009. 18.1 % of patients had IBD whilst the majority of patients had 
underlying RA (50.9 %). The most commonly reported neurological adverse event 
was peripheral neuropathy (38.3 %). Of the peripheral neuropathy cases, 16.6 % 
are composed of acute infl ammatory demyelinating polyneuropathy (AIDP) and 
5.1 % were chronic infl ammatory demyelinating polyneuropathy (CIDP), whilst 
the remainder consisted of unclassifi ed peripheral neuropathies, sensory neuropa-
thies, motor neuropathies and sensorimotor neuropathies. CNS demyelination was 
the second most commonly reported neurological adverse event (19.8 %), in addi-
tion to reports of optic neuritis (ON) (13.6 %), transverse myelitis (3.4 %) and 
‘demyelination’ where the site of disease was unspecifi ed (3.4 %). Taking into 
account the temporal association, relevant reported past adverse events and plau-
sible alternative causative factors, the majority of cases were scored as a ‘possible’ 
adverse event (71.4 %), whilst the rest were ‘probable’. None met the criteria for 
‘defi nite’ adverse events. 

 A number of cohort studies have attempted to determine whether TNFi therapy 
increases the risk of demyelination in IBD patients [ 50 ,  60 – 63 ]. The largest and 
most recent study [ 62 ] retrospectively examined a total of 9095 IBD patients (4342 
with CD and 4753 with UC) across a region of North America. Median follow-up 
was 10.5 years. 5 of 3425 (0.15 %) patients who were exposed to TNFi treatment 
developed a CNS demyelinating disorder confi rmed on the basis of clinical, MRI 
and laboratory assessment. Of these, four had an underlying diagnosis of CD and 
one had UC. Three of the patients with demyelination developed neurological 
symptoms during treatment with TNFi, one patient developed asymptomatic demy-
elinating lesions on MR imaging during treatment, and one patient with a past expo-
sure to TNFi experienced progressive neurological symptoms whilst on azathioprine. 
Neurological symptoms either improved or resolved in two patients following dis-
continuation of TNFi, whereas a third patient went on to develop a relapsing–remit-
ting demyelinating disease course. In the unexposed patients, 29 of 5670 were 
diagnosed with CNS demyelination, ten of which developed the condition after the 
onset of IBD (0.18 %). In this group, fi ve had CD and fi ve had UC. The relative risk 
of CNS demyelination with TNFi exposure in this study was 0.83 for IBD (95 % CI 
0.28–2.42), 0.89 for CD (95 % CI 0.24–3.31) and 0.49 for UC (95 % CI 0.06–4.22), 
none of which showed statistical signifi cance. The authors concluded that IBD 
patients exposed to TNFi did not appear to have a signifi cantly increased risk of 
CNS demyelination over those who were not exposed to TNFi. 
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 A retrospective cohort study by Andersen et al. [ 43 ] compared the risk of demy-
elinating disorders in 651 Danish IBD patients who were TNFi-treated between 
1999 and 2005 to that of the general IBD population, with data gathered from four 
unrelated retrospective cohort studies of demyelinating diseases in IBD patients 
[ 64 – 67 ]. From the Danish cohort, four patients treated with TNFi agents were 
reported to develop neurological symptoms; however, only one was confi rmed to 
have a demyelinating disorder in this case, MS – following investigations. They 
reported a standardised morbidity ratio of 4.2 for developing MS in the study cohort 
of TNFi-treated IBD patients, which was comparable to that of the general IBD 
population, leading the group to conclude that TNFi did not appear to signifi cantly 
increase the risk of demyelination in this cohort. 

 In a more recent database study, Katsanos et al. [ 68 ] retrospectively reviewed 
cases of demyelination in patients with IBD including those who were treated with 
TNFi therapy, identifi ed via MEDLINE and EMBASE. The study included 34 case 
reports, three case control studies [ 69 – 71 ] and eight cohort studies [ 50 ,  60 ,  61 ,  63 –
 66 ] including one prospective study [ 72 ]. Cases of CNS demyelination are com-
posed of MS or MS-like syndromes, acute disseminated encephalomyelitis (ADEM) 
and ON and demyelinating polyneuropathies such as Guillain-Barré syndrome 
(GBS), CIDP and MMN. The group found comparable and overlapping prevalence 
rates of demyelinating adverse events in TNFi-treated IBD patients compared to 
those who were treated with conventional therapy [mean prevalence of 0.65 % (0.2–
2.5 %) and 0.48 % (range 0.41–1.2 %), respectively]. 

 Other retrospective database studies of TNFi and demyelination in other chronic 
infl ammatory conditions appear to support these fi ndings. A study on the incidence 
of demyelination in patients with rheumatic diseases such as RA, AS and PsA 
treated with TNFi examined data from three pharmacovigilance sources – the 
Spanish registry of biological therapies in rheumatic diseases (BIOBADASER), the 
Spanish Pharmacovigilance Database of Adverse Drug Reactions (FEDRA) and 
major biomedical databases (PubMed, EMBASE and the Cochrane Library) [ 73 ]. 
Of 9256 patients receiving TNFi therapy for a total 21,425 patient-years, 14 patients 
were reported to have developed a demyelinating disease in the BIOBADASER 
database, including one case of MS, four of ON and one GBS. The incidence rate of 
demyelinating disease in this group of patients was estimated at 0.65 per 1000 
patient-years (95 % CI 0.39–1.1). Nineteen cases of demyelination were reported in 
the FEDRA database, with some overlap of cases with BIOBADASER, of which 
nine had MS and seven had ON. 48 case reports from the major biomedical data-
bases were reviewed, including ten cases of MS and 13 of ON. The authors con-
cluded that the number of demyelination cases reported in the registry did not 
exceed that of the expected rate in the Spanish general population, and thus a direct 
link between TNFi and demyelination remains to be established. 

 From published care reports in the literature, the timing of onset of neurological 
symptoms from TNFi exposure appears wide ranging and does not always support 
a clear-cut temporal relationship. Reports of symptom onset varying from a few 
hours to up to 4 years from TNFi exposure have been described in IBD patients 
[ 68 ], whereas an unrelated case review of patients with infl ammatory arthritides 
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report an interval of between 1 week and 5 months [ 74 ]. Demyelination has also 
been reported in patients on other forms of immunomodulation and DMARDs in 
the treatment of IBD, such as methotrexate, azathioprine and mercaptopurine [ 49 , 
 75 ,  76 ]. Discontinuation of the TNFi tended to cause improvement or lead to resolu-
tion of neurological symptoms [ 47 ,  52 ,  58 ], whilst re-exposure to TNFi has been 
associated with symptom recurrence [ 62 ,  74 ]. However, this does not necessarily 
confi rm an association; as MS typically runs a relapsing–remitting clinical course, 
acute demyelinating events often spontaneously improve or recover without specifi c 
treatment, and symptom change may refl ect a response to steroid initiation or taper. 

 There is a lack of a clear explanation for the discordant effect of TNF inhibition 
in conditions such as IBD and RA compared to MS. A possible hypothesis relates to 
the lack of penetration by TNFi agents into the CNS via the blood–brain barrier [ 77 ] 
and subsequent failure of TNFα antagonism to take place locally, in contrast to the 
joints and bowel. In the aforementioned phase I study of infl iximab in MS, the mono-
clonal antibody was not detected in the CSF of patients despite the presence of 
blood–brain barrier disruption [ 40 ]. Another theory is based on the dissemination of 
a latent or recently acquired infection by TNFi agents, inducing an autoimmune 
response [ 78 ]. A further explanation for the discordant effect of TNFi lies in the het-
erogeneity of the cytokine TNFα and its disparate effects. TNFα promotes remyelin-
ation and oligodendrocyte regeneration via activation of the TNFRII receptor [ 6 ], 
and therefore blockade of this process can cause MS worsening. TNFα-mediated 
apoptosis is important for the deletion of autoreactive cytotoxic T-cells, thus playing 
a key role in the regulation of autoimmunity [ 79 ]. Selective TNFi inhibition, particu-
larly of the TNFRI receptor or its function, may be key to inhibiting the pro- 
infl ammatory properties of TNFα whilst sparing its neuroprotective and 
immunoregulatory effects [ 80 ]. 

    Imaging Studies in TNFi-Treated Patients 

 It remains unclear whether TNFi treatment unmasked pre-existing (subclinical) MS 
or whether it induced the onset of new demyelination in these patients. A contribut-
ing factor to this ongoing uncertainty is the lack of prospective imaging studies in 
this fi eld. An early study by van der Bilj [ 81 ] examined quantitative MRI metrics 
(magnetisation transfer ratio [MTR], apparent diffusion coeffi cient and spectros-
copy) before and up to 7 days after treatment with TNFi in seven patients with 
infl ammatory arthritis (fi ve rheumatoid arthritis and two psoriatic arthritis). Reduction 
in MTR correlates with demyelination, axonal loss and other infl ammatory changes 
in MS [ 82 ]. Results showed a signifi cant decrease in the white and grey matter MTR 
histogram peak height following treatment, although there were no signifi cant 
changes to the other MRI metrics. The fi ndings would support a possible diffuse 
CNS infl ammatory process related to TNFi treatment; however, without longer term 
follow-up, it was not possible to ascertain if the MTR changes were transient or clini-
cally relevant in this study. 
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 Our own subsequent imaging study (Lim SY, et al; manuscript in preparation) quan-
titatively examined white matter lesions and the normal-appearing white matter 
(NAWM) in a cohort of 15 patients who were receiving TNFi treatment for either RA 
or AS and compared the fi ndings with 11 healthy controls and seven RRMS controls, 
obtaining MTR and T1 relaxation times (T1RT). Like MTR, the latter has been shown 
to correlate with demyelination and axonal loss in MS [ 82 ]. Incidental white matter 
lesions were a common fi nding in the RA and AS patients, as well as the healthy con-
trols. We demonstrated that white matter lesions and the normal-appearing white mat-
ter MTR and T1RT of TNFi-treated patients did not differ to that of healthy controls 
whilst being signifi cantly abnormal in the RRMS patients. The fi ndings do not support 
the presence of clinically asymptomatic CNS demyelination in our treatment cohort. 

 A recent study by Kaltsonoudis [ 83 ] prospectively followed 75 patients with RA 
and spondyloarthropathies treated with TNFi therapy for a mean study period of 
18 months. Neurological assessment, MRI and neurophysiological testing were per-
formed in all the patients prior to commencement of TNFi treatment. A total of 38 
patients were treated with infl iximab, 19 with adalimumab and 18 with etanercept. A 
proportion of patients remained on concomitant steroids and/or other immunomodu-
latory agents. Three patients reportedly developed neurological complications – the 
fi rst patient developed CNS demyelination with corresponding periventricular white 
matter lesions, a peripheral facial nerve palsy and peroneal mononeuropathy. The 
second patient developed a unilateral optic neuritis, whilst the third developed a sen-
sory-predominant peripheral neuropathy. Symptom onset ranged from 6 to 25 months 
from initiation of therapy. In all three cases, TNFi therapy was discontinued. The 
second and third patients experienced a re- emergence of symptoms shortly following 
re-initiation of treatment, and TNFi was permanently discontinued thereafter. 
Incidentally, the study also identifi ed two patients with asymptomatic white matter 
lesions on MR imaging, described as a radiologically isolated syndrome, prior to 
commencement of TNFi therapy. This highlighted an important consideration of per-
forming baseline imaging in those being considered for TNFi treatment.   

    Association Between TNFi and Other Immune Disorders 

 TNFi therapy has also been associated with the development of other immune disor-
ders. The induction of clinically asymptomatic ANA and anti-dsDNA autoantibodies 
have been observed in 53 and 35 % of CD patients treated with infl iximab, respec-
tively [ 84 ], and cases of infl iximab-induced lupus have been described [ 61 ]. Induction 
of anti-cardiolipin antibodies has been associated with TNFi therapy [ 85 ] which may 
be associated with clinical features of antiphospholipid syndrome in a signifi cant 
proportion of patients [ 86 ]. Vasculitis and, in particular, cutaneous vasculitis have 
also been reported in association with TNFi agents [ 87 ,  88 ]. Other autoimmune 
infl ammatory disorders reported in association with TNFi treatment include sarcoid-
osis, autoimmune hepatitis, psoriasis and myositis, amongst others [ 61 ,  87 ,  88 ]. 
However, like the reported associations between TNFi and demyelinating disorders, 
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a cause and effect association between TNFi and paradoxical induction of autoim-
mune diseases cannot be made conclusively, given the overall lack of controlled 
studies and the presence of underlying autoimmune spectrum disorders for which 
these patients are receiving TNFi therapy in the fi rst place.  

    Association Between MS and IBD 

 The concomitance of MS and other immune-mediated disorders has long been rec-
ognised [ 69 ,  70 ,  89 – 97 ] including the fi nding of a higher incidence of MS amongst 
IBD patients prior to the use of TNFi agents [ 64 – 67 ,  98 ,  99 ]. 

    IBD in MS 

 A prospective study [ 100 ] of 658 MS patients showed signifi cantly increased rates 
of IBD, with fi ve patients identifi ed as having UC (0.8 %) and two with CD (0.3 %). 
The odds ratio for UC and CD in the MS cohort were found to be 3.15 (91 % CI 
7.64–1.30) and 3.17 (95 % CI 9.95–1.01), respectively. The study also demonstrated 
signifi cantly increased rates of asthma, type 1 diabetes, pernicious anaemia, autoim-
mune thyroid disease, uveitis and seronegative spondyloarthropathies compared to 
the general population. A North American study of over 5000 MS patients reported 
the prevalence of IBD in this cohort of 0.79 % and an odds ratio of 1.7 (95 % CI 
1.2–2.5) compared to the control population [ 69 ]. The study also reported an 
increased risk of other immune-mediated conditions in MS patients, including uve-
itis, Guillain-Barre syndrome and bullous pemphigoid. 

 A recent systematic review and meta-analysis of autoimmune diseases in MS 
patients and their families [ 101 ] derived a signifi cant odds ratio of 1.37 (95 % CI 
1.12–1.69) for CD in patients with MS based on four population-based studies [ 100 , 
 102 – 104 ]. They also derived an odds ratio 2.26 for UC in MS (95 % CI 1.23–4.14) 
from six population-base studies [ 76 ,  100 ,  102 – 105 ]. The overall odds ratio for IBD 
in MS was 1.56 (95 % CI 1.28–1.90). The relatives of patients with MS however did 
not appear at signifi cant risk of IBD.  

    MS in IBD 

 A retrospective cohort study [ 65 ] of 7988 CD cases and 12185 UC cases obtained 
from the UK-based General Practice Research Database demonstrated a higher inci-
dence of demyelinating disease (optic neuritis, demyelination and/or MS) in CD 
and UC compared to matched controls, although only the UC group showed statisti-
cal signifi cance (incidence rate ratio 2.63; 95 % CI 1.29–5.15). The group also 
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conducted a cross-sectional study in the same cohort of patients, fi nding a signifi -
cantly higher prevalence of CD (OR 1.54; 95 % CI 1.03–2.32) and UC (OR 1.75; 
95 % CI 1.28–2.39) in comparison to matched controls. Echoing the fi ndings from 
the retrospective cohort study above, Bernstein et al. [ 64 ] also found a signifi cantly 
increased likelihood of MS in UC patients compared to controls (prevalence rate of 
at least 1.81; 95 % CI 1.35–2.42) amongst a cohort of 8072 IBD sufferers in Canada. 
In another study from North America, Kimura et al. [ 66 ] found a prevalence of MS 
amongst 474 newly diagnosed IBD patients between 1950 and 1995 at 3.7 times 
higher than that expected for the population. 

 The nature of the association between IBD and peripheral neuropathy, particu-
larly demyelinating neuropathy, is less clear, probably refl ecting the variations in 
the clinical defi nition of neuropathy and its wide-ranging aetiology. In a prospective 
study of 31 CD and 51 UC patients followed up for a period of 1 year [ 72 ], at least 
13.4 % of patients were diagnosed with a cryptogenic large-fi bre or small-fi bre neu-
ropathy based on clinical and/or neurophysiological assessment, including a single 
case of demyelinating neuropathy at the diagnosis of CD, leading the authors to 
conclude that IBD may be a cause of neuropathy either due to immune mechanisms 
or possible undiagnosed nutritional defi ciencies. On the other hand, Bernstein et al. 
[ 64 ] reported a relatively low prevalence of peripheral neuropathy in IBD of 0.10 % 
in CD and 0.18 % in UC. A subsequent retrospective cohort study of 772 IBD 
patients [ 106 ] extending from 1940 to 2004 identifi ed only nine cases of peripheral 
neuropathy, comprising either a chronic large-fi bre sensory-predominant polyneu-
ropathy or an immune radiculoplexus neuropathy, giving a relatively low cumula-
tive incidence of 2.4 % over 30 years. 

 The observed co-occurrence of IBD and MS/demyelination in patients pre- dating 
the use of biological therapy has led to putative genetic and immunopathological 
associations between the two conditions. Both MS and IBD affect relatively young 
populations [ 107 ,  108 ]. They share a similar pathogenesis of dysregulated T-helper 1 
(Th1) cell function, and recent studies have implicated Th17 cells, a subset of helper 
T-cells, in the pathogenesis of autoimmune infl ammatory diseases such as MS and 
IBD [ 109 ]. The incidence of IBD appears to be highest amongst populations with 
highest rates of MS [ 107 ] and, like MS, follow a latitudinal pattern of geographical 
distribution [ 110 ]. Genomic variations in the major histocompatibility complex 
(MHC) region are known to confer susceptibility to or protection from autoimmunity 
including MS and IBD [ 111 ,  112 ]. Genome-wide association studies have identifi ed 
a number of other shared gene loci conferring susceptibility to IBD as well as MS, 
for example, the IL2RA (alpha-subunit of IL-2 receptor) on chromosome 10p15 
[ 113 ]. The hypothesis of genetic susceptibility to autoimmunity is further supported 
by a clustering study [ 90 ] which identifi ed a higher than expected prevalence of IBD 
in patients with familial MS and their fi rst degree relatives, noting a common variant 
of the CTLA4 (cytotoxic T-lymphocyte-antigen 4) gene in the families involved. 

 It is being increasingly postulated that the gut microfl ora plays an important 
role in the pathogenesis of systemic infl ammatory diseases including MS and IBD 
[ 2 ,  114 ]. Alteration of gut fl ora via oral administration of antibiotics ameliorates 
infl ammatory activity in the mouse model of MS, experimental autoimmune 
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encephalomyelitis (EAE) [ 115 ]. Similarly, microbe-directed treatments including 
faecal transplantation have shown potential in the treatment of IBD, although fur-
ther study and clinical trials are warranted [ 116 ]. 

 Vitamin D has been identifi ed as an important modulator in the adaptive and 
innate immune response [ 117 ]. Vitamin D promotes T regulatory cell function [ 118 ] 
and regulates MHC class II gene expression [ 119 ] in MS, and its defi ciency is 
regarded as an environmental risk factor in the development of MS [ 120 ]. Vitamin 
D stimulates the expression of the NOD2/CARD15/IBD1 gene, a susceptibility 
gene for CD [ 121 ], and its defi ciency correlates with a higher risk of CD [ 122 ]. 

 Extra-intestinal manifestations of IBD are commonly reported, potentially aris-
ing from intestinal dysfunction (e.g. nutritional defi ciencies), complications from 
immunotherapy or other autoimmune diseases not directly linked to IBD, for exam-
ple, systemic vasculitis, polymyositis and Sjogren’s syndrome [ 123 ]. Neurological 
conditions reported in IBD patients include peripheral neuropathies, myelopathy, 
myopathy, myasthenia gravis and cerebrovascular disease [ 124 ,  125 ].   

    Conclusion 

 Despite a clear acknowledgement of the risk of demyelination with TNFi therapy, a 
causal association remains unconfi rmed. IBD and MS share similar immunopatho-
genic characteristics, and the likelihood of co-occurrence may confound the risks 
associated with TNFi. The risk of CNS demyelination in IBD patients is estimated at 
over three times that of the general population [ 100 ]. However, the concerns about 
developing a demyelinating disorder with TNFi therapy are fully justifi ed. It is essen-
tial that patients are counselled on the risk of demyelination prior to commencement 
of treatment with TNFi agents and that treatment is avoided in those with suspected 
or a known diagnosis or of MS.     
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    Chapter 13   
 Intestinal Bacterial Antigens, Toxin-Induced 
Pathogenesis and Immune Cross-Reactivity 
in Neuromyelitis Optica and Multiple Sclerosis                     

       Cris     S.     Constantinescu       and     I-Jun     Chou    

    Abstract     Multiple sclerosis (MS) and neuromyelitis optica (NMO) are chronic, 
potentially disabling, infl ammatory autoimmune demyelinating diseases of the cen-
tral nervous system. Although they share clinical, pathological and immunological 
features, MS and NMO are now considered two separate entities, and there is evi-
dence that their pathogenesis is different. The latter is now known to be mediated by 
antibodies against the water channel, aquaporin-4, associated with complement- 
mediated damage. Environmental factors have been implicated in the pathogenesis 
of both of these conditions. Among these, infectious factors seem to play a key role. 
One mechanism whereby infection triggers autoimmunity is molecular mimicry 
resulting in immune cross-reactivity between infectious antigens and autoantigens. 
Recently, a number of studies have pointed to an immunological cross-reactivity 
between intestinal bacteria and aquaporin-4, providing a potential pathophysiologi-
cal mechanism for NMO. The bacteria involved were  Clostridium  and  E. coli . The 
immune cross-reactivity is not restricted to antibodies but also involves T cells 
against aquaporin-4 that also recognises clostridium epitopes. Interestingly, 
 Clostridium perfringens  and its immunological or direct neurotoxic effects (e.g. 
disruption of the blood-brain barrier) have also been implicated in MS. This chapter 
reviews the relevant data regarding the role of these gut bacteria and the immune 
responses they trigger in MS and NMO with some insights into the pathogenesis of 
these infl ammatory demyelinating diseases.  
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      Introduction 

  Multiple sclerosis  (MS) is an immune-mediated infl ammatory demyelinating dis-
ease of the central nervous system (CNS) affecting an estimated 2.5 million people 
worldwide and more than 120,000 in the United Kingdom [ 1 ,  2 ]. MS is a major 
cause of long-term neurological disability in young people. The pathology of MS is 
characterised by infl ammation, demyelination, axonal loss and gliosis in the CNS in 
a multifocal distribution. Clinically, it manifests as relapsing and remitting neuro-
logical defi cits (relapsing remitting MS, RRMS), which often evolve subsequently 
into a gradual progressive deterioration (secondary progressive MS, SPMS). A 
minority of patients (~15 %) experience a gradual deterioration from the start (pri-
mary progressive MS, PPMS). The cause of MS is unknown, but it believed to be 
the result of a combination of multiple genetic susceptibility factors and environ-
mental triggers [ 1 ]. 

 Comprehensive large genetic studies including genome-wide association studies 
have identifi ed more than 100 genes linked to MS [ 3 ]. These genes are virtually all 
involved in the immune response, underscoring the immune-mediated mechanisms. 
Although the functional contributions of these immune response genes to the aetiol-
ogy of MS are only beginning to be explored [ 4 ,  5 ], the further development of 
immunotherapies for the disease, as well as the use of relevant experimental models, 
seems justifi ed. 

 All elements of the immune system contribute to the pathogenesis of MS. Accordingly, 
autoreactive T cells, elements of the innate immune system and B cells are all impli-
cated in a complex, dysregulated network. Immunoregulatory factors including regula-
tory T cells seem to be defective in MS. 

 The fi rst attack and the subsequent relapses of MS often follow infections or 
global immune activation by vaccines. A number of infectious agents have been 
implicated as environmental risk factors for MS, and currently the one that appears 
most consistently associated with MS, based on immunological, epidemiological and 
virological evidence, is the human gamma herpesvirus, the Epstein-Barr virus [ 6 ,  7 ]. 

  Neuromyelitis optica  (NMO) is also a chronic infl ammatory demyelinating dis-
ease of the CNS, affecting preferentially the optic nerves and the spinal cord [ 8 ]. 
Like MS, it can cause signifi cant disability. In fact this is often more severe than that 
seen in MS. It can also have a relapsing and remitting or a chronic progressive course. 
NMO is much less frequent than MS and was considered for a long time a rare, more 
aggressive variant of MS. It was not until a decade ago that the discovery of the 
NMO autoantibodies [ 9 ], directed against the water channel aquaporin-4 (Aqp4) 
[ 10 ], and the evidence implicating these antibodies directly in NMO pathogenesis 
[ 11 ] provided proof of distinct immunopathogenic mechanisms in MS and NMO. 

 Despite the immunological complexity of MS, the prevailing concept is that T 
lymphocyte plays a central and decisive role [ 12 ]. Although therapies targeting B 
cells have shown promise in MS, the most important role of B cells in MS appears 
to be their function as antigen-presenting cells. In contrast, NMO is mediated pri-
marily by antibodies which can fi x complement, and this is the main pathogenesis 
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mechanism [ 8 ]. Indeed, NMO is frequently associated with other antibody- mediated 
autoimmune diseases, including systemic lupus erythematosus (SLE) or myasthe-
nia gravis (MG). Aqp4-reactive T cells have also been demonstrated in NMO, but 
their exact pathogenic role is currently unclear. Therapies aiming at reducing circu-
lating anti-Aqp4 antibodies such as plasma exchange, intravenous immunoglobu-
lins and in particular the B cell-depleting anti-CD20 antibody rituximab have been 
shown to have a positive effect on NMO.  

    Infections as Triggers of MS and NMO 

 Despite the distinct pathophysiological mechanisms, infections have been impli-
cated as triggers for both MS and NMO. In more general terms, autoimmune dis-
eases are often thought to be triggered by infections. The mechanisms can be 
multiple, and they have all been implicated in MS and its experimental model, 
experimental autoimmune encephalomyelitis (EAE).  Superantigens  are infectious 
agent-derived substances that can activate a larger number of T (or sometimes B) 
cells bearing the same receptor. Superantigens have been linked to MS and EAE, in 
particular in the generation of relapses, which may be cytokine mediated [ 11 ,  13 ]. 
 Bystander activation  and exposure of otherwise sequestered autoantigens due to 
infection-induced tissue damage and subsequent epitope spreading is another pos-
sible mechanism [ 14 ]. Also, some infections act through  disruption of immune reg-
ulatory mechanisms . Activation of innate immune receptors by pathogen-associated 
molecular patterns (PMP), for example, activation of TLR2 by its ligands that 
mimic bacterial infections, transforms regulatory T cells that are normally anti- 
infl ammatory into cells that actually mediate infl ammation by producing interleu-
kin- 17 (IL-17) [ 15 ]. The process may be mediated by infection-induced IL-6 and is 
more prominent in MS than in a healthy volunteer [ 16 ]. 

    Molecular Mimicry:  E. coli  and  Clostridia  in NMO 
as Examples 

 Finally, the concept of  immunological cross - reactivity , closely linked to that of 
 molecular mimicry , explains how some infections trigger autoimmunity. Molecular 
similarity between components of infectious agents and self-antigens can lead to a 
strong cross-reactive immune response (humoral or cellular) and autoimmune dis-
ease. The clearest and best-established example is the molecular similarity between 
 Campylobacter  lipopolysaccharide and gangliosides present on nerve roots; antibod-
ies against  Campylobacter  triggered by gastrointestinal infections with this agent 
cross-react with gangliosides and lead to the peripheral nerve-directed autoimmunity 
seen in some forms of acute infl ammatory demyelinating polyradiculoneuropathy, or 
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Guillain-Barre syndrome. This topic is discussed in detail in the chapter on Guillain-
Barre syndrome and  Campylobacter jejuni  enteritis. 

 Molecular mimicry has been explored extensively in MS. Of note is that when 
eluting peptides from the MS-associated major histocompatibility complex (MHC) 
class II MBP-presenting groove (DRB1*1501), Wuchepfenning and colleagues 
found that some of these peptides were derived from EBV, the infectious agent most 
consistently associated with MS. Some of these peptides were able to stimulate 
myelin basic protein-specifi c T cells from MS patients [ 17 ].   

    Molecular Mimicry in NMO 

 Molecular mimicry and immunological cross-reactivity have been strongly impli-
cated in NMO. 

 An early study exploring this phenomenon was performed by Ren and colleagues 
in 2012 [ 18 ]. Since water channels (aquaporins) are expressed in most species, they 
searched for sequence homologies between Aqp4 and  E. coli  aquaporin-Z (AqpZ). 
Some regions of relevance to the immune response to Aqp4 in NMO, possibly rep-
resenting B cell or T cell epitopes (the latter from experimental models), had high 
homology. The authors raised sera against AqpZ in mice, which showed high reac-
tivity against both AqpZ and Aqp4 in multiple assays. Sera from patients with NMO 
showed strong reactivity against AqpZ protein. Moreover, anti-AqpZ antibodies 
were demonstrated to have cytotoxic activity against astrocytes in culture. Also, 
intracerebral injection of antibodies against the peptide AqpZ 174–190 induced 
infl ammation in the CNS of injected mice, associated with behavioural and clinical 
abnormalities (withdrawal, reduced movement). Finally, active immunisation with 
AqpZ in complete Freund’s adjuvant (CFA) induced CNS infl ammation in mice. 
This infl ammation was comparable in composition (mainly CD3+ T cells) and loca-
tion with that induced by immunisation with Aqp4. The immunisation generated 
AqpZ-reactive T cells that presented a Th17 phenotype, consistent with predomi-
nant involvement of Th17 cells in NMO and the more severe forms of MS [ 18 ]. 

 Another study analysed the T cell responses to Aqp4 in NMO [ 19 ]. The rationale 
was that antibodies against Aqp4 in NMO patients are of the IgG1 subclass, which 
requires T cell help, and there is evidence for IL-17 upregulation, implying Th17 
mediation, in NMO [ 20 ]. The authors found consistent strong immunoreactivity 
against peptide 61–80 of Aqp4. This was inhibited by blocking antibodies against 
HLA-DR, suggesting MHC class II dependence of these T cell responses. They 
found that Aqp4 p61-80 reactive T cells of NMO patients exhibited a strong Th17 
phenotype. Moreover, monocytes from NMO patients also showed pro- infl ammatory 
polarisation. When searching for peptides with proteins with sequence homology 
with Aq4 p61-80, the researchers found a peptide of the  Clostridium perfringens  
ABC transporter.  C. perfringens  is a ubiquitous spore-forming gram-positive 
 bacterium found in the human gut, responsible for many cases of food poisoning 
[ 21 ]. The homology with Aqp4 extends to the ABC transporter of other  Clostridium  
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species [ 19 ]. Interestingly, in addition to its role in inducing potential autoimmunity 
via cross-reactivity,  Clostridium  species and other closely related have been associ-
ated with skewing the cytokine response towards a Th17 type and thus facilitating 
infl ammation and autoimmunity [ 22 ]. 

 It is thus plausible that Aqp4 molecular mimicry in NMO stimulates the Th17 
responses known to be prominent in NMO. 

 Aqp4 molecular mimicry was explored in another study [ 23 ]. In this study, struc-
tural neighbour searches were performed for primary, secondary and tertiary struc-
ture similarities to Aqp4. Similarities were confi rmed with AqpZ of  E. coli , but very 
high similarity was observed with the corn protein ZmTIP4-1. The study went on to 
demonstrate that NMO patient sera contained antibodies to ZmTIP4-1, which were 
cross-reactive with antibodies against Aqp4 [ 23 ]. Not only does this study strengthen 
the evidence for an environmental trigger in NMO but also supports the concept of 
molecular mimicry and immunological cross-reactivity as a mechanism of patho-
genesis in NMO. 

    Other Roles of  Clostridium  in Autoimmune Demyelination 

 An intriguing study by Rumah and colleagues points to another role of  C. perfrin-
gens  in MS, mediated through its associated epsilon toxin (ETX), a toxin produced 
by the type B and type D  C. perfringens  but not by the commensal type A [ 24 ]. 

 The authors isolated  C. perfringens  type B from the stool of a young woman with 
recent onset of clinically isolated syndrome (CIS), the fi rst manifestation of MS. At 
that time she had actively gadolinium-enhancing lesions on the magnetic resonance 
imaging (MRI) brain scan, indicating an acute disruption of the blood-brain barrier 
(BBB). Since, in experimental models, ETX disrupts the BBB and produces infl am-
matory lesions in myelinated brain areas such as the corpus callosum [ 25 ,  26 ], and 
given its affi nity for endothelial cells and myelinated areas of the brain [ 27 ], the 
authors postulated that ETX or perhaps a similar gut microbiota-derived toxin may 
contribute to some of nascent lesions in MS. This is in line with the observation of 
Prineas and colleagues that BBB disruption, demyelination and oligodendrocyte 
apoptosis may precede infl ammatory T cell infi ltration in nascent lesions [ 28 ]. 

 The researchers went on and analysed stool samples from 30 people with MS 
and 31 healthy controls involved in a prospective study to look at their gut micro-
biota. They found a lower prevalence of the human commensal  C. perfringens  type 
A in MS patients compared to controls (23 % versus 52 %) [ 24 ]. This is interesting, 
because the presence of type A is generally associated with the absence of type B 
and D, the types that secrete ETX, probably due to competition. 

 The authors found that 10 % of the patients with MS displayed immunoreactivity 
to ETX based on a Western blot analysis, whereas only one of the control subjects 
had positive reactivity in the cerebrospinal fl uid (CSF) and none of the controls had 
reactivity in the serum. There was typically a good correlation between the positiv-
ity of the reaction between the CSF and blood [ 24 ]. The seropositivity is postulated 
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to represent an underestimation of exposure to the bacterial toxin, given the high 
rate of seroreversion and of seronegativity following vaccinations of goats, suggest-
ing that some samples may have been negative despite prior exposure to  C. 
perfringens . 

 The study points to the possibility that  C. perfringens  contributes directly to the 
pathogenesis of MS through the action of ETX on the blood-brain barrier and 
myelin. The fi ndings would support the epidemiological observations of Kurtzke 
and Hyllested (reviewed in [ 29 ]) who showed that the fi rst MS epidemic in the 
Faroe Islands was associated with the arrival of the British troops during World War 
II. The pioneer MS epidemiologists also noted an increased incidence of gastroin-
testinal infections and argued for a faecal-oral transmission of the MS environmen-
tal (infectious) agent. 

 Murrell [ 30 ] then introduced the intriguing hypothesis of a connection with 
sheep, and one postulated sheep-associated pathogen was  C. perfringens  and its 
epsilon toxin ETX. This was further substantiated by the neurotoxic and endothelial 
cell-toxic effects demonstrated for ETX as discussed above. 

 Further studies will elucidate further the role of clostridia in MS. The increased 
interest in the gut microbiome in MS, EAE and other infl ammatory diseases will 
facilitate further discoveries. Of interest is the observation from experimental stud-
ies in mice that the segmented fi lamentous bacteria or other similar bacteria that 
contribute to the pathogenicity and pro-infl ammatory, predominantly Th17, profi le 
in experimental autoimmune disease are thought to be spore forming and related to 
clostridia [ 22 ].  

     Clostridium diffi cile  

  C. diffi cile  is a major cause of health concern due to its association with antibiotic- 
associated colitis, a major cause of morbidity and mortality worldwide. It is trans-
mitted by faecal-oral route and is established in the human colon in 2–5 % of the 
population. It is unclear whether patients with MS and other infl ammatory demye-
linating diseases are colonised in a higher proportion compared to the general popu-
lation, but since colonisation is associated with lengthy hospitalisation or nursing 
home residence, it is conceivable that MS patients, especially at more advanced 
stages, are more likely to be colonised. The implications of this infection are very 
important. This group of patients is more likely to receive antibiotics and to have 
bowel dysfunction (as discussed in the chapter on the impact of MS on the gastro-
intestinal function in this book). 

 Faecal transplantation is advocated and employed increasingly for severe, refrac-
tory  C. diffi cile  colitis, and its spectrum of application has expanded beyond the 
primary indication of colitis [ 31 ]. Anecdotal reports note the success of the inter-
vention in people with MS. 

  Clostridium diffi cile  infection can complicate autologous stem cell transplanta-
tion in MS, as discussed below.   
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    The Gut Microbiome in MS and Its Relationship with MS 
Treatment 

 The gut microbiome and its role in MS have been receiving increasing attention in 
the recent years, since the observations that manipulations of the gut fl ora can mod-
ulate experimental MS-like infl ammatory demyelination [ 32 ]. The gut microbiome 
and the effect of its modulation on clinical and experimental MS are discussed in 
separate dedicated chapters in this book. 

 Here, we only discuss the potential effects of MS therapies on the gut fl ora and 
the implications for MS. 

 The effect of the most commonly used MS drugs on the gut fl ora or MS patients 
is largely unknown and studies are in their infancy. Cantarel and colleagues have 
published pilot data comparing the gut microbiome of MS patients and healthy 
volunteers and also studied the effect of treatment with glatiramer acetate or vita-
min D [ 33 ]. They noted considerable overlap between operational taxonomic 
units between MS patients and controls, but  Faecalibacterium  was less repre-
sented in MS patients. Specifi c changes were observed after treatment with glat-
iramer acetate and vitamin D [ 33 ]. Although this study was very exploratory and 
future studies in larger populations are needed to confi rm the fi ndings, the results 
indicate that the gut fl ora in MS is subject to modulation by drugs used in the 
treatment of MS. 

 Important recent experimental studies in cancer have pointed out the role of the 
gut fl ora in determining the response to cancer chemotherapeutic agents, notably 
cyclophosphamide [ 34 ]. The antitumour immune response and the effi cacy of 
cyclophosphamide are infl uenced by the gut fl ora, and antibiotics compromise the 
antitumour effects of chemotherapy [ 34 ,  35 ]. Since cyclophosphamide is a drug that 
has been used in the treatment of MS [ 36 ] and also is used in bone marrow ablation 
prior to haematopoietic stem cell transplantation (HSCT), the evidence that changes 
in the gut microbiota induced, for example, by antibiotics can infl uence its effect 
needs to be considered further in MS. In addition, whether other immunosuppres-
sive treatments used in MS are subject to the same infl uences remains to be 
determined. 

 In the recent months, autologous HSCT, particularly the non-myeloablative type 
[ 37 ], has been reported to be a promising treatment for aggressive forms of 
MS. Interestingly, a population of immune cells that is signifi cantly depleted by the 
treatment are the IL-17-producing, pro-infl ammatory mucosal-associated invariant 
T cells (MAIT) [ 38 ]. Targeting these cells, with potential benefi cial effects in EAE, 
can also be achieved through manipulations of the gut fl ora. 

 It is important to note, however, that the rate of  C. diffi cile  infections seems to be 
higher in MS patients than in patients receiving the transplantation for  haematological 
malignancies. This may refl ect the longer hospitalisation in part due to more chal-
lenging mobilisation following the procedure. 

 Awareness of the possibility of  C. diffi cile  infections which may complicate 
HSCT is therefore crucially important [ 39 ]. 
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    Summary and Conclusions 

 This chapter has reviewed the evidence of the role of infections, with particular 
attention to the infections with gut pathogens, in NMO and MS. The evidence of 
molecular mimicry between the known autoantigen for NMO, Aqp4 and proteins 
from gut bacteria such as  E. coli  AqpZ and  Clostridium  ABC transporters, as well 
as some plant aquaporins, has been discussed. The functional consequence of this 
mimicry may be immunological cross-reactivity triggering autoimmune damage. 
The evidence for molecular mimicry is less robust in MS, at least in part due to the 
fact that the autoantigen is not as clearly established as for NMO, and the possibility 
that there are several autoantigens. 

 Direct effects of substances produced by gut bacteria such as clostridia may also 
be involved in the pathogenesis of MS. The epsilon toxin of  C. perfringens  is a 
candidate for a contribution to the pathology of some of the nascent lesions, sup-
ported by studies showing its neurotoxic effects and by epidemiology data implicat-
ing in triggering MS. 

 This chapter does not deal with the gut fl ora in MS or NMO, as this is addressed 
in other chapters. The manipulation of the gut microbiota can have therapeutic 
effects in MS. This chapter discusses briefl y the opposite regulation: the potential 
effects of MS treatment on the gut microbiota. The role of gut fl ora in the effects of 
cyclophosphamide as shown in experimental cancer studies suggests that the issue 
needs to be considered when using this drug as MS treatment. A potential promising 
treatment, HSCT, which in part works through depletion of MAIT, may carry the 
risk of  C. diffi cile  infection, which needs to be taken into account when pondering 
such powerful treatment.      
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    Chapter 14   
 Targeting Immunomodulatory Agents 
to the Gut-Associated Lymphoid Tissue                     

       Atheer     Zgair      ,     Jonathan     Chi     Man     Wong      , and     Pavel     Gershkovich     

    Abstract     In addition to fl uid haemostasis and lipid absorption, the lymphatic sys-
tem and lymphoid tissues serve as the major host of immune cells where immune 
responses are evoked. Impaired function of the immune system might lead to seri-
ous diseases which are often treated by immunomodulators. This chapter briefl y 
explores the physiology of an important part of the lymphatic system, the gut- 
associated lymphoid tissues (GALT). Currently used strategies for targeting GALT 
by immunomodulators for enhanced activity and/or decreased side effects are dis-
cussed. Strategies range from simple oral co-administration of immunomodulators 
with lipids to more advanced lipid-based formulations, polymer-based nanoparticle 
formulations and prodrugs. These targeting approaches successfully increase the 
concentration of immunomodulators achieved in the GALT and, more importantly, 
enhance immunomodulatory effects. Therefore, targeting immunomodulators to 
GALT represent a promising approach in the treatment of diseases where the 
immune system is actively involved.  
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      Introduction 

 The current understanding of the lymphatic system and lymphoid tissues was devel-
oped over the centuries. In the fourth century B.C., components of the lymph sys-
tem, particularly the auxiliary lymph nodes, were fi rst described by Hippocrates as 
‘vessels containing white blood’ [ 1 ]. However, it was not until the sixteenth century 
A.D. when the Italian physician Aselli succeeded to describe the lymphatic system 
in the gut of fed dogs. This discovery was made accidentally while trying to observe 
the diaphragm. He noticed a network of vessels containing milky white fl uid that he 
later named ‘lacteal vessels’. However, Aselli suggested that these vessels deliver 
their contents to the liver. It took many decades until the French physician Pecquet 
identifi ed the thoracic ducts and proved that these ducts receive fl ow from the lacte-
als discovered by Aselli [ 1 – 4 ]. More accurate anatomical descriptions were devel-
oped later, using wax injections to uncover parts of the system. This included the 
discovery of lymph nodules in the mucous membrane of the small intestine, Peyer’s 
patches (PP), which were named after their discoverer Johann Conrad Peyer [ 1 ,  3 ]. 

 Accurate functional description of the discovered structures was not proposed 
until the publication of William Hunter’s research. It was suggested in this research 
that lymphatics and lacteals are structural units of one large system distributed in all 
remote parts of the body [ 1 – 3 ]. Indeed, the lymphatic system was thought to be 
merely a drainage system for fl uids and proteins from interstitial space back to the 
blood [ 5 ]. Currently, however, the lymphatic system is considered to have a central 
role in the pathogenesis of several diseases such as cancers, viral infections, some 
parasitic infections and autoimmune disorders. In fact, it is the main pathway for the 
metastases of some epithelial origin solid tumours, such as those of the colon, 
breasts, lungs and prostate [ 6 ]. In addition, the lymphatic system is now recognised 
as a crucial part of the immune system. It is here where invader antigens are trapped, 
processed and presented to immune cells and consequently where immune responses 
are evoked [ 1 ]. These responses are important for the protection of the body from 
bacterial, viral, parasitic and fungal threats, as well as the growth of tumour cells 
[ 7 ]. Defi ciencies in the immune responses, whether inherited or acquired, weaken 
the body’s defence mechanisms. On the other hand, over-reactive immune responses 
might cause life-threatening diseases, commonly called autoimmune diseases. 
Therefore, substances that can positively or negatively modify weak or over- reactive 
immune responses, respectively, provide a novel approach in the treatment of disor-
ders where the immune system has a central role. These substances are collectively 
referred to as immunomodulators [ 8 ]. 

 The last decade had witnessed the use of immunomodulators as promising thera-
peutic agents in the treatment of infectious diseases, autoimmune diseases and cancers 
and for prevention of organ transplant rejection. The therapeutic effects of immuno-
modulators can be achieved by either augmenting or suppressing the activity of 
immune cells [ 9 ,  10 ]. Since the lymphatic system is the major host of immune cells, 
the focus of this chapter is to highlight the current strategies of targeting immuno-
modulators, in particular cannabinoids, to the gut-associated lymphoid tissue (GALT).  
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    Functions of the Lymphatic System 

 As mentioned above, a substantial interest was developed in the nineteenth century 
to elucidate the functions of the lymphatic system. These functions can be sum-
marised as follows: 

    Fluid Recovery 

 Fluids continuously escape from blood capillaries to the surrounding tissues. However, 
a signifi cant proportion of these fl uids cannot be reabsorbed by venous capillaries. 
Indeed, up to four litres of fl uids and half of all plasma proteins can extravasate each day. 
This in turn could lead to circulatory failure and increased tissue pressure if unrecov-
ered. The lymphatic system, therefore, maintains the body’s fl uid balance by reabsorp-
tion of the extravasated fl uids and proteins back to the systemic circulation [ 2 ,  11 ,  12 ].  

    Lipid Absorption 

 The intestinal lymphatic system has an essential physiological role in the absorption 
of dietary lipids and lipid-soluble vitamins [ 2 ,  11 ]. The fi rst step in the absorption of 
dietary lipids is their digestion and micellar solubilisation in the gastrointestinal 
lumen. This happens mainly by the action of pancreatic lipase/co-lipase complex and 
bile salts in the small intestine. Once digested, the products of lipid hydrolysis are then 
incorporated into mixed micelles, which promote the diffusion of digested lipids to the 
apical membrane of enterocytes [ 13 ]. Inside enterocytes, most of the long-chain tri-
glycerides (LCT) are resynthesised from long-chain fatty acids and monoglycerides, 
mainly by the action of acyltransferases. LCT are then assembled with apolipoprotein 
B (Apo B), phospholipids, cholesterol and cholesterol esters to form large lipoproteins 
with a lipid core (chylomicrons, CM). Mature CM are then secreted by exocytosis 
through the basolateral membrane of enterocytes. Being large particles, CM cannot 
pass the walls of vascular capillaries but are absorbed to the lymph lacteals instead 
[ 14 – 17 ]. Because of the presence of lipids in the form of CM, lymph fl uid following 
high-fat meal looks like a turbid emulsion which is commonly called ‘chyle’ [ 6 ].  

    Immunity 

 The immune system is not a defi nite organ system per se, but rather a population of 
cells distributed in all organs to defend the body against any potential invaders. The 
most important cells involved in immune responses are lymphocytes. Over 90 % of 
lymphocytes are localised in the lymphatic system [ 11 ,  18 ]. 
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 When collecting fl uid and plasma proteins, the lymphatic system also picks up 
foreign bodies from tissues. These bodies are drained along the lymph to the regional 
lymph nodes where immune cells can initiate an immune response. Therefore, 
lymph nodes stand as checkpoints that examine lymph fl uid before it is drained to 
the bloodstream [ 11 ].   

    Components of the Lymphatic System 

    Lymph 

 Lymph is usually a clear and colourless fl uid which is drained from the interstitium. 
In addition to the recovered fl uids and plasma proteins, lymph may also contain 
lipids, immune cells, hormones, bacteria, viruses, cellular debris or even cancer 
cells. Substantial differences in lymph composition arise from physiological and/or 
pathological conditions of the tissue from which lymph is drained, as well as its 
location along the lymphatic vessels [ 11 ,  19 ].  

    Lymphatic Vessels 

 The lymphatic system is the body’s second circulatory system. However, unlike the 
closed structure of the blood vessels, the lymphatic system consists of unidirectional, 
blind-ended and thin-walled capillary vessels where lymph is driven without a cen-
tral pump [ 5 ,  20 ,  21 ]. Lymphatic capillaries drain in the afferent collecting vessels, 
which then pass through one or more gatherings of lymph nodes. Lymph fl uid then 
passes through the efferent collecting vessels, larger trunks and fi nally the lymphatic 
ducts. Subsequently, ducts drain lymph to the systemic circulation [ 6 ,  22 ].  

    Lymphatic Organs 

 The lymphatic organs can be classifi ed as primary or secondary. Primary lymphatic 
organs include the thymus gland and bone marrow, which produce mature lympho-
cytes (that can identify and respond to antigens). Secondary lymphatic organs 
include lymph nodes, spleen and mucosa-associated lymph tissues (MALT) [ 23 –
 25 ]. It is within the secondary lymphatic organs that lymphocytes initiate immune 
responses. MALT are distributed throughout mucous membranes and provide a 
defence mechanism against a wide variety of inhaled or ingested antigens. MALT 
can be categorised according to their anatomical location to bronchus-associated 
lymphoid tissue (BALT), nasal-associated lymphoid tissue (NALT), salivary gland 
duct-associated lymphoid tissue (DALT), conjunctiva-associated lymphoid tissue 
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(CALT), lacrimal duct-associated lymphoid tissue (LDALT) and gut-associated 
lymphoid tissue (GALT) [ 23 ,  26 ]. 

    Gut-Associated Lymphoid Tissue (GALT) 

 GALT consists of effector and immune induction sites. The former is represented by 
lymphocytes distributed throughout the lamina propria (LP) and intestinal 
 epithelium, while the latter involves organised tissues such as mesenteric lymph 
nodes (MLN), PP and smaller isolated lymphoid follicles (ILF) [ 27 – 30 ]. Some 
authors, however, defi ne MLN as separate lymphatic organs rather than a part of 
GALT [ 31 ,  32 ]. In this chapter, MLN are included when referring to the GALT. 

  Mesenteric lymph nodes (MLN)  are the largest gatherings of lymph nodes in the 
body, found in the base of the mesentery. The structure of MLN is similar to that of 
peripheral lymph nodes and can be divided into two regions: the medulla and cor-
tex. The cortex is mainly composed of T-cell areas and B-cell follicles. It is within 
the T-cell area where circulating lymphocytes enter the lymph node and dendritic 
cells (DC) present antigens to T-cells [ 17 ,  33 ,  34 ]. Lymph (containing cells, anti-
gens and chylomicrons) is collected from the intestinal mucosa and reaches MLN 
via the afferent lymphatics. Lymph fl uid subsequently leaves MLN through efferent 
lymphatics to reach the thoracic duct that drains to the blood [ 27 ,  34 ]. 

  Peyer’s patches (PP)  are a collection of lymphoid nodules distributed in the 
mucosa and submucosa of the intestine. They consist of a sub-epithelial dome area 
and B-cell follicles dispersed in a T-cell area. A single layer of epithelial cells, 
called follicle-associated epithelium (FAE), separates lymphoid areas of PP from 
the intestinal lumen. FAE is permeated by specialised enterocytes called microfold 
(M) cells. These cells are considered as a gate for the transport of luminal antigens 
to PP [ 27 ,  30 ]. 

  Isolated lymphoid follicles (ILF)  are a combination of lymphoid cells in the 
intestinal LP. ILF are structurally similar to PP in the sense that they are composed 
of germinal centre covered by FAE containing M-cells. However, unlike PP, ILF 
lack a discrete T-cell area. Although its function is not completely understood, ILF 
is thought to be a complementary system to PP for the induction of intestinal immu-
nity [ 32 ,  35 ]. 

 It is noteworthy that GALT is the largest lymphatic organ in the human body and 
contains more than half of the body’s lymphocytes [ 36 ,  37 ]. GALT is also exposed 
to more antigens than any other part of the body, in the form of commensal bacteria 
and alimentary antigens, in addition to those from invasive pathogens. The intestinal 
immune system must therefore be able to distinguish antigens that require a protec-
tive immune response and to develop a state of immune hypo-responsiveness (oral 
tolerance) for those antigens that are harmless to the body [ 27 ,  30 ,  32 ]. The mecha-
nism governing this process involves sampling of luminal antigens in the intestinal 
epithelium by DC. Antigens can cross the epithelium through M-cells that are found 
in the FAE of PP. The antigens can then interact with DC in the underlying sub- 
epithelial dome region. Antigens are then presented to local T-cells in PP by DC. DC 
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can also migrate to the draining MLN where they present antigens to local lympho-
cytes [ 23 ,  27 ,  30 ,  38 ]. Alternative pathways for antigen transport across the intesti-
nal epithelial cells involve receptor-mediated transport, as well as direct sampling 
from the lumen by DC’s projections. Antigen-loaded DC then migrate to the MLN 
through afferent lymphatics where they present antigens to T-cells. Subsequently, 
differentiated lymphocytes migrate from MLN through the thoracic duct and blood 
stream and eventually accumulate in the mucosa for an appropriate immune response 
(Fig.  14.1 ) [ 27 ,  39 ].     

    Targeting GALT 

 In general, GALT could be a target (effective compartment) and/or a route through 
which therapeutic agents are delivered to the systemic circulation. 

  Fig. 14.1    Schematic representation of the gut-associated lymphoid tissue (GALT). Dendritic cells 
( DC ) can sample luminal antigens that (1) cross M-cells of Peyer’s patches ( PP ) and isolated lym-
phoid follicles ( ILF ) and (2) transported to lamina propria ( LP ) by receptor-mediated mechanisms. 
In addition, DC can use trans-epithelial projections to sample antigens directly from the lumen. DC 
then present antigens to local lymphocytes or migrate to mesenteric lymph nodes ( MLN ) for lym-
phocyte priming       
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    Advantages of Targeting GALT 

•     Achieving high local concentration in the GALT could be of particular importance 
for pharmacological agents such as immunomodulators, for example, cannabinoids, 
some chemotherapeutic agents and anti-infective agents, thereby decreasing dose-
related systemic side effects as well as systemic dilution [ 6 ,  18 ]. The lymphatic 
system is a main pathway of intestinal tumour metastases; therefore, targeting cyto-
toxic drugs to the intestinal lymphatics could provide advantage in the treatment of 
tumour metastases [ 40 ,  41 ]. Being the largest lymphatic organ, GALT provide a 
valid delivery target for antiviral agents, as some viruses spread and develop within 
the lymphatic system. Those of particular importance are human immunodefi ciency 
virus (HIV) morbillivirus, canine distemper virus, severe acute respiratory syn-
drome (SARS)-associated coronavirus, hepatitis B and hepatitis C [ 42 ].  

•   Increasing the bioavailability of lipophilic drugs when orally co-administered 
with lipid vehicles could be another advantage. This primarily occurs as a result 
of enhancing micellar solubilisation of the drug in the small intestine and drug-
 CM association in enterocytes [ 43 ]. One important reason is that intestinal lym-
phatic transport avoids hepatic fi rst-pass metabolic loss by diverting the 
absorption of lipophilic drugs towards intestinal lymphatics rather than the portal 
vein, which is extremely important for drugs exhibiting signifi cant fi rst-pass 
metabolism [ 16 ].  

•   Intestinal lymphatic transport of lipophilic drugs results in delivery of the drug to 
the systemic circulation in CM-associated form, which might attenuate the phar-
macokinetic and/or pharmacodynamic properties [ 41 ,  44 ].    

 Miura et al. [ 34 ] have shown that oral administration of the LCT (olive oil) can 
enhance lymphocyte transport in mesenteric lymphatics of rats more than tenfold. 
Miura et al. also demonstrated that the enhancement of lymphocyte fl ux was selec-
tive to the administration of the long-chain but not the medium-chain fatty acids. 
This in turn was secondary to the assembly of CM by enterocytes to enhance the 
absorption of orally administered long-chain fatty acids, as the co-administration of 
Pluronic  l -81 (an inhibitor of intracellular CM transport and secretion) signifi cantly 
decreased lymphocyte transport (Fig.  14.2 ). Moreover, the effect of long-chain fatty 
acids (particularly the monounsaturated fatty acids) was not limited to the augmen-
tation of lymphocyte fl ux, but also stimulated lymphocyte proliferation. The precise 
mechanism governing these effects is unclear. However, a mechanism that involves 
the utilisation of CM’s phospholipids and fatty acids has been suggested [ 37 ,  45 ]. 
This view is supported by the observations by Calder et al. [ 46 ] who found that 
lymphocytes have lipoprotein lipase activities and are able to release fatty acids 
from triglycerides (TG) present in CM and very low-density lipoproteins. In addi-
tion, the study also showed that TG rich in polyunsaturated fatty acids (PUFA) such 
as linoleic acid are potent inhibitors of lymphocyte proliferation in vitro, while this 
effect was not observed when using the monounsaturated oleic acid. This can in part 
explain the clinical benefi ts of daily administration of vegetable oils containing 
 linoleic acid to patients suffering from infl ammatory and autoimmune diseases, 
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such as rheumatoid arthritis, psoriasis and multiple sclerosis [ 46 ,  47 ]. Therefore, it 
is reasonable to conclude that targeting of immunomodulators to GALT could pres-
ent a valid treatment strategy for a wide range of serious diseases.

       Strategies for Targeting the GALT 

    Lipid-Based Drug Delivery Systems (LBDDS) 

 In a list of the top 200 marketed orally administered drugs, up to 40 % are 
poorly water-soluble, which is usually associated with poor absorption by 
the gut and low bioavailability [ 48 ]. Many biologically active drugs are also 
highly  metabolised before they are able to exert their benefi cial effect, which 
also reduces bioavailability. The combination of poor absorption and high 
fi rst-pass metabolism has created the need for drug delivery systems that can 
improve the absorption of poorly water- soluble drugs and also protect them 
from  degradation. One of the most promising strategies to address these issues 
is LBDDS [ 49 – 51 ]. 

  Fig. 14.2    Lymphocyte fl ux of intestinal lymph (mean ± SEM,  n  = 6) after administration of oleic 
acid (○──○), octanoic acid (□──□), oleic acid with Pluronic  l -81 (●──●) and control 
(sodium taurocholate, Δ----Δ) into the duodenum of lymph-fi stulated rats. One-way ANOVA was 
used to assess statistical differences from the control values. **  p  < 0.01; ***  p  < 0.001 (Reproduced 
with permission from Miura et al. [ 45 ])       
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    Co-administration with Lipids 

 The simplest method of targeting drugs to the GALT is by co-administration of 
lipids with the drug. Oral administration of lipids can change the pharmacokinetic 
and pharmacodynamic profi les of drugs [ 52 ] by reducing the rate of gastric empty-
ing and stimulating the release of bile (containing surfactants such as bile acids and 
phospholipids) from the gall bladder. Bile acids are hydrophilic on one end and 
hydrophobic on the other, whereas phospholipids generally have one hydrophilic 
tail and two hydrophobic tails (two fatty acids). These amphiphilic surfactants 
emulsify the lipids to form a fi ne emulsion, which prevents the droplets from aggre-
gating back into larger particles. This emulsifi cation vastly increases the surface 
area of the lipids and provides an interface for pancreatic lipase/co-lipase complex 
to digest them [ 53 ]. 

 The digestion of TG by pancreatic lipase forms monoglycerides and fatty acids, 
as previously described in this chapter. TG, cholesterol and cholesterol esters are 
transported by CM, which typically vary from 75 to 1200 nm in diameter [ 54 ]. After 
leaving the enterocyte, CM are unable to enter the portal circulation due to their 
large size and enter the lymphatics instead, which allows passage of large particles 
[ 55 ]. Some drugs can exploit this transport pathway by associating with fatty acids 
and TG at any of the aforementioned steps, ending up inside the core of CM. Due to 
the hydrophobic nature of this core, highly lipophilic drugs are very good candi-
dates to be transported via this pathway. Drug candidates for intestinal lymphatic 
transport have been classically described as having a water-to-octan-1-ol partition 
coeffi cient (log  P ) higher than 4.7 and TG solubility higher than 50 mg/mL [ 16 ,  56 ]. 
More recently other physicochemical properties have been included, most notably a 
drug’s distribution coeffi cient at pH 7.4 (log D 7.4 ) [ 57 ]. 

 An example of immunomodulatory drug targeted to the GALT by co- administration 
with lipids is JWH-015. This drug is an investigational lipophilic cannabinoid 2 
(CB 2 ) receptor agonist that has immunomodulatory effects [ 58 ] and therapeutic ben-
efi ts in animal model of multiple sclerosis [ 59 ]. Cannabinoids in general are a group 
of chemical compounds that act on cannabinoid receptors and have been reported to 
have immunomodulatory effects [ 60 ]. In a study by Trevaskis et al. [ 18 ], the intesti-
nal lymphatic transport and the recovery of JWH-015 in the collected lymph lym-
phocytes were assessed in mesenteric lymph duct-cannulated rats following 
intraduodenal infusion with oleic acid. In this study, JWH-015 was administered in 
lipid formulations containing either 4 or 40 mg oleic acid. The authors concluded 
that proportions of JWH-015 doses recovered in the mesenteric lymph and lympho-
cytes were signifi cantly higher (53 and 176 fold, respectively) following the admin-
istration of 40 compared to 4 mg oleic acid formulations. Although lymphocyte fl ux 
into the mesenteric lymph was elicited by as low as 4 mg oleic acid, high lipid for-
mulation (40 mg oleic acid) increased lymphocyte fl ux up to fi vefold. Thus, in this 
study, co-administration of JWH-015 with long-chain fatty acids affected GALT’s 
lymphocytes by three mechanisms: enhancement of drug absorption from the intes-
tinal lumen, stimulation of the intestinal lymphatic transport of the drug and increase 
in lymphocyte fl ux to the area. Furthermore, Trevaskis et al. compared the lymphatic 
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transport of JWH-015 to that of other model lipophilic molecules, namely, dichloro-
diphenyltrichloroethane (DDT), halofantrine, ciclosporin and diazepam which are 
insecticidal, antimalarial, immunosuppressant and central nervous system depressant 
drugs, respectively. The magnitude of the intestinal lymphatic transport correlated 
with the lipophilicity and TG solubility of these drugs. The results showed that the 
extent of intestinal lymphatic transport was enhanced when the drug was co-admin-
istered with 40 compared to 4 mg oleic acid for all drugs (Fig.  14.3 ).

   Dexanabinol is another non-psychotropic synthetic cannabinoid that has been 
suggested to have therapeutic immunomodulatory effects in the treatment of experi-
mental multiple sclerosis [ 61 ]. Gershkovich et al. [ 62 ] evaluated the lymphatic 
transport of dexanabinol following oral administration in LCT-based formulation in 
rats. The authors found that the concentration of dexanabinol recovered in the mes-
enteric lymph was around 80-fold higher than that in plasma. In the same study, 
another, more lipophilic cannabinoid (PRS-211,220) has been found to have more 
than 550-fold higher concentrations in the mesenteric lymph versus plasma. These 
fi ndings suggest that the administration of lipophilic cannabinoids with LCT is a 
promising targeting strategy to GALT.  

    Emulsions 

 Emulsions are defi ned as mixtures of two or more immiscible liquids (Fig.  14.4a ). 
For pharmaceutical applications, emulsions are generally made from three compo-
nents: oil, surfactant and water. The hydrophile-lipophile balance of these compo-
nents determines whether the resulting emulsion is oil droplets in water (oil-in-water), 

  Fig. 14.3    Effect of drug lipophilicity and co-administration of 4 mg (fi lled bars) and 40 mg oleic 
acid (open bars) on the extent of intestinal lymphatic transport (mean ± SEM,  n  = 4 or 5) in mesen-
teric lymph duct-cannulated rats. One-way ANOVA with Tukey’s post hoc test was used for statis-
tical analysis. * Signifi cantly higher than 4 mg of lipid group.  DZ  diazepam,  CYC  ciclosporin, 
 JWH  JWH-015,  HF  halofantrine,  DDT  dichlorodiphenyltrichloroethane (Reproduced with permis-
sion from Trevaskis et al. [ 18 ])       
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a

b

  Fig. 14.4    Drug delivery systems targeting the gut-associated lymphoid tissue (GALT) and their 
absorption in the intestine. ( a ) The structure of unilamellar liposomes, emulsions, polymeric 
nanoparticles (PLGA-NP) and solid lipid nanoparticles (SLN). (b) The two main pathways of the 
uptake of these drug delivery systems in the intestine       
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water droplets in oil (water-in-oil), micelles, oily dispersions or isotropic solutions 
that are emulsifi ed upon contact with water. The last of these mixtures have been 
termed self-emulsifying drug delivery systems (SEDDS). By forming their own 
emulsion, drugs delivered this way are protected from degradative enzymes [ 63 ] 
and are not as reliant on endogenous surfactants to increase their surface area for 
absorption [ 64 ,  65 ], while the presence of lipid within the emulsion also stimulates 
lymphatic transport [ 66 ].

   A well-known example where an immunomodulatory agent was orally delivered 
in a microemulsion is ciclosporin, a polypeptide drug widely used to prevent rejec-
tion of organs after transplantation by suppressing the activity of T-cells [ 67 ]. 
However, ciclosporin has very low solubility in water (23 μg/mL at 20 °C) and is 
also extensively metabolised by cytochrome P-450 enzymes [ 68 – 71 ]. Substantial 
research has been done about formulating ciclosporin into emulsions containing 
lipid microspheres [ 67 ] or milk fat globule membranes [ 65 ]. Since its approval for 
use, a number of different formulations of ciclosporin became commercially avail-
able, many of which are emulsions, the most common being Sandimmune® and its 
newer formulation Neoral® [ 65 ]. Ciclosporin is an important candidate for intestinal 
lymphatic transport, since it is highly metabolised in the liver into metabolites with 
lower immunosuppressive activity [ 69 ,  70 ]. Sandimmune®, the original formulation 
of ciclosporin, vastly improved its bioavailability but had high inter- and intra-
patient variability. Therefore, an optimised formulation consisting of dl-α- 
tocopherol, corn oil derivatives and polyoxyl 40 hydrogenated castor oil, named 
Neoral®, was tested and resulted in more predictable pharmacokinetic profi les and 
more extensive drug absorption [ 65 ,  72 ,  73 ]. 

 Another example of an immunomodulatory drug that was targeted to the GALT 
using emulsion-based formulation is in work done by Zhang et al. [ 74 ]. Morin, a 
xanthine oxidase inhibitor which has been shown to play a role in the treatment of 
gout was formulated into a self-nanoemulsifying drug delivery system (SNEDDS) to 
improve its oral absorption. SNEDDS are made from very similar components to 
other emulsions but are distinct in that they are not thermodynamically stable (but 
kinetically stable), which means that emulsifi cation of SNEDDS is not as affected by 
temperature and dilution, but the emulsion will separate into different phases after 
prolonged storage [ 74 – 76 ]. In their work, Zhang et al. conjugated a phospholipid 
complex to morin in addition to incorporation into SNEDDS to increase its intestinal 
permeability and examined the intestinal absorption and lymphatic transport of their 
SNEDDS compared to conjugated drug and free drug. The group showed that 
SNEDDS were found in the GALT after oral administration, particularly from the 
segments closer to the ileum, due to the presence of PP and M-cells [ 74 ].  

    Liposomes 

 Liposomes are closed spherical structures consisting of at least one phospholipid 
bilayer, ranging from 100 to 5000 nm. Much like other phospholipid bilayers, they 
are capable of containing an aqueous phase within (see Fig.  14.4a ). As mentioned 
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earlier, the amphiphilic nature of phospholipids allows them to hold both hydro-
philic (contained within the aqueous phase of the liposome) and hydrophobic 
(incorporated in the bilayer membrane) drugs [ 77 ]. Drugs that are incorporated in 
liposomes are also protected from degradation, which increases their therapeutic 
effi cacy and reduces side effects [ 78 ]. 

 Liposomes release their contents upon degradation in the lysosome or fusion 
with another lipid bilayer, such as those in the cell membrane, or phagocytes [ 79 –
 81 ]. Liposome membranes are extremely modifi able and have been shown to 
deliver their encapsulated drugs by a wide number of stimuli, such as pH [ 82 ,  83 ], 
temperature [ 84 ], redox potential [ 85 ,  86 ], magnetism [ 84 ,  87 ], ultrasound [ 88 ,  89 ] 
and light [ 90 ]. Although liposomes have also been shown to successfully target 
different parts of the lymphatic system following various routes of administration, 
such as subcutaneous, pulmonary and intramuscular injection [ 77 ,  79 ,  81 ,  84 ,  86 , 
 91 ], this section will focus on liposomes that target the GALT following oral 
administration. Liposomes are too large to enter the intestinal blood capillaries, 
which have a pore size between 60 and 80 nm [ 55 ,  92 ,  93 ], and therefore enter the 
lymphatics instead. 

 Liposomes have been used in the delivery of proteins [ 91 – 93 ] and DNA [ 94 ,  95 ]. 
Perrie et al. [ 94 ] incorporated plasmid DNA encoding a small region of hepatitis B 
surface antigen into liposomes and studied the immunisation conferred by oral 
administration in mice. Compared to naked DNA, mice receiving DNA delivered 
via liposomes showed a higher IgA response. The group went on to study gene 
expression in mice after oral administration of liposomes containing plasmid DNA 
encoding green fl uorescent protein and found that liposomal delivery of plasmid 
DNA yielded much higher gene expression in the draining mesenteric lymph nodes 
than mice given naked plasmid DNA. The authors concluded that liposomes could 
be useful agents in lymphatic delivery of DNA [ 94 ]. 

 Masuda et al. [ 95 ] incorporated ovalbumin as a model antigen into liposomes for 
oral delivery and examined their ability to induce oral tolerance in mice. Ovalbumin 
in liposomes of different compositions successfully suppressed proliferative 
responses of popliteal lymph node cells in mice, suggesting that liposomes were 
taken up by the lymphatics and induced tolerance to ovalbumin more effectively 
than ovalbumin administered in aqueous suspension [ 93 ]. Other research has 
focused on delivery of antigens encapsulated in liposomes to the lymphatics, but not 
via oral route [ 96 ].   

    Nanoparticles 

 Nanoparticles are particles smaller than 1000 nm in size and have been used in the 
delivery of drugs to the GALT, via uptake by ILF and PP, as mentioned previously 
in this chapter [ 97 ]. Although the exact mechanism of uptake is unclear, there have 
been many examples of nanoparticulate drug delivery systems that use this uptake 
pathway to access the GALT [ 98 – 102 ], some examples of which will be discussed 
in this section. 
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    Lipid Nanoparticles 

 After the discovery and use of liposomes in the 1970s [ 103 ], a number of draw-
backs were also discovered, such as drug leakage upon storage, physical instabil-
ity, aggregation, presence of organic solvent residue, cytotoxicity and lack of 
cost-effective methods of high-quality production [ 104 ,  105 ]. Drug delivery sys-
tems based on naturally occurring lipids were then developed in order to overcome 
these problems. Lipid nanoparticles with a solid matrix had high drug loading, 
more controlled drug release profi les and better long-term stability and were more 
easily produced than emulsions or liposomes on a large scale [ 75 ,  104 ,  106 ]. One 
type of lipid-based nanoparticle that has been used to target the GALT is solid lipid 
nanoparticles.  

    Solid Lipid Nanoparticles (SLN) 

 SLN are usually made from biocompatible lipids and surfactants, such as tripalmitin 
[ 107 ,  108 ], tristearin, poloxamer 188 [ 109 ], dioleoylphosphatidylethanolamine, tri-
caprin, Tween 80 [ 110 ], glyceryl monostearate [ 111 ] and soya lecithin [ 112 ]. These 
components are in solid form at room temperature and can therefore be more stable 
and provide controlled release and more specifi c drug targeting compared to lipo-
somes [ 113 ]. SLN are made of a solid lipid core and stabilised by surfactants. The 
loaded drug would then fi t in the gaps between fatty acid chains of the lipid core 
(Fig.  14.4a ). The size of particles in this type of formulation (20–1000 nm in diam-
eter) allows effi cient drug uptake into the intestinal lymphatic system due to the 
presence of lipids and their similar size to CM [ 114 ]. SLN can also be taken up by 
M-cells within PP, represented in Fig.  14.4b  [ 115 ]. 

 One example of the use of SLN to target the GALT is the work by Paliwal et al. 
[ 111 ]. The group loaded methotrexate into SLN made from glycerol monostearate, 
tristearin or Compritol 888 ATO, and the formulation was administered intraduode-
nally to rats. Methotrexate is used in the treatment of cancer and autoimmune dis-
eases by antagonising folic acid metabolism [ 116 ,  117 ]. Drug concentration profi les 
in plasma and lymph were determined following intraduodenal administration of 
aqueous methotrexate solution and the four types of SLN loaded with methotrexate. 
The authors found that all SLN produced lead to increased drug bioavailability, a 
prolonged release compared to aqueous solution, and up to threefold higher plasma 
 C  max  values. In addition, lymphatic uptake of methotrexate was up to tenfold higher 
with SLN compared to aqueous solution [ 111 ].  

    Polymeric Nanoparticles 

 When nanoparticles were fi rst developed for use in drug delivery, synthetic poly-
mers were the preferred choice for their outer coating. This was due to the varying 
purity of natural polymers (such as polysaccharides and proteins) at the time and 
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their potential interaction and denaturation of contained drugs [ 118 ]. Among the 
most common and FDA-approved polymers used in polymeric nanoparticles are 
polyglycolic acid (PGA) and polylactic acid (PLA). PGA and PLA are considered 
biocompatible since they are degraded to glycolic and lactic acid, both of which are 
by-products of other metabolic pathways in the body [ 75 ,  119 ]. These polymers can 
also be combined into a copolymer, poly(lactide-co-glycoside) (PLGA). The ratio 
of PGA to PLA in PLGA can be fi ne-tuned to control degradation and drug release 
rates [ 118 ,  120 ,  121 ]. Polymeric nanoparticles could also be taken up by PP, in a 
manner similar to SLN [ 115 ]. 

 Kim et al. [ 122 ] used PLGA nanoparticles entrapping type II collagen (CII) to 
study its ability to suppress collagen-induced arthritis in mice. Localisation of 
nanoparticles and CII, circulating immunoglobulin G (IgG) targeting CII, CII- 
specifi c T-cell proliferation and tumour necrosis factor α (TNFα) expression in PP 
and draining lymph nodes were assessed after a single oral administration of 
nanoparticles containing CII. The group found that CII-containing nanoparticles of 
300 nm in diameter persisted in PP for 14 days after their administration and were 
able to reduce the incidence of arthritis by half (from 88.9 % to 43.8 %) and reduce 
IgG antibodies by more than half (28.6 ± 12.5 versus 78.5 ± 28.3 arbitrary units). 
The expression of TNFα was also up-regulated in PP cells when treated with 
nanoparticles, but down-regulated in the draining lymph nodes. The authors con-
cluded that CII-containing PLGA nanoparticles were able to suppress the develop-
ment of arthritis, as well as autoimmune responses. 

 Rebouças et al. [ 123 ] used polyanhydride nanoparticles (another biocompatible 
polymer) loaded with peanut extract to study oral immunotherapy for peanut aller-
gies. Raw or roasted peanut proteins were orally administered to mice, and levels of 
different immunoglobulins (IgG, IgE, IgA), secretion of specifi c cytokines related 
to the immune response and the stimulation of T-helper cells were assessed. 
Polyanhydride nanoparticles containing peanut proteins were able to increase the 
production of IgG, IgE and IgA (compared to free protein and unloaded nanoparti-
cles) and also up-regulate the expression of interleukin 10, an immunosuppressive 
cytokine that can reduce infl ammation at sites of allergic reactions [ 124 ]. Finally, 
the nanoparticles were also shown to stimulate the appropriate prophylactic T-helper 
cell response twofold higher than free protein. While the effects of these nanopar-
ticles in sensitised animals were not examined, the authors concluded that polyan-
hydride nanoparticles could be useful in food oral immunotherapy.   

    Prodrugs 

 A prodrug is a bio-reversible precursor of a drug that has an obstacle attenuating its 
therapeutic effi cacy [ 125 ]. In regard to GALT targeting, prodrug can modify a 
drug’s physicochemical properties in such a way that would improve its delivery to 
the GALT. This can be achieved by a mechanism that involves the association of 
the prodrug with CM assembled in enterocytes. Therefore, a prodrug can be 
designed to have certain physicochemical properties, particularly log D 7.4  ≥ 5 and 
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high lipid solubility [ 16 ,  126 ], so that its intestinal lymphatic transport is enhanced 
when the prodrug is co-administered orally with LCT. Alternatively, a prodrug can 
be structured to be incorporated in one of the biochemical steps of lipid digestion 
processes. For example, prodrugs can be designed to be structurally similar to TG 
or phospholipids. In such circumstances, prodrugs can be hydrolysed, re-acylated 
and eventually incorporated with CM during lipoprotein assembly process in the 
enterocytes [ 127 ]. 

 One of the ways to enhance the lipophilicity of a molecule is the synthesis of an 
ester, ether or amide-linked prodrug with large alkyl moiety [ 127 ]. Han et al. [ 128 ] 
described the synthesis of lipophilic prodrugs to promote the delivery of mycophe-
nolic acid (MPA), a model immunomodulator, to the GALT after oral administra-
tion with oleic acid. The lipophilicity of MPA (log  P  2.9) was increased by the 
synthesis of long-chain ester prodrug (MPA-C18E, log  P  12.4) and long-chain 
amide prodrug (MPA-C18AM, log  P  11.2). Oral administration of MPA-C18E and 
MPA-C18AM to mesenteric lymph duct-cannulated rats resulted in a 13- and 6-fold 
increase in lymphatic transport, respectively, compared to the parent compound. 
This approach enhanced the partitioning of alkyl chain prodrugs to CM and thereby 
promoted lymphatic transport. However, the least lipophilic medium-chain ester 
prodrug (MPA-C8E) did not increase the recovery of parent compound in lymph. In 
the same study, a TG-mimicking prodrug of MPA (2-MPA-TG, log  P  17.8) was 
synthesised. The TG-mimicking prodrug leads to an 80-fold increase in lymphatic 
transport by a mechanism that involves the incorporation of the prodrug in TG 

  Fig. 14.5    Cumulative intestinal lymphatic transport of mycophenolic acid (MPA, open circles, 
 n  = 5), its medium-chain ester prodrug (MPA-C8E, triangles,  n  = 3), long-chain ester prodrug 
(MPA-C18E, inverted triangles,  n  = 6), long-chain amide prodrug (MPA-C18AM, squares,  n  = 4) 
and triglyceride mimic prodrug (2-MPA-TG, diamonds,  n  = 5) versus time following intraduodenal 
administration with oleic acid, Tween 80 and PBS in mesenteric lymph duct-cannulated anaesthe-
tised rats. Data presented as mean ± SD (Reproduced with permission from Han et al. [ 128 ])       
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hydrolysis-reacylation and CM assembly pathway. The authors suggested that met-
abolic instability and poor absorption were behind low lymphatic concentrations of 
alkyl prodrugs relative to TG-mimicking prodrug (Fig.  14.5 ).     

    Future Directions 

 Currently, there is a high number of immunomodulators that show remarkable ther-
apeutic benefi ts in the treatment of life-threatening immune disorders. If delivered 
to the GALT, these immunomodulators have potential to signifi cantly improve 
future opportunities to treat these disorders. Examples of such molecules are statins 
which are widely used in clinical practice as cholesterol-lowering agents. Animal 
models of autoimmune diseases have shown that statins have therapeutic immuno-
modulatory effects in the treatment of multiple sclerosis [ 129 – 131 ], rheumatoid 
arthritis [ 132 ,  133 ], autoimmune myocarditis [ 134 ] and autoimmune uveitis [ 135 ]. 
However, doses of statins used in these experiments were higher than those usually 
used in humans. Thus, using an appropriate strategy to target GALT, statins might 
achieve suffi cient concentrations to produce therapeutic immunomodulatory effects 
while inducing less systemic adverse effects in off-target tissues. In fact, researchers 
have used lipid-based formulations like SEDDS [ 136 ], SMEDDS [ 137 ], SNEDDS 
[ 138 ], SLN [ 139 ] and nanostructured lipid carriers (NLC, mentioned below) [ 140 ] 
to improve the oral bioavailability of statins, yet neither intestinal lymphatic trans-
port nor immunomodulatory effects were assessed upon the administration of these 
formulations. Therefore, it is tempting to suggest that statins might have new thera-
peutic applications if properly targeted to GALT in patients with autoimmune 
diseases. 

 An important group of potential therapeutic immunomodulators are lipophilic 
cannabinoids, such as Δ 9 -tetrahydrocannabinol (THC) and cannabidiol (CBD). 
Pharmacodynamic studies have shown that both cannabinoids have broad spectrum 
of therapeutic activities [ 141 – 144 ]. Animal models studies of immune system dis-
orders have reported that THC could be a promising drug in the treatment of mul-
tiple sclerosis [ 145 ], diabetes mellitus [ 146 ] and allergic asthma [ 147 ]. CBD also 
showed therapeutic effi cacy in animal models of rheumatoid arthritis [ 148 ], diabe-
tes mellitus [ 149 ] and allergic asthma [ 147 ]. Both THC and CBD are highly lipo-
philic molecules with log D 7.4  of 7.25 and 6.99, respectively, which makes them 
good candidates for targeting to the GALT if orally co-administered with LCT. 

 Additional novel chemical or formulation-based strategies for targeting drugs to 
GALT could lead to increased targeting effi ciency. One worth mentioning is nano-
structured lipid carriers (NLC). After the development and success of SLN, a num-
ber of problems were identifi ed. Using a single type of solid lipid in the core of SLN 
led to the formation of a crystalline lattice over time that potentially reduced drug- 
loading capacity [ 100 ]. Gelation of SLN also occurred after prolonged storage [ 101 ] 
and NLC were created as a way to reduce these problems. NLC use a mixture of 
solid and liquid lipids to create an imperfect core environment so there is more 
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space to accommodate drugs, while still maintaining a solid state [ 104 ,  150 ]. It can 
therefore be said that NLC are a second-generation lipid-based nanoparticle formu-
lation [ 100 ]. Due to the relatively new development of NLC, there has not been as 
extensive study into the targeting of NLC to the GALT, but research has begun in 
assessment for their targeting potential. One work studied the oral administration of 
NLC loaded with a lipophilic vasodilator [ 150 ]. The oral administration of these 
NLC resulted in a threefold increase in bioavailability of the loaded drug compared 
to an aqueous suspension. This suggests that NLC activated an alternative absorp-
tion pathway, possibly also avoiding fi rst-pass metabolism, a frequent cause of low 
oral bioavailability for many lipophilic drugs [ 151 ]. It is therefore conceivable that 
immunomodulators can be loaded in NLC and targeted towards the GALT in a simi-
lar fashion.  

    Conclusions 

 Immunomodulatory drugs have advanced treatment protocols of a wide range of 
disorders where immune system is actively involved, such as rheumatoid arthritis 
and multiple sclerosis. However, despite considerable advances, some immuno-
modulators might cause serious adverse effects, which could be the cause of treat-
ment failure for these therapies [ 152 ]. Systemic adverse effects are more prominent 
in non-targeted administration. Therefore, enhancing the delivery of immunomodu-
latory drugs to immune cells has potential to reduce systemic adverse effects as well 
as improve treatment effi cacy [ 18 ]. 

 Different approaches of targeting GALT by immunomodulatory drugs have suc-
cessfully increased the concentration of drugs achieved in the GALT and, more 
importantly, signifi cantly enhanced immunomodulatory effects. Immunomodulatory 
drugs of diverse physicochemical properties have been targeted to GALT, and this 
strategy presents a promising new way to treat diseases involving the immune 
system.     
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    Chapter 15   
 The Neuroimmunology of Gluten Intolerance                     

       Marios     Hadjivassiliou      ,     David     S.     Sanders     , and     Daniel     Aeschlimann    

    Abstract     The term gluten-related disorders (GRD) denotes a spectrum of diverse 
immune-mediated diseases triggered by the ingestion of gluten (protein found in 
wheat, barley and rye). Coeliac disease (CD) or gluten-sensitive enteropathy is the 
most recognised and studied entity within GRD. Extraintestinal manifestations are 
gaining recognition and are increasingly the subject of further studies as they may 
hold the key to unravelling the pathophysiology of GRD. Such manifestations include 
skin involvement in the form of dermatitis herpetiformis (DH) and neurological 
 dysfunction (e.g. gluten ataxia and gluten neuropathy). Furthermore, the recent 
 concept of extraintestinal manifestations without enteropathy (termed non- coeliac 
gluten sensitivity (NCGS)) has become accepted as part of the same spectrum. In this 
chapter, we review the neurological manifestations in GRD and discuss recent 
advances in diagnosis and possible pathophysiological mechanisms.  

  Keywords     Coeliac disease   •   Gluten sensitivity   •   Gluten ataxia   •   Gluten neuropathy   • 
  Neurological manifestations   •   Transglutaminase antibodies   •   Immune pathogenesis   • 
  Gluten-sensitive enteropathy  

      Introduction 

 Coeliac disease (CD) was fi rst described by the Greek doctor Aretaeus the 
Cappadocian, in 100 AD. Long time after, Samuel Gee published his lecture [ 37 ] 
“on the coeliac affection” in which he described the classic presentation of the 
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 disease in children. The aetiological agent remained obscure until the observations 
of Willem Dicke, a Dutch paediatrician, in 1953 of “the presence in wheat, of a 
 factor having a deleterious effect in cases of coeliac disease” [ 30 ]. The introduction 
of endoscopy and small bowel biopsy in the 1950s confi rmed the bowel as the prin-
cipal organ involved [ 104 ]. Such biopsies demonstrated for the fi rst time the typical 
histological abnormalities that now defi ne gluten-sensitive enteropathy: villous 
atrophy, crypt hyperplasia and increased intraepithelial lymphocytes. 

 The fi rst evidence of gluten sensitivity-related extraintestinal manifestations 
became apparent in 1963 when a group of dermatologists published the interesting 
observation that dermatitis herpetiformis, an itchy vesicular rash, was in fact a form 
of gluten-related dermatopathy sharing the same small bowel pathology, but less 
prominent or even no gastrointestinal symptoms [ 95 ]. The only reason why small 
bowel biopsies were done in this group of patients was the observation of persis-
tently low albumin suggestive of protein loss from the gut. 

 A small number of case reports of patients with presumed CD and neurological 
manifestations [ 33 ,  105 ,  133 ] were published prior to the discovery of the aetiologi-
cal agent and the introduction of small bowel biopsy. Such reports need to be treated 
with caution given that a diagnosis of CD in those patients was speculative. 

 The fi rst comprehensive case series of neurological manifestations in the context 
of histologically confi rmed CD was published in 1966 [ 24 ]. This detailed clinical 
and pathology work described the range of neurological manifestations seen in 16 
patients with established CD. Of interest was the fact that all patients had gait ataxia 
and some had peripheral neuropathy as well. The assumption was that such mani-
festations were nutritional. Indeed all of these patients were grossly malnourished 
and cachectic. Post-mortem data, however, demonstrated an infl ammatory process 
primarily affecting the cerebellum, but also involving other parts of the central and 
peripheral nervous systems, a fi nding that was in favour of an immune-mediated 
pathogenesis. 

 Single and multiple case reports of patients with established CD who then 
 developed neurological dysfunction continued to be published [ 8 ,  9 ,  13 ,  21 ,  22 ,  29 , 
 34 ,  64 ,  76 ,  79 ,  81 ,  83 ,  87 ,  98 ,  100 ,  126 ,  132 ]. 

 Key fi ndings from these reports were that ataxia and neuropathy were the com-
monest manifestations always seen in the context of established CD and almost 
always attributed to nutritional defi ciencies. Some reports reported improvement of 
the neurological problems with adherence to a GFD whilst others did not. None of 
these reports however documented the strictness of adherence to the gluten-free diet 
by regular serological testing. 

 Thirty years after the fi rst comprehensive case series on neurological manifesta-
tions of CD saw the publication of a study [ 41 ] approaching the subject purely from a 
neurological perspective. This study investigated the prevalence of serological mark-
ers of gluten sensitivity (at the time, IgG and IgA antigliadin antibodies) in patients 
presenting with neurological dysfunction. The results demonstrated signifi cantly 
higher prevalence of antigliadin antibodies (AGA) in the neurology group of patients 
with unclear diagnosis when compared to healthy blood donors and patients with a 
clear neurological diagnosis. Based on duodenal biopsies, the study showed that the 
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prevalence of CD was 16 times higher than the prevalence of CD in the healthy popu-
lation. This study sparked an interest for both neurologists and  gastroenterologists in 
a possible link between sensitivity to gluten and neurological disease.  

    Epidemiology of Neurological Manifestations 

 There are now several epidemiological studies from Europe and America and a few 
from other continents demonstrating that the prevalence of CD in healthy individu-
als is on the increase [ 17 ]. Thus, the prevalence of CD in the healthy population has 
been shown to be at least 1 % [ 115 ]. There are no accurate fi gures of the prevalence 
of the neurological manifestations of gluten sensitivity in the general population. 
Some studies have concentrated on the prevalence of neurological dysfunction 
amongst patients with established CD. Figures of between 10 % and 22.5 % have 
been published [ 12 ,  65 ]. Such fi gures are unlikely to be accurate because they are 
retrospective, derived solely from gastrointestinal clinics and concentrated exclu-
sively on patients with the classic (i.e. gastrointestinal) CD presentation. Some of 
these studies also included neurological diseases that are highly unlikely to be glu-
ten related (e.g. carpal tunnel syndrome, idiopathic Parkinson’s disease). 

 Some estimates of prevalence can be made from patient populations attending 
specialist clinics although caution must be exercised in extrapolating these as they 
are inevitably affected by referral bias. For example, data collected from the 
Sheffi eld dedicated CD clinic (the biggest in the UK) and from the dedicated gluten 
sensitivity/neurology clinic (the only one in the UK) suggested that for every 7 
patients presenting to the gastroenterologist who are then diagnosed with CD, 2 
patients present to the neurologist with neurological dysfunction leading to the 
diagnosis of CD [ 55 ]. This ratio is likely to be an underestimate because it does not 
take into account those patients with neurological manifestations due to sensitivity 
to gluten that do not have enteropathy (NCGS). In fact, approximately two thirds of 
patients presenting with neurological dysfunction do not have enteropathy on duo-
denal biopsy. The authors believe that the prevalence of neurological dysfunction 
even in patients with CD presenting to gastroenterologists is likely to be much 
higher to what has been published if patients undergo rigorous neurological workup 
including MR spectroscopy of the cerebellum. Preliminary results from a prospec-
tive study using patients with newly diagnosed CD presenting to a gastroenterolo-
gist demonstrated that up to 50 % of such patients have abnormal MR spectroscopy 
(low NAA/Cr ratios) of the cerebellum [ 59 ,  60 ]. One study in patients with estab-
lished CD has shown such abnormalities in up to 80 % of patients [ 58 ], whilst 
another study has shown that the prevalence of peripheral neuropathy in this group 
of patients was 23 % [ 92 ]. The above fi gures are based on patients with CD. The 
frequency of neurological dysfunction in patients with NCGS is not known. Judging 
by the fact that two thirds of the cohort of patients seen and assessed in a dedicated 
gluten/neurology clinic, Sheffi eld, UK, have NCGS, it is likely that the prevalence 
of neurological cases with NCGS is even higher than those with CD.  
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    Diagnosis of the Spectrum of Gluten-Related Diseases 

 The diagnosis of CD in the hands of an experienced gastroenterologist and gastro-
intestinal histopathologist can be relatively straightforward. CD is after all defi ned 
by the presence of an enteropathy (triad of villus atrophy, crypt hyperplasia and 
increased intraepithelial lymphocytes), usually a reliable gold standard. It is now, 
however, accepted that the presence of enteropathy is not a prerequisite for the diag-
nosis of GRD particularly for those patients where neurological or other extraintes-
tinal manifestations are the presenting feature. Furthermore, the triad of the small 
bowel mucosal changes mentioned above are merely one part of the small bowel 
histological spectrum (Marsh classifi cation) that ranges from a normal mucosa to a 
pre-lymphomatous state [ 94 ]. Given that the bowel histology in some cases (as per 
Marsh classifi cation) can be normal, trying to defi ne GRD using solely the bowel 
biopsies becomes problematic. Whilst serological testing has enhanced the ability 
to identify patients with enteropathy, none of these tests are 100 % specifi c or sensi-
tive. For example, endomysial antibody (EMA) and anti-transglutaminase-2 (TG2) 
IgA antibody detection are specifi c for the presence of an enteropathy. These mark-
ers are frequently negative in patients with neurological or other extraintestinal 
manifestations who do not have an enteropathy [ 55 ]. 

 The majority of patients presenting with neurological manifestations have no 
gastrointestinal symptoms [ 55 ]. Even patients with CD may not have  gastrointestinal 
symptoms. In patients without overt gastrointestinal involvement (enteropathy), 
serum antibodies to TG2 may be absent [ 78 ]. Patients with extraintestinal manifes-
tations typically have antibodies primarily reacting with different TG isozymes, 
TG3 in DH and TG6 in patients with gluten ataxia [ 52 ,  53 ,  116 ]. Reaction of such 
antibodies with TG2 that takes the form of IgA deposits against TG2 in the intesti-
nal mucosa occurs prior to overt changes in small intestinal morphology and some-
times even before the antibodies are detectable in serum [ 84 ]. Such antibody 
deposits seem to be present in patients with neurological and other extraintestinal 
manifestations as well and may therefore be diagnostically useful [ 48 ]. However, 
this test is not readily available and requires experience in its interpretation. In prac-
tice for suspected neurological manifestations, it is best to perform serological tests 
for both IgA and IgG antibodies to TG2 (and if available anti-TG6 and anti-TG3) 
and IgG and IgA antibodies to gliadin. Endomysium antibodies are very specifi c for 
the detection of enteropathy, but they detect the same antigen (transglutaminase 2) 
and have thus largely been replaced by TG2 antibody testing. Any differences 
between the 2 tests however are likely to be related to the different methodologies 
used (ELISA for TG2 vs immunofl uorescence for the detection of EMA). The diag-
nosis of NCGS remains problematic by the absence of any biological markers. At 
the moment, such diagnosis is based on symptomatic improvement after the intro-
duction of a GFD and recurrence of symptoms on reintroduction of gluten in the 
diet. Antigliadin antibodies of the IgG type can be present in up to 25 % of patients 
with NCGS attending gastroenterology clinics, and such patients may also have 
increased intraepithelial lymphocytes [ 130 ]. 
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 CD has a strong genetic predisposition whereby ~40 % of the genetic load comes 
from MHC class II association [ 67 ]. In Caucasian populations, more than 90 % of 
CD patients carry the HLA DQ2, with the remaining having the HLA DQ8. A small 
number of CD patients do not belong into either of these groups, but these have been 
shown to carry just one chain of the DQ2 heterodimer [ 71 ]. HLA genetic testing is 
therefore another useful tool, particularly as unlike other serological tests it is not 
dependent on an immunological trigger. However, the HLA DQ genotype can be 
used only as a test of exclusion of CD as the risk genotype DQ2 is common in 
Caucasian and Asian populations and many carriers will never develop 
GRD. Furthermore, patients with NCGS may not have the HLA DQ2 or DQ8. 
Several genome-wide association studies over the past decade have identifi ed many 
non-HLA loci that each contribute a small amount of risk for coeliac disease [ 90 ]. 
Most of these additional genes are involved in immune functions, and in fact, sev-
eral risk loci are shared with other autoimmune conditions including ankylosing 
spondylitis, rheumatoid arthritis, type 1 diabetes and psoriasis. A recent study 
showed that including non-HLA variants in addition to HLA in the test for coeliac 
disease risk improves the accuracy of disease prediction [ 112 ]. A bias for loci con-
ferring risk for specifi c manifestations of GRD remains to be thoroughly 
investigated.  

    The Spectrum of Gluten-Related Neurological Manifestations 

    Gluten Ataxia 

 Gluten ataxia (GA) is defi ned as idiopathic sporadic ataxia with positive serological 
markers for sensitivity to gluten [ 47 ]. The original defi nition was based on the sero-
logical tests available at the time (antigliadin IgG and IgA antibodies). In a series of 
1000 patients with progressive ataxia evaluated over a period of 20 years in 
Sheffi eld, UK, GA had a prevalence of 15 % amongst all ataxias but as high as 41 % 
amongst idiopathic sporadic ataxias. Using the same AGA assay, the prevalence of 
positive AGA in genetically confi rmed ataxias was 14/110 (13 %) and in healthy 
volunteers 149/1200 (12 %). A number of studies looking at the prevalence of 
 antigliadin antibodies in ataxias have been published [ 1 ,  2 ,  6 ,  14 – 16 ,  23 ,  41 ,  46 ,  47 , 
 69 ,  91 ,  106 ]. The variations in prevalence may relate to geographical differences in 
the prevalence of CD, referral bias, variability in the AGA assays used, patient 
selection (some studies included as idiopathic sporadic ataxia patients with cerebel-
lar variant of multisystem atrophy), small number of patients studied and no con-
trols. The common theme in the majority of these studies is the consistently high 
prevalence of AGA antibodies in sporadic ataxias when compared to healthy 
controls. 

 GA usually presents with pure cerebellar ataxia or rarely ataxia in combination 
with myoclonus (see below), palatal tremor [ 52 ,  53 ], opsoclonus [ 26 ] or, rarely, 
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chorea [ 109 ]. GA is usually of insidious onset with a mean age at onset of 53 years. 
Rarely the ataxia can be rapidly progressive mimicking paraneoplastic cerebellar 
degeneration. Gaze-evoked nystagmus and other ocular signs of cerebellar dysfunc-
tion are common (80 % of cases). All patients have gait ataxia and the majority have 
limb ataxia. Less than 10 % of patients with GA will have any gastrointestinal 
symptoms but 40 % will have evidence of enteropathy on biopsy. 

 Serological diagnosis still relies on the presence of IgG and/or IgA antigliadin 
antibodies, but more specifi c biomarkers have been identifi ed. TG6 antibodies have 
been found to be present in 73 % of patients with idiopathic sporadic ataxia with 
positive AGA [ 52 ,  53 ]. Furthermore, 32 % of patients with idiopathic sporadic 
ataxia negative for other serological markers of sensitivity to gluten were found to 
be positive for TG6 [ 54 ,  60 ]. This may suggest that the prevalence of gluten ataxia 
may even be higher than previously thought. 

 Patients with GA usually have evidence of cerebellar atrophy on MR imaging 
with particular predilection for the cerebellar vermis. MR spectroscopy of the  vermis 
is abnormal in all patients with GA (low N-acetyl aspartate/creatine ratio) with less 
prominent changes in the cerebellar hemispheres. Even in patients with GA without 
cerebellar atrophy, MR spectroscopy is abnormal. MR spectroscopy is a useful mon-
itoring tool. Patients who adhere to strict gluten-free diet often have evidence of 
improvement of the NAA/Cr ratio within the vermis after a year on the diet. 

 The response to treatment with a gluten-free diet depends on the duration of the 
ataxia prior to the diagnosis of sensitivity to gluten. Loss of Purkinje cells in the 
cerebellum, the end result of prolonged gluten exposure in patients with GA, is 
 irreversible; therefore, prompt treatment is more likely to result in improvement or 
stabilisation of the ataxia. Whilst the benefi ts of a gluten-free diet in the treatment of 
patients with CD and DH have long been established, there are very few studies, 
mainly case reports, of the effect of gluten-free diet on the ataxia. Most of these 
reports primarily concern patients with established CD who then develop ataxia 
[ 7 ,  61 ,  106 ,  107 ]. These reports suggest overall favourable responsiveness to a 
gluten- free diet. A small, uncontrolled study and another case study looked at the 
use of intravenous immunoglobulins in the treatment of patients with GA with and 
without enteropathy ([ 14 ,  15 ,  114 ]). All patients improved. In all of these reports, 
strict adherence to the gluten-free diet was assumed and no serological evidence was 
 provided. The best marker of strict adherence to a gluten-free diet is serological 
evidence of elimination of gluten-related antibodies. Only one systematic study of 
the effect of gluten-free diet on a cohort of patients presenting with ataxia, with or 
without an enteropathy, has been published [ 46 ,  47 ]. This study also reported sero-
logical evidence of elimination of the antigliadin antibodies as a confi rmation of 
strict adherence to the diet. Forty-three patients with gluten ataxia were enrolled. 
Twenty-six adhered strictly to the gluten-free diet, had serological evidence of elim-
ination of antibodies and comprised the treatment group. Fourteen patients refused 
the diet and comprised the control group. Patient and control groups were matched 
at baseline for all variables (age, duration of ataxia, etc.). There was no signifi cant 
difference in the baseline performance for each ataxia test between the two groups. 
There was signifi cant improvement in performance in test scores and in the  subjective 
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global clinical impression scale in the treatment group when compared to the control 
group. The improvement was apparent even after excluding patients with an enter-
opathy. The study concluded that gluten-free diet is an effective treatment for GA. 

 The current recommendation is that patients presenting with idiopathic progres-
sive cerebellar ataxia should be screened for sensitivity to gluten using antigliadin 
IgG and IgA, anti-TG2, anti-TG6 and endomysium antibodies [ 59 ,  60 ]. Patients 
positive for any of these antibodies with no alternative cause for their ataxia should 
be offered a strict gluten-free diet with regular follow-up to ensure that the antibod-
ies are eliminated (usually takes 6 to 12 months). Stabilisation or even improvement 
of the ataxia at 1 year would be a strong indicator that the patient suffers from gluten 
ataxia. The commonest reason for lack of response is compliance with the diet. If 
patients on strict gluten-free diet continue to progress, with or without elimination 
of antibodies, the use of immunosuppressive medication (mycophenolate) should 
be considered. Such cases are rare.  

    Myoclonic Ataxia and Refractory Coeliac Disease 

 In 1986, Lu and colleagues published two cases with action myoclonus, ataxia and 
CD who in addition had epilepsy [ 87 ]. The authors provided electrophysiological 
evidence for the cortical origin of the myoclonus. Similar fi ndings of action and 
stimulus-sensitive cortical myoclonus were subsequently reported in another patient 
[ 126 ]. This patient had cortical refl ex and action myoclonus resembling epilepsia 
partialis continua, with constant arrhythmic myoclonic activity in the right hypothe-
nar muscles. Electrophysiology confi rmed the cortical origin of the myoclonus. 

 A case series was published in 1995 reporting 4 patients with myoclonus and 
ataxia with electrophysiological evidence of stimulus-sensitive myoclonus of corti-
cal origin [ 8 ]. Pathology showed atrophy of the cerebellar hemispheres with Purkinje 
cell loss. CD was diagnosed in all four, preceding the onset of the neurological 
manifestations by years. Such patients unlike those with gluten ataxia appear to be 
poorly responsive to gluten-free diet and follow a progressive course. The largest 
series published so far reported 9 patients (6 male, 3 female) with ataxia and asym-
metrical irregular jerking [ 117 ]. The jerking affected one or more limbs and some-
times face, and it was often stimulus sensitive. All patients later developed more 
widespread jerking. Six patients had a history of Jacksonian march and fi ve had at 
least one secondarily generalised seizure. Electrophysiology showed evidence of 
cortical myoclonus. Four had a phenotype of epilepsia partialis continua. There was 
clinical, imaging and/or pathological evidence of cerebellar involvement in all 
cases. Eight patients adhered to a strict gluten-free diet with elimination of gluten- 
related antibodies, despite which there was still evidence of enteropathy in all thus 
suggestive of refractory coeliac disease. One patient only just started the diet, and 2 
died from enteropathy-associated lymphoma. Five patients were treated with 
 mycophenolate and one in addition with rituximab and IV immunoglobulins. Whilst 
their ataxia and enteropathy improved, the myoclonus remained the most disabling 
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feature of their illness. This was the fi rst report to highlight the strong association of 
this unusual phenotype with refractory CD and in 2 of the cases enteropathy- 
associated lymphoma.  

    Gluten Neuropathy 

 Up to 23 % of patients with established CD on gluten-free diet have neurophysio-
logical evidence of a peripheral neuropathy [ 92 ]. A large population-based study of 
over 84,000 patients with CD in Sweden found that CD was associated with poly-
neuropathy with a hazard ratio of 3.4 [ 88 ]. In a UK-based study, 34 % of patients 
with otherwise idiopathic sporadic sensorimotor axonal length-dependent neuropa-
thy were found to have circulating AGA [ 48 – 50 ]. Using anti-TG2 antibody, an 
Italian study also found 21 % of patients with peripheral neuropathy to be positive 
[ 96 ]. Finally, in a tertiary referral centre in the USA, retrospective evaluation of 
patients with neuropathy showed the prevalence of CD to be between 2.5 and 8 % as 
compared to 1 % in the healthy population [ 19 ]. 

 Gluten neuropathy is defi ned as otherwise idiopathic sporadic neuropathy with 
serological evidence of sensitivity to gluten. The commonest types are symmetrical 
sensorimotor axonal length-dependent peripheral neuropathy and sensory ganglion-
opathy [ 56 ]. Other types of neuropathies have also been reported including asym-
metrical neuropathy [ 20 ,  42 ,  77 ], small fi bre neuropathy [ 11 ] and rarely pure motor 
neuropathy [ 42 ] or autonomic neuropathy [ 38 ]. Gluten neuropathy is slowly pro-
gressive with a mean age at onset of the neuropathy being 55 years (range 24 to 77) 
and a mean duration of 9 years (range 1 to 33). A third of the patients will have 
evidence of enteropathy on biopsy, but the presence or absence of an enteropathy 
does not infl uence the effect of a gluten-free diet [ 48 – 50 ]. 

 Limited pathological data available from post-mortem examinations and nerve 
biopsies are consistent with an infl ammatory aetiology (perivascular lymphocytic 
infi ltration). Gluten-free diet has been shown to be benefi cial in single and multiple 
case reports. The only systematic, controlled study of the effect of a gluten-free diet 
on 35 patients with gluten neuropathy, with regular serological monitoring of the 
adherence to the gluten-free diet, found signifi cant improvement in the treated com-
pared with the control group after 1 year on gluten-free diet [ 48 – 50 ]. There was 
signifi cant increase in the sural sensory action potential, the predefi ned primary 
endpoint, in the treatment group as well as subjective improvement of the neuro-
pathic symptoms. Subgroup analysis showed that the capacity for recovery is less 
when the neuropathy is severe. 

 Sensory ganglionopathy (sometimes also called neuronopathy) is an asymmetric 
form of pure sensory neuropathy where the pathology is within the dorsal root 
 ganglia. It can be a paraneoplastic syndrome or related to Sjogren’s syndrome. It 
can also be seen in some inherited neurological illnesses such as Friedreich’s ataxia 
and mitochondrial diseases (POLG-1). Sensitivity to gluten has proven to be the 
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 commonest cause of sensory ganglionopathy (ref). In such cases, there is evidence 
of infl ammatory infi ltrates within the dorsal root ganglia. The disease progresses 
slowly if untreated, but strict adherence to a gluten-free diet may result in 
 stabilisation or even improvement of the neuropathy irrespective of the presence of 
enteropathy [ 56 ].  

    Headache and Gluten Sensitivity (Gluten Encephalopathy) 

 Headache is a common feature in patients with GRD. The association was fi rst 
reported in 2001 based in a series of 10 patients with GRD and headache who in 
addition had CNS white matter abnormalities on MRI scan [ 44 ]. The term “gluten 
encephalopathy” was used to describe them. The headaches are usually episodic 
and intractable. They can mimic migraines but do not respond to the usual migraine 
medication. They characteristically resolve with the introduction of a gluten-free 
diet. Some patients report a very strong association with ingestion of gluten. The 
white matter abnormalities are not always present but can be diffuse or focal. They 
do not always resolve following a gluten-free diet. The diet simply arrests pro-
gression of these changes, but the white matter changes can be progressive if the 
patient does not adhere to a strict gluten-free diet. Their distribution is more sug-
gestive of a vascular rather than demyelinating aetiology. In a prospective study of 
patients, newly diagnosed with CD frequency of intractable headaches was 44 % 
[ 59 ,  60 ]. 

 In patients with migraine, there is an overrepresentation of CD with a prevalence 
of 4.4 % vs 0.4 % in the control population [ 36 ]. Using PET brain imaging, a study 
on regional cerebral perfusion demonstrated that 73 % of patients with CD not on a 
gluten-free diet had at least one hypoperfused brain region as compared to 7 % in 
healthy controls and in patients with CD on a gluten-free diet [ 3 ]. Another study 
investigated the prevalence of white matter abnormalities in children with CD and 
found that 20 % of patients had such abnormalities [ 80 ]. 

 Over the last 20 years, we have encountered 100 patients with gluten encepha-
lopathy, a fi gure that includes the initial 10 patients reported in the 2001 series. 
Gluten encephalopathy does not always occur in isolation, and such patients will 
often have additional neurological features such as ataxia. A study from the Mayo 
clinic emphasised the signifi cant cognitive defi cits encountered in 13 such patients 
[ 66 ]. By comparison to gluten ataxia and gluten neuropathy, there is a higher preva-
lence of enteropathy in patients with gluten encephalopathy (59/100), but the age at 
onset is the same. The observed improvement of the headaches and arrest of pro-
gression in the MRI brain abnormalities suggest a causal link with gluten ingestion 
[ 119 ]. Gluten encephalopathy represents a spectrum of clinical presentations with 
episodic headaches responsive to a gluten-free diet at one end, to severe debilitating 
headaches sometimes associated with focal neurological defi cits. MRI fi ndings 
range from normal to extensive white matter abnormalities.  
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    Epilepsy 

 A link between epilepsy and CD was proposed as far back as 1978 [ 18 ,  25 ,  35 ]. 
Whilst studies examining the prevalence of CD amongst patients with epilepsy have 
suggested a prevalence of 1.2–2.3 %, others failed to demonstrate an increased prev-
alence [ 111 ]. A more recent large (28,885 subjects with CD) population-based 
cohort study showed that patients with CD were at an increased risk of future epi-
lepsy (HR = 1.42). The absolute risk of future epilepsy in patients with CD was 
92/100,000 person-years which equates to an excess risk of 27/100,000 person- 
years [ 89 ]. Most studies on the subject suffer from the same methodological prob-
lem of treating epilepsy as a homogeneous disorder. The only study that attempted 
to look at the prevalence of GRD in well-characterised subgroups of patients with 
epilepsy found a signifi cant association between AGA and temporal lobe epilepsy 
with hippocampal sclerosis [ 102 ]. Of interest are some case reports on patients with 
CD and epilepsy whose epilepsy improves following the introduction of gluten-free 
diet [ 62 ,  97 ]. 

 There is a particular form of focal epilepsy associated with occipital calcifi ca-
tions that appears to have a strong link with CD [ 39 ]. This entity is common in Italy 
but rare in other countries. It tends to affect young patients (mean age 16 years), and 
in the majority, the seizures are resistant to antiepileptic drugs. The pathogenesis of 
the cerebral calcifi cations remains unclear. An autopsy study showed that these 
depositions consisted of both calcium and silica and microscopically were found in 
three main types: psammoma-like bodies without any identifi able relationship to 
cells, vessels or other structures; small granular deposition along small vessels; and 
focal scanty areas of calcium within neurons [ 127 ]. As most of the reported cases 
are from Italy, Spain and Argentina, it has been hypothesised that the syndrome of 
coeliac disease, epilepsy and cerebral calcifi cations is “a genetic, non-inherited, 
ethnically and geographically restricted syndrome associated with environmental 
factors” [ 40 ]. A case study of a 4-year-old boy with refractory epilepsy, occipital 
calcifi cations and coeliac disease reported positive antibody binding to neurons and 
glia using indirect immunofl uorescence. High levels of TG6 antibodies were found 
in the patient’s serum. After the introduction of gluten-free diet, the child became 
seizure-free [ 74 ].  

    Myopathy 

 This is a relatively rare neurological manifestation of GRD, fi rst described by 
Henriksson et al. [ 63 ]. This study from Sweden reported that out of 76 patients with 
suspected polymyositis investigated at a neuromuscular unit, 17 had a history of 
gastrointestinal symptoms with evidence of malabsorption. Fourteen of these ful-
fi lled the diagnostic criteria for polymyositis and of those 5 were diagnosed with 
CD. A more recent study from Spain [ 118 ] demonstrated the prevalence of AGA 
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antibodies amongst patients with infl ammatory myopathies to be 31 %. This was 
accompanied by a higher prevalence of CD within the same population when 
 compared to healthy controls. 

 A case series of 19 patients are based on what we have encountered in the gluten 
neurology clinic, Sheffi eld, UK, over the last 20 years. Thirteen of these patients 
have been reported previously [ 51 ]. Enteropathy was identifi ed following duodenal 
biopsy in 11 of these patients. The mean age at onset of the myopathic symptoms 
was 54 years. Ten patients had predominantly proximal weakness, 6 patients had 
both proximal and distal weakness and 4 patients had primarily distal weakness. 
Two patients had ataxia and neuropathy, and one patient had just neuropathy in 
addition to the myopathy. Serum creatine kinase (CK) level ranged between normal 
and 4380 IU/L at presentation (normal, 25–190 IU/L). Infl ammatory myopathy was 
the commonest fi nding on neuropathological examination. Six patients received 
immunosuppressive treatment in addition to starting a gluten-free diet, whereas the 
others went on a gluten-free diet only. In the majority of those patients who did not 
receive immunosuppressive treatment, there was clinical improvement of the myop-
athy with gluten-free diet, suggesting that the myopathy was aetiologically linked to 
the GRD. One patient developed a profound myopathy after inadvertently eating rye 
fl our. He made a full recovery by re-establishing a strict gluten-free diet. Two 
patients had histological evidence of inclusion body myositis. It is interesting to 
note that inclusion body myositis shares the same HLA genetic predisposition with 
CD. One patient was known to have CD already when he developed the myopathy. 
He was on gluten-free diet already with negative serology for CD. Muscle biopsy 
showed an infl ammatory myopathy, and repeat duodenal biopsy showed a fl at 
mucosa. Further immunohistological examination of the biopsy did not suggest 
refractory CD. The patient admitted the occasional dietary indiscretion. He under-
went further dietary review and has been started on steroids with some clinical 
improvement.  

    Myelopathy 

 Clinical evidence of a myelopathy in the absence of vitamin B12 and other 
 defi ciencies (particularly copper) can be a rare manifestation of CD. It is usually 
associated with normal imaging of the spinal cord although cases of transverse 
myelitis like MR appearances have been encountered in our cohort of patients. The 
neurological presentation often coincides with the diagnosis of CD. There have been 
some case reports of patients with neuromyelitis optica and sensitivity to gluten who 
have antibodies to aquaporin-4 [ 72 ,  73 ]. Such patients clearly have abnormal MRI 
of the spinal cord, but the diagnosis of CD was only made at the time of their 
 neurological presentation. Neuromyelitis optica and CD share the same HLA genetic 
susceptibility (HLA DQ2). There is very limited data on the effect of the diet on the 
likelihood of relapse of the disease particularly given the fact that most patients with 
neuromyelitis optica end up on long-term immunosuppressive medication.  
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    Stiff-Man Syndrome 

 Stiff-man syndrome (SMS) is a rare autoimmune disease characterised by axial 
stiffness, painful spasms and positivity for anti-GAD. It has a strong association 
with other autoimmune diseases (e.g. IDDM, hypothyroidism). We have found a 
high prevalence of gluten-related antibodies in patients with this condition over and 
above that expected from an association of 2 autoimmune diseases. The relapsing 
remitting nature of the condition makes a study of any responsiveness to gluten-free 
diet diffi cult. There is however evidence of reduction of the anti-GAD antibody titre 
following the introduction of a gluten-free diet suggesting that the diet may be ben-
efi cial in treating the condition [ 57 ]. This fi nding also supports the concept of pre-
vention of autoimmunity in patients with GRD if the gluten-free diet is introduced 
early enough [ 129 ]. 

 The concept of hyperexcitability of the central nervous system in the context of 
CD is of interest. We have already discussed above the entity of cortical myoclonus 
and refractory CD and the association with SPS. We have encountered patients with 
other hyperexcitable CNS disorders such as progressive encephalomyelitis with 
rigidity and spasms and patients with startle myoclonus who also have CD. A recent 
study from Italy has demonstrated that a group of 20 patients with newly diagnosed 
CD (no neurological complaints) had signifi cantly shorter cortical silent period, 
reduced intracortical inhibition and enhanced intracortical facilitation by compari-
son to 20 age-matched healthy controls. The authors concluded that a pattern of 
cortical excitability was found in patients with CD and that immune system dys-
regulation may be responsible for this [ 108 ].  

    Pathogenesis 

 Post-mortem data from patients with gluten ataxia demonstrate patchy loss of 
Purkinje cells throughout the cerebellar cortex, a rather end-stage non-specifi c 
 fi nding in many cerebellar disorders. However, fi ndings supporting an 
 immune- mediated pathogenesis include diffuse infi ltration mainly of T-lymphocytes 
within the cerebellar white matter as well as marked perivascular cuffi ng with 
infl ammatory cells [ 43 ]. The peripheral nervous system also shows sparse 
 lymphocytic infi ltrates with perivascular cuffi ng being observed in sural nerve 
biopsy of patients with gluten neuropathy [ 48 – 50 ], in dorsal root ganglia in patients 
with sensory neuronopathy [ 55 – 57 ] and in patients with gluten myopathy [ 51 ]. 
GRD patients produce an immune response to gluten involving both the innate and 
adaptive arm of the immune system [ 71 ,  75 ]. Antibodies to gliadin are part of this 
response, and their systemic levels appear to mirror the immune reaction triggered 
by gluten in the intestine including their reduction in response to a clinical improve-
ment of the intestinal mucosa. There is cross-reactivity of these antibodies with 
antigenic epitopes on Purkinje cells. Purkinje cells of both human and rat origin are 
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recognised from serum of patients with GA and patients with CD but no  neurological 
symptoms [ 45 ]. This reactivity can also be seen using polyclonal AGA and the 
reactivity eliminated by absorption with crude gliadin. When using sera from 
patients with GA, there is evidence of additional antibodies targeting Purkinje cell 
epitopes since elimination of AGA alone is not suffi cient to eliminate such 
 reactivity. There is evidence that the additional  antibodies that may be causing such 
reactivity are antibodies against one or more transglutaminase isoenzymes (TG2, 
TG3, TG6) [ 10 ]. 

 TG2 belongs to a family of enzymes that covalently cross-link or modify  proteins 
through transamidation, deamidation or esterifi cation of a peptide-bound glutamine 
residue [ 5 ]. Notably, the deamidation reaction may occur in preference over the 
transamidation reaction, even under conditions that should favour amine incorpora-
tion, and this appears to be substrate sequence context-dependent [ 122 ]. Gluten 
proteins (from wheat, barley and rye), the immunological trigger of GRD, are 
glutamine- rich donor substrates amenable to deamidation. Deamidation of gluten 
peptides enhances binding with disease-relevant HLAs and thereby enhances pre-
sentation, leading to the development of gluten-specifi c Th1-like CD4 +  T cells [ 71 , 
 128 ]. The resulting infl ammatory cytokine environment drives TG2 expression 
through direct transcriptional regulation [ 5 ,  101 ], thereby further increasing the pro-
duction of the immunological trigger. Therefore, activation of TG2 and deamidation 
of gluten peptides appears to be central to disease development and is now well 
understood at a molecular level [ 71 ]. In genetically predisposed individuals, this is 
at the centre of a destructive chronic infl ammatory reaction manifesting as aphthous 
stomatitis in the oral cavity or villous atrophy in the upper small intestine at sites 
where the gluten load through food ingestion is high. 

 Besides the strong gluten-specifi c T cell response, one of the hallmarks of GRD 
is a robust IgA autoantibody response to TG2 or TG2 and further TG isozymes 
[ 31 ,  52 ,  53 ,  116 ]. Assessment of serum anti-TG2 antibodies has become an 
 important tool in CD diagnosis, and new ESPGHAN guidelines enable their use as 
a surrogate marker of disease [ 68 ]. However, events leading to the formation of 
autoantibodies against TG2 or other TG isozymes are less clear. The recent charac-
terisation of an unusual and overwhelming immature plasma cell response in the 
small intestine goes some way to explain the strict association of gluten-related 
disorders with autoantibodies to TGs [ 28 ]. Notably, intestinal deposits of IgA anti-
bodies targeting TG2 are present at all stages of CD, including early developing CD 
[ 78 ] as well as late-stage refractory CD [ 113 ] where patients may be seronegative. 
With regard to B cell activation and differentiation, the hapten carrier model pro-
posed by Sollid [ 121 ], although not formally demonstrated in vivo, appears to hold 
true, whereby gluten-specifi c T cells can provide help to TG-specifi c B cells. This 
unusual scenario is enabled by the ability of TGs to form stable complexes with 
gliadin peptides [ 123 ] leading to uptake and ultimately presentation of MHC-gliadin 
complexes by B cells expressing TG-specifi c IgD. Recent in vitro studies confi rmed 
that this is indeed possible [ 28 ]. Given the relative lack of somatic hypermutation of 
the antibody repertoire present in adult patients that should have undergone exten-
sive affi nity maturation [ 28 ,  70 ], questions remain as to the mechanism by which B 
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cell maturation takes place, and this could involve an extrafollicular pathway [ 99 ]. 
Plasmablasts re-enter the lamina propria via the circulation and form the IgA- 
secreting plasma cell niche. It is important to keep in mind that B cells have roles 
beyond antibody production, most notably as highly effective antigen presenting 
cells for T cell responses. Therefore, B cells may drive clonal expansion of gluten- 
specifi c T cells which in turn may support development of B cells specifi c for TGs 
as well as deamidated gluten peptides and thereby create an amplifi cation loop. This 
potentially puts B cells at the centre stage of GRD pathogenesis. 

 Questions also remain as to the contribution of these autoantibodies to organ- 
specifi c defi cits. Anti-TG2 antibodies have been shown to be deposited in the small 
bowel mucosa of patients with GRD and may contribute to the formation of the 
lesion. Furthermore, such deposits have been found at extraintestinal sites, such as 
the muscle and liver [ 85 ]. Widespread deposition of IgA antibodies has also been 
found around brain vessels in GA [ 48 – 50 ]. The deposition was most pronounced in 
the cerebellum, pons and medulla. This fi nding suggests that such autoantibodies 
could play a role in the pathogenesis of the whole spectrum of manifestations seen 
in GRD and that effector functions of antibodies could contribute to tissue damage. 
IgM antibodies are present in GRD patients and may activate the complement cas-
cade and promote infl ammation. 

 Variations in the specifi city of antibodies produced in individual patients could 
explain the wide spectrum of manifestations. Whilst TG2 has been shown to be the 
autoantigen in CD [ 31 ], the epidermal transglutaminase TG3 has been shown to be 
the autoantigen in DH [ 116 ]. Antibodies against TG6, a primarily brain-expressed 
transglutaminase [ 126 ], have been shown to be present in patients with GA [ 52 ,  53 ]. 
Similar to anti-TG2 and anti-deamidated gluten peptide antibodies, the production 
of these anti-TG3 and anti-TG6 antibodies in DH and GA patients, respectively, is 
gluten-dependent which substantiates the link to a gluten-specifi c T cell population 
[ 59 ,  60 ,  116 ]. In GA and DH, IgA deposits of TG6 and TG3 respectively seem to 
accumulate in the periphery of blood vessels at sites where in health the respective 
proteins are absent. Recent data on DH suggests that the deposits originate from 
immune complexes forming locally as a consequence of enhanced vascular leaking 
and that TG3 although potentially present in health may normally be rapidly cleared 
[ 134 ]. Furthermore, TG3 within immune complexes retains enzymatic activity and 
through cross-linking to fi brinogen and cell surface receptors drives innate immune 
cell activity [ 124 ]. Importantly, the demonstration that circulation-derived anti-TG3 
antibodies can induce a dermatitis herpetiformis-like pathology in human skin- 
grafted SCID mice emphasises the central role antibodies play in disease establish-
ment in different organ systems [ 134 ]. By inference, this suggests that adaptive 
immune cell development likely occurs in the gut and is not driven by traffi cking of 
gut-derived T cells to other organ systems. It is likely that vasculature-centred 
infl ammation is also at the heart of GA. Indeed perivascular cuffi ng with lympho-
cytes is a common fi nding in brain tissue from patients with GA but is also seen in 
peripheral nerve and muscle in patients with gluten neuropathy or myopathy [ 55 –
 57 ]). However, it is unclear at present how immune complexes develop and to what 
extent a compromised blood-brain barrier is a prerequisite to disease development. 
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In most sera reactive with more than one TG isoenzyme, distinct antibody popula-
tions are responsible for such reactivity rather than this being a result of cross- 
reactivity with different TG isozymes [ 52 ,  53 ]. The absence of cross-reactivity was 
recently substantiated in an analysis of clonal antibodies constituting the antibody 
repertoire in CD [ 70 ]. This makes shared epitopes less likely to be the cause for B 
cell development to other TGs and points to the possibility that TG isozymes other 
than TG2 can be the primary antigen in GRD. All 3 TG isozymes (TG2, TG3, TG6) 
for which autoantibodies have been described can form thioester-linked complexes 
with gluten peptides which are thought to be responsible for the B cell response to 
TG isozymes [ 123 ]. This implicates the shared activity of these enzymes rather than 
their sequence similarity in stimulation of antibody production and explains the 
exquisite specifi city of the antibody response to TG family members. Whilst anti-
bodies targeting other autoantigens have been reported, the development of such 
antibodies is much more sporadic amongst the GRD patient population [ 32 ]. 

 IgA deposition in brain vessels and the pathological fi nding of perivascular cuffi ng 
with infl ammatory cells may indicate that vasculature-centred infl ammation may com-
promise the blood-brain barrier, allowing exposure of the CNS to pathogenic antibod-
ies and therefore be the trigger of nervous system involvement. Indeed, TG2 is 
expressed by smooth muscle and endothelial cells in non-infl amed brain and is an 
abundant component of the choroid plexus extracellular matrix [ 4 ], and autoantibody 
binding could initiate an infl ammatory response. However, expression of anti-TG2 
antibodies in mice by themselves did not precipitate CD-like lesions in the small intes-
tine or overt systemic manifestations akin of GRD [ 27 ], and no antibody deposition in 
brain vessels was reported. This may relate to the fact that it involves a specifi c subset 
of anti-TG2 antibodies that was not represented by the analysed clonal antibodies. It 
could also suggest that development of antibodies targeting antigens other than TG2 
may be a critical step in the precipitation of specifi c extraintestinal manifestations as 
illustrated by anti-TG3 antibodies in DH [ 134 ]. It is also possible that additional fac-
tors other than the autoantibodies themselves play a role. These may either affect 
vascular permeability, blood-brain barrier integrity or antigen availability. With regard 
to the latter, TG2 and other TGs adopt a number of vastly different conformations 
dependent on biological context [ 110 ], and the recognition of TG2 by antibodies is 
conformation dependent [ 70 ,  120 ], or binding sites of TG2 may be masked in situ by 
other interaction partners as recently documented [ 70 ]. One might speculate that an 
unrelated infection or other insult that causes local infl ammation may in the presence 
of circulation-derived autoantibodies bring about pathogenic immune complexes at 
the blood-brain barrier. This hypothesis is consistent with experimental evidence 
showing that antibody-mediated neuronal damage in mice harbouring pathogenic anti-
bodies does only occur upon compromise of the blood-brain barrier [ 82 ]. Furthermore, 
brain areas affected in experimental animals, and therefore induced functional defi cits, 
differed dependent on the mechanism underlying the breach of the blood-brain barrier 
[ 82 ]. It appears therefore that regionally specifi c vascular permeability leads to local-
ised neuronal damage. Similarly, localised exposure to pathogenic antibodies may 
explain why patients with cerebellar ataxia or stiff person syndrome present with simi-
lar dysfunctions affecting preferentially the cerebellum or spinal cord, respectively. 
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 It could be argued that development and deposition of antibodies is an 
 epiphenomenon rather than being pathogenic. One method to demonstrate the path-
ological effect of an antibody is the passive transfer of the disease through antibody 
injection into a naïve animal. Whilst for only very few antibody-mediated diseases 
such experimental evidence exists, IgG fractions of patients with anti-GAD ataxia 
and stiff-man syndrome have been shown to compromise motor function and impair 
learning in rodents, an effect possibly ascribed to antibodies against GAD [ 93 ]. A 
common problem in such studies is to be able to demonstrate whether it is these 
specifi c antibodies or other autoantibodies in the IgG-fraction of patient sera that 
cause neuronal damage. Using a mouse model, we have recently shown that serum 
from GA patients and clonal monovalent anti-TG immunoglobulins derived using 
phage display cause ataxia when injected intraventricularly in mice [ 10 ]. The fact 
that not only Ig fractions but also monospecifi c scFv’s mediate functional defi cits 
shows that there is no requirement for complement activation or for the engagement 
of Fc receptors on Fc-receptor-bearing cells in the brain. These data therefore pro-
vide evidence that anti-TG immunoglobulins (derived from patients) compromise 
neuronal function in selected areas of the brain once exposed to the CNS and sug-
gest that this involves an immune system independent mode of action. 

 A bias of the immune response towards TG6 in GRD patients presenting with 
neurological defi cits [ 52 ,  53 ,  59 ,  60 ] implicates neuronal TG6 in pathogenesis, at 
least of GA but possibly also other neurological problems. Further support for this 
notion comes from the identifi cation of mutations in the gene encoding TG6 in fam-
ilies with autosomal dominant ataxia [ 88 ,  131 ]. This form of spinocerebellar ataxia 
is now referred to as SCA35. Clinical features associated with TGM6 mutations are 
those of late-onset cerebellar ataxia, slow progression of gait and limb ataxia, hyper-
refl exia and cerebellar degeneration but with no cognitive impairment, autonomic 
and peripheral nerve involvement or epilepsy [ 86 ,  131 ]. This is in keeping with the 
presentation in patients with immune-mediated cerebellar ataxia (GA) and provides 
strong evidence for an essential function of TG6 in the CNS. TG6 is, however, 
expressed by other cells including various epithelia [ 125 ] and one of the TGM6 
mutations also associated with acute myeloid leukaemia [ 103 ]. Functional data on 
the physiological role of TG6 protein are sparse at present. We have begun to char-
acterise the enzyme biochemically and analyse the gene expression pattern during 
development, which identifi ed a complex system with splice variants that are dif-
ferentially expressed and presumably functionally distinct [ 125 ]. Using molecular 
modelling and biochemical assays, we have shown that TG6 is regulated by GTP 
and Ca 2+  similar to TG2 and adopts compact or extended conformations with trans-
amidation activity, respectively [ 125 ]. The expression of TG6 during CNS develop-
ment demonstrated an association with neurogenesis, and this was further confi rmed 
by in vitro differentiation of neuronal precursor cells [ 125 ]. All single nucleotide 
exchanges reported to date lead to alteration of amino acid residues that are strictly 
conserved in TG6 amongst different species. Based on structural modelling and 
biochemical analysis [ 125 ], we hypothesise that the biological signifi cance of 
TGM6 mutations lies in the impairment of regulation of transamidation activity. 
This implicates TG6 in an extracellular function that is critical to neuronal 
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 differentiation and survival. However, how cross-linking or modifi cation of 
 extracellular proteins contributes to neuronal survival remains to be identifi ed. 
Autoantibody binding may sequester TG6 or block its activity and thereby act as a 
competitive inhibitor of enzyme function.   

    Conclusions 

 GRD include immune-mediated diseases triggered by ingestion of gluten proteins. 
Whilst coeliac disease has been the most comprehensively studied of all GRD, to 
fully understand the immunological aftermath from gluten ingestion, there is a need 
to further study extraintestinal manifestations. In addition, there is a need for the 
early identifi cation of those patients that are specifi cally at risk of irreversible 
 complications (e.g. gluten ataxia). To that effect, new diagnostic tools are now 
becoming available (e.g. antibodies against TG6) which may make a more reliable 
identifi cation of those patients with neurological manifestations a reality. Up to 
40 % of patients presenting to the gastroenterologist who are ultimately diagnosed 
with CD also have antibodies against TG6 in addition to antibodies against TG2. 
This subgroup of patients with classic CD presentation may well be the ones 
 susceptible to the development of neurological dysfunction if they continue to 
 consume gluten, although this remains to be shown in longitudinal studies. The 
presence of gastrointestinal symptoms, however, offers a major potential advantage 
to this group, as it substantially increases their chances of being diagnosed and 
treated early, whereas the diagnosis of those patients presenting purely with extrain-
testinal manifestations may be more diffi cult.     
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    Chapter 16   
 The Neurology of Autoimmune Pernicious 
Anaemia (Subacute Combined Degeneration)                     

       Laura     Edwards     

    Abstract     The link between pernicious anaemia and subacute combined degenera-
tion of the spinal cord has been recognised for nearly a century. The most common 
neurological presenting symptoms and signs of vitamin B12 defi ciency are distal 
paraesthesia and loss of vibration and joint position sense. A multitude of other 
neuropsychiatric manifestations have been described, often responding well to 
treatment with vitamin B12. 

 This chapter discusses the history of pernicious anaemia and subacute combined 
degeneration of the cord, the common and less common neuropsychiatric manifes-
tations and the historically and currently recommended treatment regimens. It also 
touches briefl y on some of the current controversies and unknowns, including the 
apparent dissociation between the haematologic and neurologic manifestations, the 
role of vitamin B12 defi ciency in cognitive impairment/dementia, the use of autoan-
tibody (anti-intrinsic factor and parietal cell antibodies) detection in the diagnosis of 
pernicious anaemia and the utilisation of different assays to identify B12 
defi ciency.  

  Keywords     Vitamin B12 defi ciency   •   Pernicious anaemia   •   Subacute combined 
degeneration of the spinal cord   •   Peripheral neuropathy   •   Cognitive impairment  

 Disclaimer   In many of the papers reviewed, it has been diffi cult to differentiate between B12 defi -
ciency due to pernicious anaemia (PA) and that due to other causes. Where possible, I have clari-
fi ed which is being discussed. 
 As it is still argued that the majority of cases of B12 defi ciency in adulthood are due to PA, I felt it 
was rash to exclude those papers where a diagnosis of PA either could not be defi nitively made or 
was not explicitly stated. 
 Furthermore while there are many papers written about B12 defi ciency and, occasionally, PA in 
childhood, this chapter is focussing on the manifestations in adults. 
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  Abbreviations 

   PA    Pernicious anaemia   
  SACD    Subacute combined degeneration of the cord   

         Introduction 

 Pernicious anaemia (PA) is an autoimmune disease of the gastric mucosa, where 
autoantibodies are produced against intrinsic factor and parietal cells, causing a 
failure of secretion of gastric acid and of intrinsic factor. Both contribute to the 
malabsorption of vitamin B12, which is liberated from food by gastric acid, bound 
to intrinsic factor and then absorbed in the terminal ileum. It is important to note 
that a very small amount of B12 can also be absorbed independent of intrinsic fac-
tor [ 1 ], which in fact is important in some of the treatment effects of high-B12 
diets in the treatment of PA before the introduction of parenteral B12 therapy. 

 Lack of vitamin B12 has several consequences. B12 is a coenzyme in two key reac-
tions, converting homocysteine to methionine and converting methylmalonyl coen-
zyme A to succinyl coenzyme A. The fi rst pathway contributes to DNA and RNA 
synthesis; therefore, its disruption affects rapidly dividing cells fi rst (e.g. blood cells, 
causing an anaemia and pancytopenia; cells of the gastrointestinal tract mucosa, con-
tributing to diarrhoea and malabsorption). Lack of B12 also causes build-up of the 
upstream reagents in the pathways – homocysteine and methylmalonic acid; measur-
ing these substances can be helpful in identifying cases of B12 defi ciency (see later). 

 B12 itself is a water-soluble vitamin also known as cobalamin. It has a central 
cobalt atom in a porphyrin ring. Of note, the cobalt is irreversibly oxidised by 
nitrous oxide, which is why nitrous oxide anaesthesia can often unmask hitherto 
unsuspected B12 defi ciency [ 2 – 6 ]. 

 All B12-rich foods in the human diet are of animal origin – from meat, fi sh or 
dairy products. The daily requirement for vitamin B12 is low (around 1.5 micro-
grams per day [ 7 ], which is provided many times over by the average Western diet 
day [ 8 ]. The body stores in most people are high (3–5 mg [ 9 ]) and the biological 
half-life is approximately one year, with the average person losing approximately 
0.13 % of body stores per day [ 10 ,  11 ]. This means that it requires exceptional 
dietary restriction or failure of absorption to develop B12 defi ciency, and the signs 
and symptoms can take several years to develop after the inciting insult. 

 The exact mechanisms by which B12 defi ciency disrupts nervous system func-
tion are unknown. It is generally accepted to be related to a defect in myelin synthe-
sis, possibly through impaired DNA synthesis, the incorporation of abnormal fatty 
acids into myelin, the presence of toxin(s) or lack of some protective mechanism(s) 
[ 12 ,  13 ]. Accumulated homocysteine is also thought to be neurotoxic and 
 vasculotoxic [ 14 ]. The overall result is initial demyelination of nerves, leading to 
axonal degeneration if untreated.  

L. Edwards



28916 The Neurology of Autoimmune Pernicious Anaemia 

    Historical Aspects of Pernicious Anaemia and Subacute 
Combined Degeneration of the Spinal Cord 

    Anaemia and Gastric Atrophy 

 In the 1800s, anaemia became a source of much interest and excitement (“a very 
peculiar disease, which has excited little attention among medical men, and which has 
altogether been overlooked by any English author with whose writing I am acquainted” 
[ 15 ]); and Thomas Addison, in 1849, presented his fi ndings of a series of cases which 
have since been suggested to combine features of Addison’s disease (adrenal pathol-
ogy) and possibly also (pernicious) anaemia – “relaxation and fl abbiness, rather than 
wasting of the fl esh” and “a manifest paleness of the countenance” [ 16 ]. 

 The anaemia was investigated further by other authors, without the adrenal fi nd-
ings and with a variety of suggestions as to the underlying pathology – describing 
anaemic patients with diarrhoea and a “pale yellowish” complexion, struggling with 
fatigue and lower limb sensory symptoms. Flint, in 1860, hypothesised that “in 
these cases there exists degenerative diseases of the glandular tubuli of the stomach” 
[ 17 ], and his theory was borne out by post-mortem fi ndings showing marked atro-
phy of the stomach which “prevented digestion of the albuminous materials of the 
food” [ 18 ]. A further case series described features arguably recognisable as PA – 
leukopenia (“blood fi lm with diminution in the number of the white globules”), 
neurological symptoms (“dropsy appeared in the legs”), gastrointestinal symptoms 
(“occasional diarrhoea or tendency to it”), time course (“slow progressive anae-
mia”), demographics (“occurring in persons of middle age”) and the, at this point in 
history, invariably fatal course of the disease [ 19 ].  

    Early SACD 

 Over the next few decades, there were several publications describing the key fi nd-
ings of SACD. Putnam and Dana, both USA-based, published independently strik-
ingly similar accounts of the disease [ 20 ,  21 ], which Stewart then brought to notice 
in the UK [ 22 ]; Dana then proceeded to describe a series of cases in more detail 
[ 23 ], as did Russell, the latter using cases seen at the National Hospital in London 
[ 24 ]. These descriptions give the key fi ndings of SACD as recognised today. 

 At that time, the disease ran its course, from presentation to death, within approx-
imately two years [ 20 ,  21 ]. It was recognised to occur more in females than in males 
and typically in persons of around middle age [ 21 ,  23 ], was commonly associated 
with diarrhoea and anaemia – even pernicious/macrocytic anaemia, although the 
authors recognised a discrepancy between the severity of the haematologic and neu-
rologic manifestations [ 21 – 24 ]. Dana, in fact, stated that “the existence of marked 
anaemia, and especially of pernicious anaemia is, taken with ataxia, paralysis and 
rapid course, pathognomonic” [ 23 ]. 
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 The presenting neurologic symptoms were most commonly paraesthesia or 
“numbness of the extremities”, most markedly in the lower limbs, sometimes 
associated with weakness and ataxia, with the symptoms worsening and moving 
more proximally over time. The upper limbs tended to be less involved and to 
become symptomatic later than the lower limbs. Ataxia and impairment of joint 
position sense could be very severe, often contributing more to loss of mobility at 
an early stage than did weakness. Patients often developed marked spasticity in 
the lower limbs, with upgoing plantars, becoming paraplegic in the “intermedi-
ate” stage. Later, fl accid quadriplegia with loss of bowel and bladder control 
developed. These later stages were sometimes associated with “mental symptoms 
approaching dementia” and occasionally other cerebral signs and symptoms such 
as psychosis and cranial nerve palsies, but in the main, cerebral manifestations 
were rare [ 20 ,  21 ,  23 – 25 ]. 

 The pathological fi ndings from these cases showed essentially normal brain tis-
sue but marked changes in the spinal cord and, to a lesser extent, the peripheral 
nerves, summarised by Putnam as showing:

    1.    “A relatively chronic sclerosis in the posterior and lateral centripetal and cen-
trifugal long tracts   

   2.    A more acute and recent degenerative change in adjoining areas, partly diffuse 
and partly systemic in origin   

   3.    A diffuse degeneration of varying severity and uncertain duration in the gangli-
onic matter of the cord, and probably the intervertebral ganglia   

   4.    Degeneration of a moderate degree in the nerve roots and peripheral nerves” [ 21 ]     

 These fi ndings were consistent with those from other authors of the period, who 
further highlighted:

•    The particular involvement of the mid-dorsal region of the cord  
•   Lesions reaching up as high as the medulla but lessening as one travelled 

caudally  
•   The essentially non-infl ammatory nature of the lesions  
•   The presence of demyelination  
•   The primary involvement of posterior columns, cerebellar and pyramidal tracts  
•   Secondary degeneration in the “long tracts” of the cord in more long-standing 

cases which had a more “homogeneous distribution”  
•   Posterior column involvement antedating anterolateral column involvement by 

several months [ 23 – 26 ]     

    Early SACD and PA 

 Although earlier studies mentioned associations between PA and SACD [ 23 ,  24 ], 
Hurst, in 1922 and 1924, brought together the twin pathologies more defi nitively, 
saying that they “depend upon the same pathological process” and that “Anaemia 
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with which subacute combined degeneration of the cord is almost always associ-
ated is the so-called pernicious form, fi rst described by Addison” and pointing 
the fi nger at “oral sepsis, absence of free hydrochloric acid from the stomach 
contents throughout digestion, and consequent intestinal infection and 
intoxication”. 

 Hurst emphasised that “no defi nite line can be drawn between Addison’s 
anaemia accompanied by changes in the spinal cord, and subacute degeneration 
of the spinal cord accompanied by anaemia. The difference is simply one of 
degree and depends upon whether a haemolysin or a neurotoxin is more active”. 
He, and others, emphasised the vital importance of looking for gastric acid 
secretions when performing a workup for SACD, which allowed the exclusion 
of a variety of differential diagnoses [ 27 ,  28 ], as “achylia gastrica is at least as 
constant in subacute combined degeneration of the cord as in Addison’s anae-
mia” [ 26 ]. 

 By the 1950s, the underlying cause of PA was described as “malabsorption of 
vitamin B12 due to lack of intrinsic factor consequent on gastric atrophy”, and the 
primary cause of SACD was suggested to be vitamin B12 defi ciency, since “admin-
istration of vitamin B12 invariably halts the progression of the spinal cord disease, 
and indeed may reverse some of the neurological signs, particularly if they are of 
short duration…” while recognising that less than 10 % of PA patients were affected 
by SACD [ 29 ].  

    Early Identifi cation of Cerebral Manifestations 

 From the late 1800s through the fi rst third of the 1900s, a variety of manifestations 
of PA thought to be due to cerebral involvement were described, ranging from mild 
memory impairment to toxic psychosis but with essentially normal brain fi ndings at 
post-mortem, at least macroscopically, albeit with “occasionally some wasting of 
the cortex, with slight thickening of the membranes and compensatory oedema” 
[ 20 ,  24 ,  25 ]. 

 In the 1940s and 1950s, white matter lesions, demyelination and “diffuse degen-
eration” were described in PA patients in the cerebral hemispheres, cerebellar 
peduncles and optic tracts which appeared to be very similar to those changes seen 
in the spinal cord [ 30 ,  31 ]. The fi ndings of demyelination and neuronal damage 
(“acute, severe, chronic, ischaemic, oedematous and fatty changes in varying 
degree”) were independent of the presence or absence of cerebral signs or symp-
toms [ 32 ]. 

 Cerebral manifestations became more widely recognised, with one author saying 
it was a “well-known fact” that SACD patients “often exhibit mental symptoms that 
vary from slight irritability and suspiciousness to a marked confusional psychosis” 
[ 30 ]. Other patients had diagnoses of optic atrophy, seizures and delusions related 
to B12 defi ciency [ 31 ].  
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    Early Treatments: Previtamin B12 

 In the late 1800s, good general nutrition was recommended for the treatment of 
anaemia, including PA [ 17 ,  21 ]. A case report was published where a patient taking 
ox and calf bone marrow experienced such a resolution in his PA symptoms that he 
was transformed from a bedridden invalid into a haemodynamically replete, ener-
getic individual who even “enjoyed assisting in ward work such as carrying coals up 
a long fl ight of stairs” [ 33 ]. 

 Hurst’s conviction that PA was due to a combination of achlorhydria and oral sep-
sis led him to suggest the following (not terribly tempting) regimen for his patients:

    1.    Remove all teeth and tonsils if they show any trace of infection.   
   2.    Isolate  Streptococcus  from teeth/duodenal contents/faeces/urine; use this to pro-

duce a vaccine for the patient.   
   3.    Large volumes of dilute hydrochloric acid and soured milk.   
   4.    Powdered charcoal (to absorb the haemolysin/neurotoxin).   
   5.    Arsenic for symptomatic relief.   
   6.    Blood transfusion.   
   7.    Splenectomy to remove the site of blood destruction.     

 He claimed good results in both the neurologic and haematologic status of his 
patients using these treatments but admitted that “the degree of improvement which 
may occur depends therefore upon the amount of actual destruction of nervous tis-
sue which is already present” [ 27 ,  28 ]. 

 Minot and colleagues were awarded the Nobel Prize for their work which 
included the introduction of a diet containing “an abundance of liver and muscle 
meat” for PA patients, resulting in signifi cant haematologic improvement [ 34 ]. 
Liver, of course, has high levels of iron and also provides B12 (a tiny proportion of 
which can be absorbed by passive diffusion without intrinsic factor [ 1 ]) and folic 
acid [ 35 ] so could be seen as a “universal” treatment for the common nutritional 
anaemias. However, unequivocal neurological improvement remained to be seen 
“except in the opinions of a few”, as somewhat scathingly reported in 1929 [ 25 ]. 

 By 1933, it was held that “the anti-anaemic principle contained in liver” (at roughly 
half a pound per day or, more palatably, a preparation of liver extract [ 36 ] or even of 
marmite [ 37 ]) made PA an essentially treatable condition [ 36 ]. However, sensitivity to 
liver extract remained a problem, which was only overcome by the introduction of 
pure B12, which was identifi ed, characterised and synthesised between the 1940s and 
1960s, leading to a revolution in the treatment of PA (reviewed in [ 38 ]).   

    Current Clinical Picture 

 The clinical manifestations of vitamin B12 defi ciency and/or PA were all described 
over a century ago, and current case reports tend to do little more than reiterate 
many of these fi ndings. Fortunately, now the condition is more easily recognised 
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and treated, the majority of patients avoid signs and symptoms which are as extreme 
and disabling as they would have been in the 1800s and fi rst half of the last 
century. 

 The overall prevalence of neuropsychiatric involvement in cases of PA/B12 defi -
ciency varies from study to study – in the studies mentioned below, the frequency of 
nervous system involvement decreased from 80 % in 1918 [ 39 ] to 44 % in 1988 
[ 40 ], but neurological abnormalities found on examination were reported in 80 % of 
patients in a large study [ 41 ] and neurological symptoms were reported in 98 % of 
PA answering an online survey in 2014 (although this included some non-specifi c 
symptoms such as poor sleep and poor concentration) [ 42 ]. The “classical” fi ndings 
of SACD were estimated to occur in 10 % of PA cases in 1958 and in 16 % in 1980 
[ 29 ,  43 ]. 

 A study showed that the median duration of symptoms before presentation was 
only 4 months but that the majority, 99 cases, were classifi ed at being “mild” neuro-
logical impairment, 39 being considered “moderate” and only 15 being classifi ed as 
“severe” [ 41 ]. 

 Table  16.1  details the “top fi ve” signs and symptoms taken from papers with 
large case series; rarer manifestations are discussed below. This spans almost a cen-
tury, and it can be seen that, while proportions of patients affected by different signs 
and symptoms may vary, the most common signs and symptoms remain throughout 
paraesthesia and impaired joint position and vibration sense. As mentioned in the 
introduction, it is often diffi cult to tease out which patients in which study are B12 
defi cient due to PA and which are defi cient due to other causes. Where it can be 
calculated and identifi ed, this is mentioned in the table below. Only one paper 
clearly differentiates the symptoms and signs in PA-related B12 defi ciency patients 
and non-PA-related B12 defi ciency, which showed that neuropsychiatric abnormali-
ties were more frequent in PA patients (affecting 81 % of PA-B12 defi ciency but 
only 45 % of non-PA-B12 defi ciency); the individual signs and symptoms affect 
fairly low numbers so it is diffi cult to compare [ 43 ].

   Paraesthesiae are arguably the most common symptoms at presentation, affect-
ing between 20 and 80 % of patients depending on the study, with the majority being 
around the 70 % mark [ 39 – 42 ,  44 ]. This is commonly accompanied by other symp-
toms, frequently weakness, fatigue, diffi culty with gait and clumsiness, and less 
frequently bowel and bladder symptoms [ 39 – 43 ,  45 ]. 

 The most common signs are sensory abnormalities and particularly impairment 
of joint position sense and vibration sense, seen in 10–92 % of cases, again more 
commonly towards the upper end of this range and occurring much more in the 
lower than upper limbs [ 39 – 41 ,  43 ,  45 ]. There are also frequently abnormalities 
found in the refl exes, particularly in the lower limbs – commonly diminished or 
absent tendon refl exes with upgoing plantars, but increased refl exes have also been 
reported [ 39 ,  40 ,  43 ,  45 ]. The clinical fi ndings not uncommonly indicate a combina-
tion of peripheral neuropathy and spinal cord pathology, most commonly involving 
the posterior columns (52 %) but also the anterior and lateral columns [ 39 ,  43 ]. 

 An important fi nding, discussed in several of the early as well as more recent 
studies, is that the severity of the anaemia and of the neurological abnormalities is 
strikingly dissociated. 44 % of patients with diagnosed B12 defi ciency but no 
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 anaemia or macrocytosis had signifi cant neurological symptoms in one study [ 40 ]; 
in another, 58 % of B12-defi cient patients were not anaemic but had neuropsychiat-
ric abnormalities [ 45 ], and in Healton et al.’s large study, there was actually an 
inverse correlation between the degree of anaemia and the extent of neurologic 
impairment, with anaemia being more severe in those without neurologic involve-
ment and the severity of neurologic impairment actually correlating with the haema-
tocrit in non- anaemic patients; non-anaemic patients were also less likely to return 
to neurologic baseline following B12 therapy [ 41 ]. 

 There have been many, many case reports and small case series emphasising the 
less common presentations of B12 defi ciency – often reiterating fi ndings from the 
earlier papers – including descriptions of:

•    Cranial nerve abnormalities [ 24 ,  39 ,  46 ,  47 ]  
•   Movement disorders (choreiform [ 17 ,  39 ,  48 ,  49 ], Parkinsonian [ 3 ,  50 ], myo-

clonic [ 17 ,  39 ,  48 ,  51 ,  52 ] and dystonic [ 49 ])  
•   Leukoencephalopathy [ 53 ,  54 ]  
•   Laryngeal innervation problems [ 24 ,  55 ]  
•   Cerebral infarction [ 48 ]  
•   Seizures [ 31 ,  56 ,  57 ]  
•   Optic neuropathy [ 58 ] or other visual impairment [ 31 ,  39 ,  41 ,  43 ]    

 In the majority of these cases, on direct questioning, the patients also reported 
more typical symptoms of B12 defi ciency either prior to or concurrent with their 
rarer presentations. 

 Other case reports have described the co-occurrence of PA with other autoim-
mune and neurological diseases, including myasthenia gravis and Lambert Eaton 
myasthenic syndrome [ 59 ,  60 ]; larger case series show that PA patients are at 
increased risk of developing the neurological conditions multiple sclerosis, 
Parkinson’s disease and neuromyelitis optica [ 61 – 63 ]. 

 There are well-recognised associations between PA and other autoimmune con-
ditions, particularly autoimmune thyroid disease [ 64 – 66 ]. 

    Psychiatric/Cognitive Involvement and Dementia 

 Psychiatric and cognitive symptoms have been described in some of the case series 
discussed above, as well as in numerous case reports. The rate of involvement tends 
to be somewhat less than the neurologic signs and symptoms, with “mental impair-
ment” being described in 12 % of episodes in Healton et al.’s large study [ 41 ] and 
memory loss in one-third of non-anaemic B12-defi cient patients [ 40 ], although 
Holmes described cerebral involvement in 56 % of his patients with other nervous 
system involvement [ 31 ] and memory loss and poor concentration were reported by 
the majority of respondents in the PA Society online survey [ 42 ]. Depression, con-
fusion, disorientation, personality change, delusions and even frank psychosis have 
been described on several occasions [ 25 ,  30 – 32 ,  40 ,  41 ,  45 ,  57 ,  67 – 69 ], and there 
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are also case reports of catatonia being due to B12 defi ciency [ 70 ,  71 ]. As with other 
neurological symptoms, it has been commented upon that the cerebral manifesta-
tions are often unrelated to the degree of anaemia [ 31 ]. 

 Table  16.2  reports the “top 5” (where available) psychiatric and cognitive abnor-
malities reported in large case series.

   There have been several studies carried out investigating the role of B12 in cog-
nitive impairment/dementia and B12 defi ciency remains on the list of “reversible 
dementias” memorised by medical students, although the validity of this has been 
contested by a review looking at over 5,000 patients and showing that less than 1 % 

   Table 16.2    “Top 5” psychiatric and cognitive abnormalities from large case series   

 Study  Details of subjects 
 Psychiatric 
manifestation 

 % age 
patients 
affected 

 Woltmann (1918)  150 PA cases  Apathy and somnolence  28 
 Irritability  9.6 
 Memory defects  7.2 
 Depression  3.2 
 Emotional instability  3.2 

 Holmes (1956)  25 B12-defi cient patients with 
nervous system involvement 

 Slowing mental 
processes 

 56 

 Confusion and memory 
defect 

 56 

 Depression  28 
 Delusions  20 
 Hallucinations  12 

 Shorvon (1980)  50 B12-defi cient patients  Organic change  26 
 Affective change  20 

 Lindenbaum 
(1988) 

 40 non-anaemic B12-defi cient 
patients 

 Memory loss  32.5 
 Psychiatric disorders  17.5 
 Disorientation  7.5 
 Obtundation  2.5 

 Stabler (1990)  145 B12-defi cient patients  Memory loss  13.1 
 Impaired recall  6.9 
 Confusion  5.5 
 Disorientation  4.8 
 Personality change  0.7 

 Healton (1991)  369 B12-defi cient patients  Mental impairment  4.6 
 Memory loss  1 
 Paranoid psychosis  0.5 
 Personality change  0.3 

 Hooper (2014)  889 PA patients from online 
survey 

 Memory loss  78 
 Poor concentration  75 
 Confusion  62 
 Nominal aphasia  50 
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had any improvement in their dementia symptoms following identifi cation and 
treatment of B12 defi ciency [ 72 ]. 

 In patients with cognitive dysfunction, B12 levels in two studies were lower than 
in controls [ 73 ,  74 ]. A serial study in patients with Alzheimer’s dementia showed 
that decline in cognitive function over time was associated with rising homocysteine 
levels but not with falling B12 levels [ 48 ], and another study in Alzheimer’s patients 
showed that their B12 levels fell signifi cantly over time [ 75 ]. 

 There remains little evidence that B12 supplementation improves cognition in 
demented/memory-impaired patients [ 30 ,  48 ,  52 ,  76 ], although there are a few 
reports of improvement with therapy [ 67 ,  68 ], suggested to be due primarily to a 
shorter duration of symptoms (ideally less than 6 months) [ 77 ].  

    Optic/Visual Problems 

 Optic neuropathy due to PA has been reported in several case series [ 31 ,  58 ,  78 ]. 
One group suggested that it is clinically indistinguishable from tobacco amblyopia, 
which condition is associated with low B12 levels, even compared to non- amblyopic 
smoking patients [ 78 ]. Patients with PA/low B12 (even without anaemia) and SACD 
or other neurologic involvement but without overt visual symptoms have also been 
shown to have abnormal evoked potentials [ 79 – 81 ].  

    Autonomic Involvement 

 In early reports, there were some mentions of autonomic involvement, particularly 
in terms of thermoregulation, which was said to be abnormal in all patients [ 24 ]; the 
description of “distressing dizziness and now-and-then fainting spells” [ 39 ] could 
be due either to severe anaemia or to orthostatic hypotension. 

 In the case series reported above, impotence and urinary/faecal incontinence or 
urgency are frequently noted (albeit usually in a minority of cases) [ 21 ,  23 ,  24 ,  30 , 
 41 ]; however, it is diffi cult to know whether this is purely autonomic or is more 
likely related to spinal cord pathology. 

 Orthostatic hypotension/dizziness is noted in Healton’s large case series, affect-
ing two patients [ 41 ], and the recent questionnaire study describes 59 % of PA 
patients as feeling “dizzy” [ 42 ]. Case reports also mention features including bron-
chospasm [ 69 ,  82 ], cardiac dysrhythmias [ 82 ] and gastric paresis [ 83 ]. 

 More objective evidence has been produced in recent years showing that there is, 
not infrequently, autonomic neuropathy in PA/B12-defi cient patients, who demon-
strate signifi cantly impaired orthostatic responses compared to controls, which in 
one study were shown to be similar to those responses seen in patients with diabetic 
autonomic neuropathy [ 84 – 86 ] and lower sympathetic and parasympathetic control 
of heart rate variability [ 85 ].   
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    Investigations 

    Measuring B12 Defi ciency 

 Measuring B12 on the basis of a fi nding of macrocytic anaemia is insuffi cient. 
Many patients with neurological signs and symptoms due to B12 defi ciency will not 
have anaemia or macrocytosis [ 45 ,  87 ]. Furthermore, while the majority of blood 
fi lms will show hypersegmented neutrophils, these are frequently missed on routine 
laboratory analysis. A signifi cant proportion of patients with PA will also have nor-
mal or even low (due to coincident iron defi ciency) MCV (mean cell volume) and 
haemoglobin levels; even patients with undetectable B12 levels have been reported 
to have normal haematologic profi les [ 8 ]. 

 Currently, there remains debate about reference ranges, and a clinically “normal” 
level for serum B12 is not entirely clear, differing according to laboratory, “result-
ing in an inability of defi nitive defi nitions for clinical and subclinical defi ciency 
states” [ 88 ]. 

 The assay of B12 itself can be problematic – there are reports that high levels of 
IF antibodies can cause a false high B12 reading with certain assays [ 89 ,  90 ]. 
Furthermore, patients with normal (albeit low-normal) B12 levels can still have a 
clinical picture of defi ciency which responds to B12 therapy. It has been suggested 
that the serum B12 levels only fall when the tissue B12 levels are severely depleted 
[ 91 ]. Such cases have raised interest in the testing for serum B12 metabolites [ 45 ], 
primarily methylmalonic acid and total homocysteine, both of which accumulate 
in B12 defi ciency [ 92 ] and, in some cases, when the serum levels of B12 are “nor-
mal” but the patient is presenting with a B12-defi cient picture [ 93 ]. These metabo-
lites are thought to be particularly useful in representing a “tissue” rather than a 
“serum” B12 defi ciency [ 94 ] – although it is also important to be aware that there 
are other causes of elevation in homocysteine (e.g. folate defi ciency, renal impair-
ment, B6 defi ciency, hypothyroidism) and methylmalonic acid (older age, renal 
impairment).  

    Autoantibodies 

 Anti-parietal cell and anti-intrinsic factor antibodies can help in the diagnosis of 
autoimmune PA, but they are not infallible – one study showed that nearly 8 % of 
the general population tested positive for parietal cell antibodies [ 95 ]; another study 
showed that over 90 % of PA patients had parietal cell antibodies at diagnosis, but 
this fell by nearly 10 % after around six years [ 96 ]; a third study showed that only 
55 % of PA patients tested positive for parietal cell antibodies [ 97 ]. 

 Antibodies against intrinsic factor also vary depending on the study – one show-
ing positivity in 70 % of patients [ 97 ] and another showing positive antibodies in 
nearly 40 % of patients at diagnosis, rising to nearly 60 % by 6 years [ 96 ].  
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    Neurophysiological Investigations 

 Nerve conduction studies frequently (well over 50 %) show abnormalities in PA/
B12-defi cient patients, even those without neurological signs/symptoms and at all 
stages of the disease. Both axonal and mixed axonal/demyelinating pictures have 
been described [ 41 ,  43 ,  98 ]. It has been estimated that around 8 % of undiagnosed 
peripheral neuropathy cases may be due to B12 defi ciency [ 99 ]. Some studies have 
also compared central and peripheral nerve conduction, usually showing more 
marked central than peripheral involvement [ 75 ,  88 ,  93 ].  

    MRI 

 Imaging fi ndings largely refl ect the recognised pathology identifi ed a century or 
more ago. 

 The classical fi nding on spinal MRI is increased signal on T2-weighted images in the 
posterior columns of the cervical and/or thoracic cord [ 6 ,  73 ,  100 ,  101 ]. However, 
depending on the duration, extent and severity of the disease, one may also see involve-
ment of the lateral and anterior columns, cord swelling or cord atrophy [ 73 ,  101 ,  102 ]. 

 Brain lesions have also been identifi ed on MRI, again, typically showing non- 
specifi c high-signal foci on T2-weighted images, reported to be distributed in vari-
ous areas, including the cerebral hemispheric white matter, medulla oblongata, pons 
and mesencephalon [ 6 ,  100 ]. Interestingly, in certain subgroups, B12 levels have 
been associated with white matter lesion load [ 103 ]. 

 See Fig.  16.1  for examples in MRI scans showing T2 hyperintensity in the dorsal 
columns bilaterally and in the right cord. (Images kindly provided by Dr R Dineen, 
Clinical Associate Professor of Neuroimaging, University of Nottingham.)    

a b

  Fig. 16.1    ( a ,  b ) MRI scans showing T2 hyperintensity in the dorsal columns bilaterally and in the 
right cord (Images kindly provided by Dr R Dineen, Clinical Associate Professor of Neuroimaging, 
University of Nottingham)       
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    Current Treatment Recommendations 

 UK recommendations for patients with B12 defi ciency-induced neurologic impair-
ment are for hydroxocobalamin 1 mg intramuscularly on alternate days until no 
further improvement and then a further 1 mg every 2 months [ 104 ]. Neurologic 
impairment mandates immediate treatment on diagnosis, parenteral administration 
and higher doses than those used for pure haematological manifestations, given 
under close supervision [ 88 ,  105 ]. A diagnosis of PA indicates treatment must be 
given for life. 

    Responses to Treatment 

 Patients report a subjective sense of improvement within hours of starting treat-
ment, with haematologic abnormalities returning to normal within around 2 
months (although homocysteine and methylmalonic acid tend to normalise ear-
lier, within the fi rst week of treatment [ 88 ]) and neurologic improvement starting 
within a few weeks and usually continuing over 2–12 months usually [ 8 ,  88 ]. It 
has been reported that paraesthesiae often respond early, even within a matter of 
days, whereas spasticity and bladder involvement take longer to respond to B12 
therapy [ 41 ]. 

 Many case series and [ 69 ]reports described total or near total resolution of neu-
ropsychiatric signs and symptoms, improvement/total normalisation of MRI abnor-
malities in brain and spinal cord, normalisation of EEG abnormalities and 
improvement in deranged orthostatic responses following appropriate B12 treat-
ment [ 6 ,  47 – 50 ,  53 – 55 ,  57 ,  59 ,  67 ,  68 ,  70 ,  71 ,  73 ,  82 – 84 ,  100 – 102 ,  106 – 108 ]. In 
some cases, stabilisation and prevention of further deterioration is the aim – for 
instance, in established visual loss or cognitive impairment, where it is thought that 
signifi cant axonal loss has already occurred [ 58 ,  68 ]; this corresponds with fi ndings 
that NCS abnormalities commonly do not resolve with B12 therapy but, unlike 
other neuropathies, fail to deteriorate further [ 98 ,  99 ]. Interestingly, impaired cen-
tral nerve conduction has been shown to improve with B12 treatment, in contrast to 
peripheral nerve conduction [ 75 ]. 

 These case reports correspond mostly to the larger series available in the litera-
ture in terms of recognised responses to treatment. Cognitively, although one study 
showed improvement in 40/56 patients with dementia following 12 months of B12 
treatment (albeit most marked in patients with a short duration of symptoms and not 
in a placebo-controlled trial [ 77 ]) and another study in dementia patients suggested 
that “the average decline in cognitive function by the supplemented patients was 
less than expected” despite not including a control group [ 109 ], a Cochrane review 
found that there was insuffi cient evidence for B12 supplementation in cognitive 
impairment [ 110 ]. 

 Neuropsychiatric symptoms “disappeared or were greatly improved after B12 
therapy” in 12/14 cases in one study [ 31 ] and in 5/6 cases in another, including, 
delightfully, the problem of being “prone to talk absolute nonsense” [ 69 ]. 
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 Studies from the past three decades mostly show signifi cant improvement in neu-
ropsychiatric manifestations in the majority of patients treated with B12 (ranging 
from 47 to 100 % between studies [ 40 ,  41 ,  45 ]), although residual abnormalities are 
far from uncommon, often manifesting as impaired vibration or joint position sense, 
paraesthesia or abnormal refl exes [ 40 ]. It has been reported that psychiatric symp-
toms are less likely to respond than neurologic symptoms [ 45 ], although this is 
contested by other studies [ 40 ,  41 ,  69 ]. On average, a patient’s symptoms have been 
estimated to improve by 75 % and, perhaps unsurprisingly, those with more severe 
symptoms and a longer duration prior to starting therapy, are more likely to have 
residual abnormalities [ 41 ].   

    Conclusions and Further Questions 

 B12 defi ciency is recognised to cause a wide variety of neuropsychiatric manifesta-
tions, the majority of which respond to appropriate treatment, if started early 
enough, to a greater or lesser degree. Cognitive impairment, however, has not been 
shown to be consistently associated with B12 defi ciency, and a Cochrane review 
found insuffi cient evidence to recommend routinely using supplements in cogni-
tively impaired patients. 

 Investigations such as MRI and electrophysiological testing do not show abnor-
malities specifi c to B12 defi ciency, and measurement of full blood count and even 
B12 levels can be misleading; it is important to be able to put together the signs, 
symptoms and investigation results to come to the diagnosis and institute treatment 
rapidly. 

 There is a great deal of scope for further research on this topic – not only the 
role of B12 in cognitive impairment but also the seeming predilection for B12 
defi ciency to cause primarily either neurologic or haematologic problems – as pon-
dered by Hurst, who wondered “whether a haemolysin or a neurotoxin [was] more 
active” [ 27 ]. 

 We also do not yet understand how and why B12 defi ciency causes disruption to 
myelination of the nervous system, from the cerebrum down to the peripheral 
nerves, and it is possible that better understanding of these mechanisms may also 
aid our understanding of other demyelinating diseases.     
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    Chapter 17   
 The Impact of Multiple Sclerosis 
on Gastrointestinal System Function                     

       David     J.     Levinthal       and     Klaus     Bielefeldt     

    Abstract     MS patients commonly experience symptoms related to dysregulated 
gastrointestinal function, and these problems contribute to signifi cant impairment in 
quality of life. Oropharyngeal dysphagia and anorectal dysfunction have tradition-
ally garnered the most attention due to their more obvious impacts on daily func-
tions. For example, convergent evidence suggests a prevalence of oropharyngeal 
dysphagia in 25–40 % of all MS patients. Similarly, anorectal dysfunction is quite 
common with ~40 % of MS patients reporting constipation and ~25 % reporting 
frequent fecal incontinence. In addition, many MS patients experience mixed forms 
of anorectal dysfunction with both constipation and fecal incontinence. There are a 
diverse range of potential pathophysiological mechanisms that contribute to these 
problems, including general impairments in skeletal motor function that are typi-
cally experienced by MS patients. However, recent research has revealed that gas-
trointestinal symptoms in the MS population are not limited to oropharyngeal 
dysphagia and anorectal dysfunction, but include dyspepsia and abdominal pain. 
The latter associations may reveal a broader impact of MS disease beyond impair-
ments in skeletal motor function to include disruptions in the central neural regula-
tion of autonomic and/or sensory processing. Despite the signifi cant impact of 
gastrointestinal dysfunction on MS patient quality of life, there remains a paucity of 
published literature on therapeutic options for these disorders in this patient popula-
tion. Thus, there is a compelling need to develop effective treatment options that 
should translate into improved patients’ quality of life. Collaborative work between 
neurologists and gastroenterologists will have the best chance to advance the fi eld 
and to optimize the care of MS patients suffering from symptoms related to impaired 
gastrointestinal function.  
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  Autonomic nervous system  

      Introduction 

 The complex and integrative functions of the gastrointestinal (GI) system require a 
fi ne coordination of skeletal muscle movements, sensory feedback, and autonomic 
nerve activity, all of which are infl uenced by the central nervous system. Thus, it is 
not surprising that impairments in GI system function are frequently experienced by 
patients with central nervous system disorders such as multiple sclerosis (MS). 
However, MS does not have a uniform presentation nor is it a static disorder. The 
specifi c location and extent of neuroinfl ammation and neuronal dysfunction varies 
greatly between patients and even within an individual patient over time. Therefore, 
the various impacts of MS disease on gastrointestinal function are inherently vari-
able between patients and even within single individuals over time. Yet, despite this 
heterogeneity in the potential physiological impacts of MS disease, there are some 
general patterns of GI-related symptoms that many MS patients experience during 
the course of their illness. The aim of this chapter is to review what is currently 
known about the nature and prevalence of some of the more common gastrointesti-
nal symptoms observed in MS disease. The discussion will also focus on contribut-
ing pathophysiological mechanisms and the unique management challenges posed 
by several of these problems. While the focus of our discussion is on MS, many of 
the problems described and their treatment approaches are relevant for other dis-
eases of the central and/or peripheral nervous system that also impact GI function in 
patients with impaired sensory, motor, and/or cognitive function.  

    Prevalence of Gastrointestinal Symptoms in Multiple Sclerosis 

 The classical evaluation and treatment of patients with multiple sclerosis placed an 
emphasis on skeletal muscle function and the impact of the disease on mobility. Yet, 
impairments of skeletal muscle function not only affect mobility, but can compro-
mise swallowing (deglutition), urination, and defecation. The normal processes of 
ingestion and elimination require highly coordinated patterns of voluntary skeletal 
muscle activity as well as refl exive activity that are collectively integrated within the 
spinal cord, brainstem, and higher-order neural systems. Thus, deglutition and elim-
ination processes can be quite sensitive to even subtle disruption in such neural 
regulation. Because impairment of deglutition and elimination are common in mul-
tiple sclerosis patients [ 22 ] and contribute to poor quality of life, these symptoms 
have become recognized as important markers of MS disease. For at least the past 
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25 years, impairments in swallowing, urination, and defecation have been incorpo-
rated into widely used patient assessment instruments, such as the expanded dis-
ability status scale (EDSS) [ 26 ]. 

    How Common Are Problems with Deglutition in Multiple 
Sclerosis Patients? 

 The specifi c answer refl ects the methodology used to assess oropharyngeal dyspha-
gia, the predominant form of dysphagia experienced in this population. These study 
methods range from standardized symptom questionnaires to more direct, objective 
methods such as fi beroptic visualization endoscopic evaluations of swallowing 
(FEES), electrophysiological study of swallowing (EPSS), or dynamic fl uoroscopic 
methods such as videofl uoroscopic swallowing study (VFSS) using contrast radiog-
raphy. Distinguishing the methodology of assessment is important because patients 
may experience symptoms of dysphagia with or without objective abnormalities in 
the motor domain [ 53 ]. For example, subtle sensory abnormalities of input from the 
mouth, tongue, and posterior pharynx may lead to changes in the perceived timing 
of bolus movement during swallowing that could drive symptom reporting, even if 
the overall motor pattern is largely intact as assessed by the currently accepted stan-
dard methods. Dysphagia prevalence may also vary in different MS disease sub-
groups, such as those with primary progressive disease versus relapsing remitting 
disease [ 9 ], or in patients with differing MS disease severity [ 12 ]. In this context, it 
is not surprising that the published literature shows a range of prevalence estimates 
for dysphagia in large groups of MS patients with heterogeneous mixes of disease 
subtypes and severity. A review of 11 studies [ 1 ,  2 ,  4 ,  5 ,  9 ,  11 ,  12 ,  21 ,  27 ,  39 ,  49 ] 
that used either symptom questionnaires and/or objective visualization measures to 
assess dysphagia shows that the prevalence of swallowing disorders among patients 
with multiple sclerosis is likely between 25 and 40 % (Fig.  17.1a ). As shown in 
Fig.  17.1a , the variability in prevalence estimates is high for small studies, but con-
verges to a smaller range in studies with larger numbers of study participants. 
Although the reported data may be skewed due to tertiary referral center bias or 
failure to stratify for disease subtypes or MS symptom severity, it nonetheless dem-
onstrates the potential importance of this often underappreciated problem.

       What Is the Prevalence of Anorectal Dysfunction in Multiple 
Sclerosis Patients? 

 Anorectal dysfunction is a common complaint among patients with MS. Patients 
with MS commonly have a variety of impairments in the strength and recruitment 
of pelvic fl oor muscles that are critical for coordinating the timing and effi cacy of 
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defecation, as well as for maintaining fecal continence. Furthermore, impaired 
colonic motility may result from either a direct impact of MS disease, or as a side 
effect of medications used to alleviate other MS-related symptoms, and contribute 
to problems with defecation. Finally, the initiation of defecation requires effective 
straining, which can also be impaired as the illness advances to include ineffective 
recruitment of abdominal wall muscles needed to increase intraabdominal pressure. 
Collectively,  anorectal dysfunction  or  bowel dysfunction  are general clinical terms 
that incorporate symptoms of constipation or fecal incontinence. Constipation and 
fecal incontinence can exist in isolation or occur together. As with the studies of 
dysphagia in MS patients, there is a range of published prevalence estimates for 
constipation and fecal incontinence in this population. This is again likely due to 
differences in study methodology, as different studies use varying defi nitions of 
constipation and/or fecal incontinence. Most prevalence studies have used general 
consensus criteria and a combination of patient self-assessments and validated scor-
ing systems. Some additional studies incorporate physiological markers (such as 
whole gut transit time assessed with Sitz markers) in combination with reported 
symptoms. We recently examined the published literature on the prevalence of ano-
rectal dysfunction in the multiple sclerosis population [ 35 ]. As shown in Fig.  17.1b , 
our review reported a range of prevalence estimates for constipation across 17 stud-
ies (cited in [ 35 ]). However, studies with larger populations generally converged 
with estimates close to 40 %, which thus represents the best estimate for the true 
prevalence of constipation in MS patients and is consistent with the clinical experi-
ence of the authors. The prevalence of fecal incontinence in MS patients is lower 
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  Fig. 17.1    Prevalence estimates for dysphagia ( a ), constipation ( b ), fecal incontinence ( c ), and 
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than constipation. As seen in Fig.  17.1c , our same review reported prevalence esti-
mates of fecal incontinence in MS patients from 19 studies (cited in [ 35 ]), most of 
which were smaller studies involving fewer than 50 patients. Therefore, there was 
signifi cant variability in the estimate of symptom prevalence of fecal incontinence 
in this population. In studies with greater than 100 MS patients, the range of esti-
mates was still wide-ranging, from 3.4 to 51 % [ 35 ]. It is generally accepted that the 
typical prevalence of fecal incontinence in the general population is on the order of 
~10 % [ 7 ]. Despite the described shortcomings of published studies, the aggregate 
data clearly indicate a higher prevalence with ~25 % of MS patients experiencing 
fecal incontinence. Finally, the prevalence of the mixed form of anorectal dysfunc-
tion (i.e., patients experience both constipation and fecal incontinence) is less clear, 
with a wide range of estimates from between 6 and 52 % of MS patients (Fig.  17.1d ) 
[ 35 ]. Although mixed forms of anorectal dysfunction are likely less common than 
the isolated occurrence of constipation or incontinence, this population of MS 
patients constitutes an important subgroup that poses signifi cant therapeutic chal-
lenge for clinicians. 

 The impact of multiple sclerosis on gastrointestinal function may not be limited 
to impairments in skeletal muscle coordination, and historically, this possibility has 
received less attention. Depending upon the specifi c location of MS lesions and the 
severity of neuroinfl ammation, there could be a range of potential disruptions to the 
central neural circuits that govern sensation and autonomic regulation. Such central 
neural circuit disruption could directly generate gastrointestinal symptoms beyond 
the aforementioned diffi culties with deglutition and defecation. However, the range 
of GI symptoms typically experienced by MS patients has not been well estab-
lished. To address this gap in knowledge, we recently conducted a large, compre-
hensive survey to assess the extent and prevalence of GI symptoms in MS patients 
[ 27 ]. In this study, the validated Rome III questionnaire was used to assess the 
prevalence of GI symptoms in a single center cohort of 218 patients with MS dis-
ease. Our analysis showed that the majority of patients (66 %) experienced at least 
one chronic GI symptom. Not surprisingly, we reconfi rmed the presence of dyspha-
gia (21 %), constipation (37 %), and fecal incontinence (15 %) in our cohort, with 
prevalence estimates that generally correspond to other studies (see Fig.  17.1 ). 
However, we also discovered a fairly high prevalence of dyspepsia (28 %) and 
abdominal pain (14 %), symptoms which are not traditionally regarded as being 
associated with MS (Fig.  17.2 ). Dyspepsia incorporates symptoms of early satiety, 
postprandial fullness, and epigastric discomfort and points toward dysfunction in 
the sensory and motor function of the stomach. The neural mechanisms that inte-
grate these functions are distinct from those that drive impaired skeletal muscle 
coordination, and therefore MS patients may have dyspepsia but no dysphagia or 
anorectal dysfunction. Further evidence for disruption in the normal motility or 
sensory function of the GI tract in MS patients is the signifi cant number of patients 
that reported bloating, belching, and nausea (Fig.  17.2 ). Thus, patients with MS 
may suffer from a variety of GI symptoms, and these symptoms are not constrained 
to mechanisms dependent upon impaired control of skeletal muscle function, but 
rather may involve more global dysfunction of sensory and autonomic regulation.
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        Pathophysiological Mechanisms and Treatments 
for MS-Associated Dysphagia 

 Swallowing involves the successful manipulation and propulsion of ingested mate-
rial from the oral cavity into the stomach while simultaneously preventing material 
from entering the proximal airway. Although swallowing can be triggered volition-
ally, many aspects of the process rely on highly coordinated patterns of activity 
among dozens of striated muscles within the oropharynx and proximal esophagus. 
This aspect of swallowing (deglutition) is referred to as the  oropharyngeal phase , 
and disruption in this phase defi nes  oropharyngeal dysphagia . Swallowing also 
requires the coordination of skeletal and smooth muscle activity within the tubular 
esophagus and sphincteric structures. This latter aspect of swallowing is referred to 
as the  esophageal phase , and disruption in this phase defi nes  esophageal dysphagia . 
The precise interplay of muscle movements that support normal swallowing requires 
intact sensory, motor, and autonomic nerves, with appropriate refl exive integration 
within the central nervous system. Hence, the symptom of dysphagia can result 
from any disturbance within these varied sensorimotor and autonomic systems. MS 
patients are particularly vulnerable to developing dysphagia given the likelihood 
that the disease causes neural dysfunction within one or more of the distributed 
CNS sites required to coordinate optimal swallowing. However, normal esophageal 
peristalsis that propels an ingested bolus along the smooth muscle portion of the 
esophagus is largely preprogrammed by the enteric nervous system. As enteric neu-
rons are not directly affected by a central demyelinating process, most MS patients 
experience oropharyngeal dysphagia rather than esophageal dysphagia [ 39 ,  48 ]. 
Although many clinical studies have demonstrated an association of severe oropha-
ryngeal dysphagia with more severely progressed MS-related disability [ 9 ,  12 ,  39 ], 
even patients with mild or moderate MS disease severity can experience some 
degree of oropharyngeal phase impairments in swallowing [ 39 ]. 

  Fig. 17.2    Prevalence of 
gastrointestinal symptoms 
in a single center cohort of 
218 MS patients as 
assessed by the Rome III 
questionnaire (Modifi ed 
from Levinthal et al. [ 27 ])       
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 MS-related dysphagia remains an important and active area of research because 
the clinical consequences of untreated dysphagia can be severe. Beyond its potential 
impact on nutrition, oropharyngeal dysphagia carries an inherently high risk of 
aspiration pneumonia if left unaddressed. Indeed, some MS patients with severe 
oropharyngeal dysphagia ultimately require long-term restrictions on oral intake to 
minimize the likelihood of aspiration. While behavioral modifi cations, food choices, 
and manipulations of food consistency potentially mitigate this risk, there are few 
effective therapies to improve the true underlying problem. Prolonged oral restric-
tion may require the placement of a percutaneous gastrostomy (PEG) tube. While 
PEG tube placement may ensure adequate enteral alimentation, it can signifi cantly 
interfere with patient quality of life. We recently reviewed patterns of hospitaliza-
tion and treatments in MS patients. We found that slightly less than 1 % of all 
MS-related hospital admissions were associated with the placement of a gastros-
tomy tube, which was presumably performed due to patient diffi culties with oral 
intake in the context of oropharyngeal dysphagia [ 36 ]. Unfortunately, the rate of 
gastrostomy tube placement remained stable between 2001 and 2010, despite the 
advent and widespread adoption of disease-modifying agent use over this time 
period [ 36 ]. Thus, the cumulative clinical impact of oropharyngeal dysphagia on 
important clinical outcomes (gastrostomy tube placement, aspiration pneumonia, 
etc.) and associated impairments in MS patient quality of life continues to increase. 

 Ongoing research continues to defi ne the precise locations of CNS sites that are 
required to support optimal swallowing. Several brainstem nuclei are known to con-
tain the motor neurons that directly infl uence the muscles of the tongue, epiglottis, 
and pharynx. Thus, it is not surprising that MS patients with documented brainstem 
lesions suffer disproportionately from oropharyngeal dysphagia [ 2 ,  9 ]. However, 
disruption of either sensory inputs and/or descending commands from higher brain 
sites to these brainstem nuclei can also lead to oropharyngeal dysphagia. For exam-
ple, impaired integration in the brainstem as assessed by delayed or absent gag 
refl ex is associated with dysphagia in MS patients [ 53 ]. Similar mechanisms may 
link the presence of an impaired gag refl ex with impairments in the protective cough 
refl ex, and thus MS patients with brainstem lesions may be at especially high risk to 
develop “silent” aspiration. At the cerebral cortical level, multiple sites have been 
implicated in the regulation of tongue and pharyngeal muscle contractions that sup-
port the act of swallowing [ 19 ,  24 ,  38 ]. These cortical sites include regions of the 
lateral frontal operculum [ 38 ] as well as more rostromedial regions of the lateral 
hemispheres that span premotor areas and the anterior motor cortex [ 19 ]. Most peo-
ple have an asymmetric, bilateral representation of the pharyngeal muscles, with 
one of these representations dominating pharyngeal control [ 19 ,  20 ]. Disruption in 
neural activity within the dominant pharyngeal cortical control region is suffi cient 
to induce oropharyngeal dysphagia, even in normal individuals [ 24 ]. Interestingly, 
the cortical systems that regulate swallowing are capable of undergoing signifi cant 
neuroplastic changes. For example, strokes involving the dominant motor cortical 
representation of the pharynx can lead to dysphagia, and dysphagia recovery is 
associated with an increase in the areal distribution and increase in the cortical 
excitability within the non-lesioned, previously non-dominant hemispheric 
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 representation [ 20 ]. Indeed, repetitive transcranial magnetic stimulation (rTMS) 
directed to the contralesional pharyngeal motor cortex is capable of increasing cor-
tical excitability within the region and is associated with improvements in both 
poststroke dysphagia symptoms and objective measures of swallowing function 
[ 37 ]. This important clinical observation suggests that rTMS therapy to the contral-
esional pharyngeal motor cortex in MS patients may be developed as a viable ther-
apy to reduce MS-related oropharyngeal dysphagia that is not clearly related to 
brainstem disease. 

 The published literature that details specifi c, objective measures of swallowing 
function in MS patients is quite sparse (Table  17.1 ). These methods include bedside 
swallowing evaluations, fi beroptic visualization endoscopic evaluation of swallow-
ing (FEES), videofl uoroscopic swallowing studies (VFSS), and electrophysiologi-
cal assessments [ 2 ,  3 ,  9 ,  49 ,  53 ]. Despite being fairly small clinical studies with 
heterogeneous groups of MS patients, there are several common fi ndings. These 
studies demonstrate a range of tongue, laryngeal, epiglottic, soft palate, and pharyn-
geal muscle impairments, even in MS patients without symptomatic oropharyngeal 
dysphagia. Interestingly, some of these muscles demonstrate spastic changes rather 
than weakness. For example, a subset of MS patients experience dysphagia associ-

   Table 17.1    Mechanisms contributing to dysphagia in MS patients   

 Citation  Study population  Objective testing  Swallowing dysfunction 

 Thomas and 
Wiles [ 49 ] 

 79 hospitalized MS 
patients 

 Physical exam 
 Bedside swallow 
testing 

 Weak jaw, neck, and 
tongue 
 Delayed water swallow 

 Abraham and 
Yun [ 2 ] 

 13 MS patients  Videofl uoroscopy  Epiglottic dysmotility 
 Pharyngeal constrictor 
dysfunction (85 %) 

 Calcagno 
et al. [ 9 ] 

 49 primary and 
secondary 
progressive MS 
patients with 
dysphagia 

 Bedside swallow 
testing 
 FEES a  

 Impaired tongue 
movements (92 %) 
 Laryngeal and epiglottic 
dysmotility (57 %) 
 Soft palate dysmotility 
(69 %) 

 Wiesner 
et al. [ 53 ] 

 18 MS patients  Videofl uoroscopy  Laryngeal and epiglottic 
dysmotility (61 %) 
 Frank aspiration (22 %) 

 Alfonsi 
et al. [ 3 ] 

 26 MS patients  FEES a  
 EPSS b  

 Laryngeal and pharyngeal 
dysmotility (54 %) 
 Abnormal tongue EMG 
(65 %) 
 Abnormal laryngeal- 
pharyngeal EMG (65 %) 
 Fewer cricopharyngeal 
EMG pauses (31 %) 

   a Fiberoptic endoscopic evaluation of swallowing (FEES) 
  b Electrophysiological study of swallowing (EPSS)  
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ated with impaired relaxation of the cricopharyngeal muscle, which is a major 
 contributor to the upper esophageal sphincter (UES). This latter observation may be 
particularly relevant for oropharyngeal dysphagia therapy, as such abnormalities 
can be objectively determined with appropriate diagnostic studies to identify a sub-
set of patients with a high likelihood to respond to therapies directed at the crico-
pharyngeal muscle.  

 There are no current systemic pharmacological treatments for MS-related oro-
pharyngeal dysphagia. Typically, therapeutic interventions in patients with oropha-
ryngeal dysphagia of any cause include functional swallowing therapies that include 
altering the diet to accommodate the degree of dysfunction (i.e., thickening liquids), 
methods to compensate or adapt to the dysfunction (i.e., tucking the chin while 
swallowing to passively direct material to the esophagus and close off the upper 
airway; Mendelsohn maneuver with external lift to the cricoid during swallowing to 
reduce laryngeal movement), and exercises to attempt to maintain residual function. 
Only two therapeutic trials have been conducted in MS patients with oropharyngeal 
dysphagia. The fi rst study investigated the effi cacy of cricopharyngeal-directed 
botulinum toxin A injection in 14 MS patients with a documented hypertonic upper 
esophageal sphincter [ 44 ]. The results of this small study showed at least moderate 
improvement in dysphagia in all 14 patients, but the effects were relatively short-
lived with a return to baseline dysfunction at 6 months following the injections. As 
indicated above, cricopharyngeal botulinum toxin injection would not be predicted 
to benefi t MS patients with predominantly oral dysphagia or oropharyngeal dyspha-
gia not associated with UES hyperactivity. A second study by the same research 
group investigated the ability of direct electrical pharyngeal muscle stimulation to 
improve oropharyngeal dysphagia in 20 symptomatic MS patients [ 43 ]. A catheter 
fi tted with bipolar platinum ring electrodes was placed transnasally with the elec-
trode tips located 3 cm above the UES. Patients then underwent either fi ve consecu-
tive daily sessions with 10 min of stimulation (75 % of pain threshold) or sham 
stimulation. Interestingly, the treatment group experienced a signifi cant improve-
ment in VFSS measures which were durable for at least 4 weeks after the fi nal 
stimulation session. The mechanisms that mediate the reported treatment effect are 
not clear. Nevertheless, pharyngeal muscle electrical stimulation may be a promis-
ing intervention that should be further explored for the treatment of oropharyngeal 
dysphagia in MS patients.  

    Pathophysiological Mechanisms and Treatment 
for MS-Associated Anorectal Dysfunction 

 Normal defecation patterns require both conscious and unconscious sensory and 
motor processing within the CNS to support the perception of rectal fi lling, the abil-
ity to retain stool in the rectum without anal leakage, and the volitional elimination 
of stool without diffi culty. The disruption in any of these processes leads to 
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anorectal dysfunction, a term that encapsulates the symptoms of constipation and/or 
fecal incontinence. Anorectal dysfunction is a source of signifi cant impairment in 
quality of life in affected MS patients and is a source of substantial caregiver burden 
[ 35 ]. MS patients may experience anorectal dysfunction because even subtle impair-
ments in sensation from the anorectum and/or the timing and effi cacy of abdominal, 
pelvic fl oor, and anal muscle contractions are suffi cient to generate symptoms. For 
example, impaired sensation of rectal fi lling may predispose to fecal incontinence 
(due to lack of perceived urge) or even fecal impaction. Altered central neural con-
trol may result in spasticity of pelvic fl oor muscles that can impair the ability to 
evacuate rectal contents easily. Additionally, it is possible that MS disease itself 
could directly infl uence colonic transit and contractility due to disruption in normal 
patterns of CNS infl uences over the autonomic regulation of the colon. Because 
these various sensory, motor, and autonomic functions are supported by neurons in 
disparate regions of the brain, brainstem, and spinal cord, there is an increased like-
lihood that any one MS lesion could impact some aspect of anorectal function. 
However, clinical features of many MS patients potentially confound the attribution 
of anorectal dysfunction as a direct result of an MS-related CNS lesion. For exam-
ple, medications that are frequently used to alleviate other MS-related symptoms, 
such as urinary incontinence and hyperactive bladder, pain, muscle spasticity, or 
mood disorders, can lead to constipation as a side effect. Physical activity is inde-
pendently linked with colonic motility through unclear mechanisms. Thus, MS 
patients with impaired mobility may suffer from constipation via reduced colonic 
transit time, and fecal incontinence may increase in frequency simply because such 
patients do not have time to reach the commode. Lastly, a subset of female MS 
patients could develop anorectal dysfunction due to the effects of prior obstetric 
trauma. 

 The extrinsic innervation of the pelvic structures involved in defecation arise 
from the pudendal nerves (motor function to the pelvic fl oor muscles and external 
anal canal; sensation from the genitalia, perineum, and anus), the pelvic nerves 
(parasympathetic innervation of the colon, rectum, and internal anal sphincter), and 
the hypogastric nerves (sympathetic innervation of the distal-most colon, rectum, 
and internal anal sphincter). These nerves are most immediately infl uenced by the 
activity in neurons contained within autonomic and motor nuclei of the lumbosacral 
spinal cord. A similar pattern of spinal and autonomic innervation also supports 
urinary function. Thus, MS patients with low spinal involvement are likely to expe-
rience anorectal dysfunction, often in conjunction with diffi culties with urination 
[ 31 ,  41 ]. Ongoing research continues to help defi ne the precise locations of supra-
spinal CNS neurons that are required to support optimal anorectal function. Multiple 
higher-order centers in the midbrain and brainstem have been shown to exert an 
infl uence over both bladder and anorectal function, including Barrington’s nucleus, 
the periaqueductal gray, and the parabrachial nucleus, among others [ 13 ]. Ultimately, 
the cerebral cortex integrates social cues and context with sensory input to both 
consciously and unconsciously infl uence pelvic fl oor motor programs that are 
required to retain and/or eliminate stool. These cerebral cortical sites are widely 
distributed across bilateral regions located both in the medial wall, in particular, the 
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supplementary motor cortex and mid-cingulate cortex [ 25 ,  45 ], and within lateral 
regions that include the medial primary motor cortex [ 50 ], insula, lateral operculum, 
and posterior parietal cortex [ 45 ]. Because of the disparate locations of the cerebral 
cortical areas that are involved in pelvic fl oor function, it would follow that periven-
tricular and internal capsular white matter disease associated with MS could easily 
interfere with tracts carrying descending commands to the pelvic fl oor. To date, 
there have been no reports investigating this possibility, although modern brain- 
imaging techniques such as diffusion tensor tractography would be well suited to do 
so. For example, similar methods have already been used to reveal abnormalities in 
white matter tracts that are associated with symptoms of fatigue, disrupted emo-
tional regulation, and impaired cognition in MS patients [ 6 ,  33 ]. 

 The published literature that details specifi c, objective measures of anorectal 
function in MS patients is limited. The few clinical studies that have investigated 
specifi c mechanisms that may contribute to anorectal dysfunction in MS patients 
have collectively employed a variety of colonic, rectal, and anal pressure-sensing 
devices, sensory testing, radiographic studies, and electrophysiological testing, as 
well as assessments of colonic motility. However, these studies have been conducted 
in relatively small numbers of mostly symptomatic patients (Table  17.2 ). Yet, what 
is apparent is that while no single mechanism can fully account for the experience 
of anorectal dysfunction in these MS patients, abnormalities are common. 
Importantly, many of these studies cannot determine the suffi ciency or necessity of 
any given physiological biomarker because MS patients without anorectal dysfunc-
tion were typically excluded from analysis.

   Nevertheless, several results were frequently observed in those studies that 
focused on MS patients with constipation and/or fecal incontinence. For example, 
most studies have demonstrated decreased resting anal tone and decreased voli-
tional squeeze pressures, particularly in those patients with fecal incontinence. 
Sensory defi cits were less prevalent, with only two studies demonstrating decreased 
subjective anal or rectal perception [ 34 ,  52 ]. One small study in advanced MS 
patients showed that such decreased sensation may occur at the brain level, rather 
than at the primary afferent or spinal level [ 18 ]. Defecographic methods demon-
strated impaired puborectalis relaxation as a contributing factor to constipation [ 10 , 
 15 ,  51 ]. Measures of colonic transit or colonic pressure-volume relationships 
showed delayed colonic transit and evidence for decreased colonic compliance. 
However, decreased colonic transit may be confounded by the presence of impaired 
evacuation. Finally, electrophysiological techniques reliably demonstrated impaired 
central motor latencies along with intact peripheral nerve-motor endplate latencies, 
consistent with an impact of CNS disease, rather than peripheral nerve injury. 

 There are few treatment options for MS patients with anorectal dysfunction, and 
clinical studies in this population are limited to only a few small, mostly uncon-
trolled trials (Table  17.3 ). These include studies using behavioral interventions and 
biofeedback in order to alter sphincteric function that showed some clinical benefi t 
[ 30 ,  42 ,  54 ]. Unfortunately, these benefi ts were primarily restricted to those with 
mild disease. This observation is not surprising, as biofeedback requires intact cen-
tral motor control systems that are likely to be disrupted in advanced MS patients 
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   Table 17.2    Mechanisms contributing to anorectal dysfunction in MS patients   

 Citation  Symptom 
 Sample 
size 

 Assessment 
tool  Results 

 Guinet et al. 
[ 17 ] 

 CON  21  Anorectal 
manometry 

 Decreased rectoanal 
inhibitory refl ex 

 Preziosi et al. 
[ 42 ] 

 CON and/or 
FI 

 39  No differences based on 
symptom patterns 

 Wiesel et al. 
[ 54 ] 

 CON and/or 
FI 

 13  Weak external sphincter 
 Impaired straining 

 Nordenbo 
et al. [ 34 ] 

 CON and/or 
FI 

 30  Low squeeze pressure, 
impaired Valsalva pressures; 
increased rectoanal inhibitory 
refl ex threshold; decreased 
rectal sensation 

 Sørensen et al. 
[ 46 ] 

 CON and/or 
FI 

 11  Lower sphincter pressures in 
women 

 Mathers et al. 
[ 28 ] 

 CON and/or 
FI 

 23  Decreased squeeze pressures 
 Increased PR contraction 

 Weber et al. 
[ 52 ] 

 CON and FI  16  Impaired amplitude and 
duration of squeeze pressure 

 Munteis et al. 
[ 30 ] 

 CON and/or 
FI 

 52  Decreased squeeze pressure, 
anal inhibitory refl ex, and PC 

 Waldron et al. 
[ 51 ] 

 CON and FI  6  Markedly reduced squeeze 
pressure 

 Preziosi et al. 
[ 42 ] 

 CON and/or 
FI 

 39  Rectoanal 
sensitivity 

 No signifi cant differences in 
rectal or anal sensory 
thresholds 

 Sørensen et al. 
[ 46 ] 

 CON and/or 
FI 

 11  No signifi cant difference 
compared to normal subjects 

 Weber et al. 
[ 52 ] 

 FI  5  Abnormal sensory threshold 
to rectal distention 

 Chia et al. [ 10 ]  CON  10  Normal rectal and anal 
sensory thresholds 

 Waldron et al. 
[ 52 ] 

 CON and FI  6  Normal rectal sensory 
threshold 

 Munteis et al. 
[ 30 ] 

 CON and/or 
FI 

 52  Normal rectal sensory 
threshold 

 Nordenbo 
et al. [ 34 ] 

 CON and/or 
FI 

 30  Reduced rectal sensory 
thresholds, particularly in FI 

 Jameson et al. 
[ 23 ] 

 FI  20  Normal rectal and anal 
sensory thresholds 

 Chia et al. [ 10 ]  CON  10  Defecography  Impaired PR relaxation 
 Waldron et al. 
[ 51 ] 

 CON and FI  6  Impaired PR relaxation 

 Gill et al. [ 15 ]  CON  11  Impaired PR and anal 
relaxation 
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Table 17.2 (continued)

 Citation  Symptom 
 Sample 
size 

 Assessment 
tool  Results 

 Weber et al. 
[ 52 ] 

 CON and FI  16  Colonic transit 
 or 
 Colono-
metrogram 

 Delayed colonic transit 

 Waldron et al. 
[ 51 ] 

 CON and FI  6  Delayed distal colonic transit 

 Chia et al. [ 10 ]  CON  7  Delayed colonic transit 
 Glick et al. 
[ 16 ] 

 CON  7  Increased rate of pressure 
rise with colonic infusion 

 Haldeman 
et al. [ 18 ] 

 CON or FI  3  Increased intracolonic 
pressure to low infused 
volume 

 Sørensen et al. 
[ 46 ] 

 CON and/or 
FI 

 11  Electrophysiology  Normal pudendal nerve 
terminal latency 

 Mathers et al. 
[ 28 ] 

 CON and/or 
FI 

 23  Decreased central motor 
conduction time 

 Swash et al. 
[ 47 ] 

 FI  12  Decreased central motor 
conduction time 

 Haldeman 
et al. [ 18 ] 

 CON or FI  3  Normal spinal, but decreased 
cortical evoked potentials to 
sensory nerve stimulation 

 Jameson et al. 
[ 23 ] 

 FI  20  Normal pudendal nerve 
terminal latency 

   EAS  external anal sphincter,  PR  puborectalis,  PC  paradoxical contraction  

   Table 17.3    Treatment of anorectal dysfunction in MS patients   

 Citation  Treatment  Design 
 Sample 
size  Result 

 Response 
rate (%) 

 Preziosi 
et al. [ 42 ] 

 Biofeedback  Prospective series  39  Improved CON and 
FI scores 

 46 

 Wiesel 
et al. [ 54 ] 

 Prospective series  13  Patient rating of 
success 

 38 

 Munteis 
et al. [ 30 ] 

 Prospective series  18  Patient reported 
symptom 
improvement 

 44 

 McClurg 
et al. [ 29 ] 

 Abdominal 
massage 

 RCT  30  Increase in 
defecation 
frequency only at 
week 4; improved 
composite scores at 
weeks 4 and 8 

 – 

 Preziosi 
et al. [ 40 ] 

 Transanal 
irrigation 

 Prospective series  30  Improved CON and 
FI scores 

 53 

 Faaborg 
et al. [ 14 ] 

 Retrospective 
series 

 25  Reported 
improvement 

 40 

   CON  constipation,  FI  fecal incontinence,  RCT  randomized controlled trial  
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with more severe forms of anorectal dysfunction. One study investigated various 
techniques of abdominal massage to improve constipation in MS patients and dem-
onstrated a small effect size in the treatment group [ 29 ]. However, the intervention 
appears to be time consuming and may be diffi cult for MS patients with advanced 
disease to accomplish independently due to diffi culties in positioning, dexterity, 
and strength. Two small studies using transanal irrigation in MS patients with ano-
rectal dysfunction showed similar results with improvement in ~40–53 % of 
patients [ 14 ,  40 ].

   A practical approach to the treatment of anorectal dysfunction must consider the 
dominant symptom, level of MS disability (particularly in regard to mobility and 
dexterity), and patient and caregiver preferences. For milder problems, some gen-
eral approaches are likely to be effective. For constipation in those with retained 
mobility and intact sensation, changes in fi ber intake or fl exibly dosed osmotically 
active agents (e.g., polyethylene glycol, magnesium citrate, etc.) should suffi ce. For 
those with primarily fecal incontinence, bulking agents or antimotility agents (e.g., 
loperamide) could be quite helpful to fi rm stool consistency. The rationale for the 
latter recommendation is that looser stool consistency is the factor most highly asso-
ciated with fecal incontinence in the general population [ 8 ]. These two general 
approaches may work for many MS patients with anorectal dysfunction, but are 
unlikely to be effective for those with severe mobility impairment and/or the pres-
ence of both constipation and fecal incontinence. For example, patients with severe 
mobility impairment or sensory defi cits may easily develop fecal incontinence with 
standard therapies for constipation, or fecal impaction with standard therapies for 
fecal incontinence. In these circumstances, timed evacuations using scheduled 
administration of enemas or laxating rectal suppositories could be effective. 
Alternatively, for those with more severe fecal incontinence at baseline, the combi-
nation of timed evacuation with suppositories could be coupled with the cautious 
use of antidiarrheals between evacuations. The Consortium for Multiple Sclerosis 
Centers (CMSC) sponsored a meeting in the fall of 2011 to develop a practical treat-
ment approach based upon expert experience to treat both mild and severe forms of 
anorectal dysfunction in MS patients [ 32 ]. These treatment guidelines incorporate 
many of the practical approaches mentioned above and were devised using input 
from both authors. However, the effi cacy of these guidelines has remained untested.  

    Unaddressed Needs and Future Directions 

 As is clear from more recent symptom surveys, gastrointestinal dysfunction 
remains a very common contributor to impaired quality of life in many MS patients. 
Oropharyngeal dysphagia and anorectal dysfunction have traditionally garnered 
the most attention, perhaps because of their more obvious, daily impact on eating 
and defecation. However, treatment options and effi cacy for these problems remain 
limited, and more research is needed to optimize the care of MS patients with gas-
trointestinal dysfunction. In a fragmented healthcare delivery system, the 
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reciprocal relationship between many neurological disorders with gastrointestinal 
symptoms constitutes an important clinical challenge. Treatment choices must not 
only target the underlying gastrointestinal abnormality, but also consider the often 
signifi cant neurological defi cits that may infl uence treatment results and feasibil-
ity. While neurological illnesses such as MS directly affect many other body sys-
tems as outlined above, understanding this interdependence also requires healthcare 
providers to understand treatments and their side effects, as many of the medical 
interventions for neurological illness inherently alter gut function. Several other 
gastroenterological symptoms are just beginning to be recognized in MS patients. 
More research is needed to quantify the impact of specifi c symptoms on disease-
related quality of life, as this will help prioritize future clinical studies and the 
development of treatment options. For example, dyspepsia is surprisingly common 
in MS patients and is associated with signifi cant impairment in quality of life. 
However, the mechanisms that drive this symptom are not clear. Future research 
should work to uncover contributing mechanisms that drive dyspeptic symptoms in 
MS patients, as well as evaluate the effi cacy of treatments. Collaborative work 
between neurologists and gastroenterologists will have the best chance to advance 
the fi eld and optimize the care of MS patients that suffer from impaired gastroin-
testinal function.     
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    Chapter 18   
 The Neurology of Whipple’s Disease                     

       Ribal     Bassil       and     Carolina     Ionete     

    Abstract     Whipple’s disease is a systemic illness caused by an infection with a 
bacterium of the  Actinomycetes  species called  Tropheryma whipplei . The infection 
primarily causes gastroenteritis and malabsorption; however, it could also infect 
other target organs including the central nervous system (CNS). CNS involvement 
manifests as a wide spectrum of symptoms such as change in mental status, myoc-
lonus, ophthalmoplegia, and ataxia. Whipple’s disease is rare and mostly presents 
with nonspecifi c symptoms, therefore requiring a high clinical suspicion for prompt 
diagnosis. Early initiation of antibiotherapy could prevent bacterial dissemination 
and produce a complete resolution of symptoms.  

  Keywords      Tropheryma whipplei    •   Whipple’s disease   •   Central nervous system   • 
  Oculomasticatory myorhythmia   •   Oculofacial skeletal myorhythmia  

      Introduction 

 In 1907, George Hoyt Whipple, an American physician and Nobel Prize recipient, 
described a case of a 36-year-old physician who developed malabsorption with diar-
rhea, weight loss, and arthropathy and subsequently passed away 5 years later of 
complications of his disease. On autopsy, the identifi cation of intestinal fat and 
lipid-burdened mononuclear cells prompted Whipple to call the disease “intestinal 
lipodystrophy.” 

 Years later, further investigation of the disease revealed a systemic illness pri-
marily affecting the gastrointestinal tract as well as other target organs including the 
heart, lungs, eyes, skin, and central nervous system (CNS). The disease became 
known as Whipple’s disease in 1949 [ 1 ]. 
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 Although Whipple’s disease is best known for its systemic and gastrointestinal 
manifestations, neurological involvement is now very well recognized as either a 
complication of the systemic disorder or as primary presenting symptom.  

    Epidemiology 

 Whipple’s disease is rare, making incidence and prevalence analyses range widely 
from one study to the other. It is most likely underdiagnosed given the nonspecifi c 
symptoms at the time of presentation and the absence of gastrointestinal involve-
ment in many cases. Nevertheless, the available literature shows that Whipple’s 
disease primarily affects middle-aged Caucasian men with 4:1 men to women ratio. 
The mean age of onset is around 50–55 years [ 2 ].  

    Etiology 

 While studying and staining tissues isolated from the gastrointestinal tract of the 
“intestinal lipodystrophy” case, George Hoyt Whipple interestingly described a 
“peculiar rod-shaped organism” that may or may not be associated with the etiology 
of the disease. More than 50 years later, a periodic acid-Schiff (PAS) weakly gram- 
positive bacillus was identifi ed in the intestinal mucosa macrophages of similar cases 
[ 3 ,  4 ]. The organism was subsequently named  Tropheryma whippelii  (TW), with the 
name later changed to  Tropheryma whipplei , following the successful tissue culture 
of the organism [ 5 ], although the previous nomenclature remains widely in use. 

  Tropheryma whipplei  is ubiquitously expressed in the environment, including in 
the soil and in sewage water [ 6 ]. Furthermore, the organism has been isolated from 
the saliva and stool of clinically affected patients as well as healthy controls [ 7 – 9 ]. 
Taken together, this suggests both a genetic predisposition and environmental fac-
tors as important players in the bacterium pathogenesis. Although the evidence sup-
porting a genetic predisposition to Whipple’s disease is scarce, an association with 
HLA alleles DRB1*13 and DQB1*06 has been recently described [ 10 ]. 

 To date, humans are the only known host for the bacterium. While exposure to 
the organism may be uneventful in some, in others it may lead to a self-limiting or 
chronic gastroenteritis that may progress to a chronic carrier or chronic disease 
state. Many cases with isolated non-gastrointestinal organ involvement have been 
described; however, it is hard to prove the absence of a preceding remote history of 
gastroenteritis at the time of the bacterium inoculation. 

 Given the predominant gastrointestinal manifestation of Whipple’s disease and 
the organism detection in sewage water and stools, it is thought that  Tropheryma 
whipplei  is transmitted through the fecal-oral route. Although the bacterium has 
also been detected in human saliva, to date, there is no evidence of transmission via 
bodily fl uids. Little is known regarding the modes of dissemination of the organism 
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once ingested; however the systemic and multi-organ involvement suggests a hema-
togenous and lymphatic spread.  

    Clinical Manifestations 

    Systemic Manifestations 

 Multiple organ systems could be affected in Whipple’s disease either individually or 
in combination (Table  18.1 ). The list includes but is not limited to the gastrointesti-
nal tract, lymphatics, musculoskeletal system, heart, lung, CNS, and, to a lesser 
extent, the peripheral nervous system (PNS).

   A classical Whipple’s disease clinical picture is a patient presenting with gastro-
intestinal and systemic involvement. The main presenting symptoms include diar-
rhea, abdominal cramping, and weight loss. Systemic symptoms are nonspecifi c 
and include fever, lymphadenopathy, and arthralgias. In many cases and in retro-
spect, arthralgias preceded the other manifestations and diagnosis by years [ 11 – 13 ]. 
If the disease remains untreated, chronic complications of malabsorption become 

  Table 18.1    Common clinical 
manifestations of Whipple’s 
disease  

  Gastrointestinal  
 Diarrhea 
 Steatorrhea 
 Abdominal pain 
 Bloating 
 Malabsorption 
 Weight loss 
  Systemic  
 Fever 
 Lymphadenopathy 
 Arthropathy 
  Cardiac  
 Endocarditis 
 Pericarditis 
 Congestive heart failure 
  Pulmonary  
 Pleural effusion 
 Chest pain 
  Ocular  
 Uveitis 
 Keratitis 
 Retinitis 
 Papilledema 

18 The Neurology of Whipple’s Disease



330

evident. Most noteworthy is vitamin D defi ciency leading to osteomalacia and 
hyperpigmentation and vitamin B12 defi ciency leading to anemia [ 14 ,  15 ]. 

 Cardiac involvement is a well-recognized complication of Whipple’s disease. In 
fact, in the right clinical setting,  Tropheryma whipplei  should be considered in the 
differential diagnosis of endocarditis, pericarditis, or congestive heart failure with 
initial negative workup [ 16 – 18 ]. 

 Pulmonary manifestations could range from asymptomatic lymphadenopathy to 
dyspnea, chest pain, or pleural effusion [ 19 ]. 

 Ocular involvement is not uncommon and mainly results in uveitis, although 
keratitis, retinitis, and optic neuritis have been described [ 20 ,  21 ].  

    Central Nervous System Manifestations 

 CNS infections result in small, sometimes confl uent granulomas with preferential 
involvement of the cerebral cortical and deep gray matter. The granulomas consist 
of a PAS-positive macrophage core embedded within a large reactive astrocytic 
surface [ 22 – 24 ] (Fig.  18.1 ). It remains to be determined whether direct  Tropheryma 

  Fig. 18.1    A labeled composite image of the 40x images of CNS Whipple’s disease. Autopsy 
specimen of the hippocampus from a 25-year-old male with a 1-year history of progressive demen-
tia, supranuclear ophthalmoplegia, and right arm myoclonus. The H&E stain ( left image ) shows a 
large cluster of foamy macrophages ( arrows ) in the gray matter. The PAS stain ( right image ) shows 
PAS+ cytoplasmic inclusions consistent with  T. whipplei  bacteria within the macrophages ( arrows ). 
Original magnifi cation, both images, 40× (Reproduced with permission from Dr. T Smith)       
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whipplei  pathogenesis or the associated infl ammatory granulomatous reaction, or 
both are responsible for the CNS pathology.

   Neurological involvement may cause a wide spectrum of nonspecifi c signs and 
symptoms such as brain atrophy or headaches [ 13 ]. Some manifestations are more eas-
ily anatomically localizable depending on the underlying involved structures (Table  18.2 ).

   Cognitive change is the most common neurological presentation and includes 
memory diffi culty and behavioral changes. Nonspecifi c psychiatric manifestations 
are also common especially in the setting of cognitive decline [ 13 ,  25 ]. 

 Vision could be compromised by direct ocular, optic nerve, or optic chiasm 
involvement. Furthermore, eye movement disorder should raise a high degree of 
suspicion for Whipple’s disease, as it is the second most common presenting symp-
tom. Ophthalmoplegia usually signals brainstem or cranial nerve involvement with 
supranuclear gaze palsy or vertical ophthalmoparesis [ 26 – 30 ]. 

 Oculomasticatory myorhythmia (OMM) and oculofacial skeletal myorhythmia 
(OFSM) are rare ocular movement disorders that have not been associated with any 
pathology other than Whipple’s disease [ 31 ,  32 ]. Although it is an uncommon pre-
sentation, it is considered pathognomonic of the disease. OMM consists of constant 
synchronous ocular pendular vergence oscillations with concurrent contractions of 
the masticatory muscles [ 33 ]. OFSM is similar to OMM in addition to synchronous 
rhythmic movements of the extremities and persists during sleep [ 34 ]. 

 Focal cerebral involvement could result in symptoms such as dysarthria, aphasia, 
weakness, or paresis corresponding to the localization of the lesions [ 35 ]. Ataxia 
and nystagmus point to cerebellar involvement [ 36 ]. Cranial nerve palsies have also 
been reported [ 13 ]. 

  Table 18.2    Common CNS 
manifestations of Whipple’s 
disease  

 Cerebral atrophy 
 Headache 
 Cognitive decline 
 Psychiatric signs 
 Myoclonus 
 Supranuclear gaze palsy 
 Autonomic dysfunction 
 Hypersomnia 
 Hyperphasia 
 OMM 
 OFSM 
 Aphasia 
 Dysarthria 
 Motor weakness 
 Paresis 
 Seizure 
 Ataxia 
 Nystagmus 
 Optic neuritis 
 Cranial nerve palsy 
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 Movement disorders include myoclonus or rarely Parkinsonism [ 34 ,  37 ,  38 ]. 
Seizures are most likely secondary to focal cortical lesions or limbic involvement 
[ 27 ,  39 ]. Autonomic dysfunction, hypersomnia, and hyperphagia signal hypotha-
lamic involvement [ 34 ,  35 ,  40 ]. Large or confl uent granulomas could present as 
space-occupying lesions exerting mass effect [ 41 ]. If obstructing the CSF circula-
tion, hydrocephalus could be seen [ 42 ]. 

 Myelopathy, either as isolated presentation or in concurrence with other CNS 
symptoms, has been described [ 30 ,  43 ,  44 ]. While Whipple’s disease of the CNS is 
well established, PNS involvement is less common.   

    Diagnosis 

  Tropheryma whipplei  has proven very diffi cult to culture [ 45 ]. Tissue biopsy and 
staining are impractical, especially in the setting of Whipple’s disease with no gas-
trointestinal manifestation. 

 The diagnostic tool of choice is the isolation of a single bacterial 16S ribosomal 
RNA gene sequence by polymerase chain reaction (PCR) technique. In fact, it is the 
analysis of the bacterial gene by PCR that allowed the classifi cation of the bacte-
rium as novel  Actinomycetes  [ 46 ]. 

 Saliva and stool sample PCR is not a reliable diagnostic study as it had been found 
to be positive in healthy individuals, presumed asymptomatic carriers [ 7 ,  8 ]. Therefore, 
the identifi cation of the bacterium by PCR in the target organ is critical. Luckily, in the 
setting of CNS involvement, a tissue biopsy is rarely indicated, as CSF PCR is the 
cornerstone for diagnosis [ 44 ]. Of note, CSF fl uid analysis could be unremarkable or 
it could demonstrate mildly elevated protein level or white blood cell count [ 13 ,  47 ]. 

 Electroencephalography is non-diagnostic and usually shows generalized slow-
ing or nonspecifi c fi ndings corresponding to potential focal lesions [ 27 ]. 

 Brain imaging studies such as CT scan or MRI are also nonspecifi c (Figs.  18.2  and 
 18.3 ). The fi ndings range from normal brain to diffuse atrophy [ 13 ]. Lesions range 
from focal to scattered, contrast-enhancing or non-enhancing, and sometimes ring-
enhancing lesion [ 30 ,  41 ]. Cases with space-occupying lesions complicated by hydro-
cephalus have been described [ 42 ,  48 ]. Spinal cord involvement has been reported; 
therefore, imaging would be indicated if the clinical presentation is suggestive of it.

        Treatment 

 An infectious etiology of Whipple’s disease has been proposed long before  Tropheryma 
whipplei  was identifi ed; therefore, there is a well-documented history of successful 
antibiotherapy [ 49 ]. However, the emergence of many resistant or relapsing cases or 
subsequent presentations with neurological symptoms mandated a choice of antibiot-
ics with excellent CNS penetration and good patients’ tolerance [ 50 ]. 
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  Fig. 18.2    Axial noncontrast FLAIR and axial T1 with gadolinium images demonstrate enhancing 
abnormally increased T2 signal intensity in the bilateral temporal lobe and right medial frontal 
lobe in a 45-year-old man presented with subacute rapid progressive dementia and biopsy proven 
Whipple’s disease       

  Fig. 18.3    Axial noncontrast FLAIR demonstrates abnormally increased T2 signal intensity in the 
bilateral medial temporal poles, pyramidal tracts (anterior aspect of the midbrain and internal cap-
sule), and posterior midbrain involving periaqueductal region (quadrigeminal plate) in a 37-year- 
old woman, diagnosed by brain biopsy with Whipple’s disease after she presented with 
oculomasticatory myokymia, vertical gaze palsy, and delirium       
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 The treatment duration is not well defi ned; however, most studies show a prefer-
able outcome with 2–4 weeks of intravenous agent administration, followed by 1 
year of oral therapy. For patients with endocarditis or CNS infection, a longer 
4-week course of intravenous antibiotherapy is recommended [ 51 ]. 

 With regard to the choice of antibiotics and length of treatment, current guide-
lines recommend the administration of intravenous ceftriaxone at 2 g once daily for 
2–4 weeks followed by oral trimethoprim-sulfamethoxazole (TMP-SMX) double- 
strength tablet twice daily for 1–2 years [ 52 ,  53 ]. Of note, several authors recom-
mend ceftriaxone at 2 g twice a day during the parenteral treatment phase. 

 It would be prudent to have all patients receiving TMP-SMX on daily folic acid 
supplementation as TMP, a dihydrofolate reductase inhibitor, may cause folate 
defi ciency. 

 For patients with penicillin or ceftriaxone allergies, the intravenous regimen is 
substituted with oral TMP-SMX double-strength tablet three times daily plus strep-
tomycin at 1 g intramuscular daily for 2–4 weeks. For cases of sulfa drug allergy, 
oral TMP-SMX is substituted by oral doxycycline concurrently with hydroxychlo-
roquine. Alternatively, oral cefi xime has been used [ 51 ].  

    Prognosis 

 The use of antibiotics with excellent CNS penetration, both during the acute and 
chronic maintenance phases, has certainly improved outcomes and has decreased 
the recurrence rate. Overall, prognosis is good, especially in the absence of signifi -
cant underlying target organ structural lesions. Clinical improvement is expected 
within weeks of initiation of therapy, and the success of therapy is judged based on 
clinical improvement. 

 Nevertheless, some cases of recurrence while on antibiotics or after completion 
of chronic therapy have been described. It is unclear whether this is related to host 
factors such as poor compliance or immune suppression or whether it is due to a 
change in the bacterial pathogenic or resistance profi le. Therefore, in case of recur-
rence or failure of therapy, it is recommended that treatment should be reinstituted 
or the antibiotic regimen changed. 

 Although routine tissue or CSF PCR for  Tropheryma whipplei  has been consid-
ered, its value remains uncertain. However, in cases of recurrence or initial therapy 
failure, it would be reasonable to analyze the CSF or target tissue when feasible by 
PCR after completion of the antibiotic course and to determine the best course of 
action accordingly [ 54 ]. In fact, some authors advocate for lifetime prophylactic 
treatment following initial treatment failure [ 55 ]. 

 Immune reconstitution infl ammatory syndrome (IRIS) is the main complication 
following the initiation of treatment in Whipple’s disease. This consists of a severe 
infl ammatory process resulting in high-grade fever or other systemic symptoms. 
The population at risk includes patients previously on immunosuppressive  treatment 
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or patients with Whipple’s disease of the CNS [ 56 ]. If the reaction is severe enough, 
administration of corticosteroid therapy is indicated.  

    Conclusion 

 Timely diagnosis of Whipple’s disease is challenging, as the presenting symptoms 
are highly variable and could virtually involve any organ system. Therefore, medi-
cal professionals of all specialties should be familiar with this diagnosis and keep a 
high clinical suspicion especially in the setting of atypical cases with negative initial 
workup. The prompt initiation of antibiotherapy has changed the natural course of 
this chronic, potentially life-threatening disease. However, routine follow-up is war-
ranted as failure of therapy or disease recurrence has been well documented.     

   References 

    1.    Black-Schaffer B. The tinctorial demonstration of a glycoprotein in Whipple’s disease. Proc 
Soc Exp Biol Med. 1949;72(1):225–7.  

    2.    Moos V, Schneider T. Changing paradigms in Whipple’s disease and infection with Tropheryma 
whipplei. Eur J Clin Microbiol Infect Dis. 2011;30(10):1151–8.  

    3.    Chears Jr WC, Ashworth CT. Electron microscopic study of the intestinal mucosa in Whipple’s 
disease. Demonstration of encapsulated bacilliform bodies in the lesion. Gastroenterology. 
1961;41:129–38.  

    4.    Yardley JH, Hendrix TR. Combined electron and light microscopy in Whipple’s disease. 
Demonstration of “bacillary bodies” in the intestine. Bull Johns Hopkins Hosp. 
1961;109:80–98.  

    5.    Raoult D, Birg ML, La Scola B, Fournier PE, Enea M, Lepidi H, et al. Cultivation of the bacil-
lus of Whipple’s disease. N Engl J Med. 2000;342(9):620–5.  

    6.    Maiwald M, Schuhmacher F, Ditton HJ, von Herbay A. Environmental occurrence of the 
Whipple’s disease bacterium (Tropheryma whippelii). Appl Environ Microbiol. 
1998;64(2):760–2.  

     7.    Fenollar F, Trani M, Davoust B, Salle B, Birg ML, Rolain JM, et al. Prevalence of asymptom-
atic Tropheryma whipplei carriage among humans and nonhuman primates. J Infect Dis. 
2008;197(6):880–7.  

    8.    Street S, Donoghue HD, Neild GH. Tropheryma whippelii DNA in saliva of healthy people. 
Lancet. 1999;354(9185):1178–9.  

    9.    Zinkernagel AS, Gmur R, Fenner L, Schaffner A, Schoedon G, Schneemann M. Marginal and 
subgingival plaque – a natural habitat of Tropheryma whipplei? Infection. 2003;31(2):86–91.  

    10.    Martinetti M, Biagi F, Badulli C, Feurle GE, Muller C, Moos V, et al. The HLA alleles 
DRB1*13 and DQB1*06 are associated to Whipple’s disease. Gastroenterology. 
2009;136(7):2289–94.  

    11.    Durand DV, Lecomte C, Cathebras P, Rousset H, Godeau P. Whipple disease. Clinical review 
of 52 cases. The SNFMI Research Group on Whipple Disease. Societe Nationale Francaise de 
Medecine Interne. Medicine. 1997;76(3):170–84.  

   12.    Lagier JC, Lepidi H, Raoult D, Fenollar F. Systemic Tropheryma whipplei: clinical presenta-
tion of 142 patients with infections diagnosed or confi rmed in a reference center. Medicine. 
2010;89(5):337–45.  

18 The Neurology of Whipple’s Disease



336

         13.    Louis ED, Lynch T, Kaufmann P, Fahn S, Odel J. Diagnostic guidelines in central nervous 
system Whipple’s disease. Ann Neurol. 1996;40(4):561–8.  

    14.    Di Stefano M, Jorizzo RA, Brusco G, Cecchetti L, Sciarra G, Loperfi do S, et al. Bone mass and 
metabolism in Whipple’s disease: the role of hypogonadism. Scand J Gastroenterol. 
1998;33(11):1180–5.  

    15.    Mori K, Ando I, Kukita A. Generalized hyperpigmentation of the skin due to vitamin B12 
defi ciency. J Dermatol. 2001;28(5):282–5.  

    16.    Geissdorfer W, Moos V, Moter A, Loddenkemper C, Jansen A, Tandler R, et al. High fre-
quency of Tropheryma whipplei in culture-negative endocarditis. J Clin Microbiol. 
2012;50(2):216–22.  

   17.    Lepidi H, Fenollar F, Dumler JS, Gauduchon V, Chalabreysse L, Bammert A, et al. Cardiac 
valves in patients with Whipple endocarditis: microbiological, molecular, quantitative histo-
logic, and immunohistochemical studies of 5 patients. J Infect Dis. 2004;190(5):935–45.  

    18.    Wendler D, Mendoza E, Schleiffer T, Zander M, Maier M. Tropheryma whippelii endocarditis 
confi rmed by polymerase chain reaction. Eur Heart J. 1995;16(3):424–5.  

    19.    Winberg CD, Rose ME, Rappaport H. Whipple’s disease of the lung. Am J Med. 
1978;65(5):873–80.  

    20.    Font RL, Rao NA, Issarescu S, McEntee WJ. Ocular involvement in Whipple’s disease: light 
and electron microscopic observations. Arch Ophthalmol. 1978;96(8):1431–6.  

    21.    Rickman LS, Freeman WR, Green WR, Feldman ST, Sullivan J, Russack V, et al. Brief report: 
uveitis caused by Tropheryma whippelii (Whipple’s bacillus). N Engl J Med. 
1995;332(6):363–6.  

    22.    Knox DL, Green WR, Troncoso JC, Yardley JH, Hsu J, Zee DS. Cerebral ocular Whipple’s 
disease: a 62-year odyssey from death to diagnosis. Neurology. 1995;45(4):617–25.  

   23.    Romanul FC, Radvany J, Rosales RK. Whipple’s disease confi ned to the brain: a case studied 
clinically and pathologically. J Neurol Neurosurg Psychiatry. 1977;40(9):901–9.  

    24.    Schochet Jr SS, Lampert PW. Granulomatous encephalitis in Whipple’s disease. Electron mis-
croscopic observations. Acta Neuropathol. 1969;13(1):1–11.  

    25.    Manzel K, Tranel D, Cooper G. Cognitive and behavioral abnormalities in a case of central 
nervous system Whipple disease. Arch Neurol. 2000;57(3):399–403.  

    26.    Averbuch-Heller L, Paulson GW, Daroff RB, Leigh RJ. Whipple’s disease mimicking progres-
sive supranuclear palsy: the diagnostic value of eye movement recording. J Neurol Neurosurg 
Psychiatry. 1999;66(4):532–5.  

     27.    Finelli PF, McEntee WJ, Lessell S, Morgan TF, Copetto J. Whipple’s disease with predomi-
nantly neuroophthalmic manifestations. Ann Neurol. 1977;1(3):247–52.  

   28.    Lee AG. Whipple disease with supranuclear ophthalmoplegia diagnosed by polymerase chain 
reaction of cerebrospinal fl uid. J Neuroophthalmol. 2002;22(1):18–21.  

   29.    Rajput AH, McHattie JD. Ophthalmoplegia and leg myorhythmia in Whipple’s disease: report 
of a case. Mov Disord. 1997;12(1):111–4.  

      30.    Kremer S, Besson G, Bonaz B, Pasquier B, Le Bas JF, Grand S. Diffuse lesions in the CNS 
revealed by MR imaging in a case of Whipple disease. AJNR Am J Neuroradiol. 
2001;22(3):493–5.  

    31.    Hausser-Hauw C, Roullet E, Robert R, Marteau R. Oculo-facio-skeletal myorhythmia as a 
cerebral complication of systemic Whipple’s disease. Mov Disord. 1988;3(2):179–84.  

    32.    Schwartz MA, Selhorst JB, Ochs AL, Beck RW, Campbell WW, Harris JK, et al. 
Oculomasticatory myorhythmia: a unique movement disorder occurring in Whipple’s disease. 
Ann Neurol. 1986;20(6):677–83.  

    33.    Revilla FJ, de la Cruz R, Khardori N, Espay AJ. Teaching NeuroImage: oculomasticatory 
myorhythmia: pathognomonic phenomenology of Whipple disease. Neurology. 2008;70(6), 
e25.  

      34.    Xia C, Duquette A, Frucht S, Lafontaine AL. Whipple’s disease presenting with segmental 
myoclonus and hypersomnia. Mov Disord. 2012;27(10):1216–7.  

R. Bassil and C. Ionete



337

     35.    Bleibel JM, Cabane J, Kardouss J, Wechsler B, Poisson M, Buge A. Hypothalamic form of 
Whipple’s disease. Favorable effect of rifampicin. Ann Med Interne. 1983;134(8):723–7.  

    36.    Matthews BR, Jones LK, Saad DA, Aksamit AJ, Josephs KA. Cerebellar ataxia and central 
nervous system whipple disease. Arch Neurol. 2005;62(4):618–20.  

    37.    Stoupel N, Monseu G, Pardoe A, Heimann R, Martin JJ. Encephalitis with myoclonus in 
Whipple’s disease. J Neurol Neurosurg Psychiatry. 1969;32(4):338–43.  

    38.    Stamboulis E, Kararizou E, Manta P, Grivas I. Segmental myoclonus in Whipple’s disease. 
Electromyogr Clin Neurophysiol. 1995;35(2):113–6.  

    39.    Mohm J, Naumann R, Schuler U, Ehninger G. Abdominal lymphomas, convulsive seizure and 
coma: a case of successfully treated, advanced Whipple’s disease with cerebral involvement. 
Eur J Gastroenterol Hepatol. 1998;10(10):893–5.  

    40.    Voderholzer U, Riemann D, Gann H, Hornyak M, Juengling F, Schumacher M, et al. Transient 
total sleep loss in cerebral Whipple’s disease: a longitudinal study. J Sleep Res. 
2002;11(4):321–9.  

     41.    Wroe SJ, Pires M, Harding B, Youl BD, Shorvon S. Whipple’s disease confi ned to the CNS 
presenting with multiple intracerebral mass lesions. J Neurol Neurosurg Psychiatry. 
1991;54(11):989–92.  

     42.    Seneca V, Imperato A, Colella G, Cioffi  V, Mariniello G, Gangemi M. Recurrent acute obstruc-
tive hydrocephalus as clinical onset of cerebral Whipple’s disease. Clin Neurol Neurosurg. 
2010;112(8):717–21.  

    43.    Clarke CE, Falope ZF, Abdelhadi HA, Franks AJ. Cervical myelopathy caused by Whipple’s 
disease. Neurology. 1998;50(5):1505–6.  

     44.    Messori A, Di Bella P, Polonara G, Logullo F, Pauri P, Haghighipour R, et al. An unusual 
spinal presentation of Whipple disease. AJNR Am J Neuroradiol. 2001;22(5):1004–8.  

    45.    Schoedon G, Goldenberger D, Forrer R, Gunz A, Dutly F, Hochli M, et al. Deactivation of 
macrophages with interleukin-4 is the key to the isolation of Tropheryma whippelii. J Infect 
Dis. 1997;176(3):672–7.  

    46.    Relman DA, Schmidt TM, MacDermott RP, Falkow S. Identifi cation of the uncultured bacillus 
of Whipple’s disease. N Engl J Med. 1992;327(5):293–301.  

    47.    Halperin JJ, Landis DM, Kleinman GM. Whipple disease of the nervous system. Neurology. 
1982;32(6):612–7.  

    48.    Lapointe LR, Lamarche J, Salloum A, Beaudry R. Meningo-ependymitis in Whipple’s disease. 
Can J Neurol Sci. 1980;7(2):163–7.  

    49.    Paulley JW. A case of Whipple’s disease (intestinal lipodystrophy). Gastroenterology. 
1952;22(1):128–33.  

    50.    Keinath RD, Merrell DE, Vlietstra R, Dobbins 3rd WO. Antibiotic treatment and relapse in 
Whipple’s disease. Long-term follow-up of 88 patients. Gastroenterology. 
1985;88(6):1867–73.  

     51.    Schnider PJ, Reisinger EC, Berger T, Krejs GJ, Auff E. Treatment guidelines in central ner-
vous system Whipple’s disease. Ann Neurol. 1997;41(4):561–2.  

    52.    Feurle GE, Junga NS, Marth T. Effi cacy of ceftriaxone or meropenem as initial therapies in 
Whipple’s disease. Gastroenterology. 2010;138(2):478–86; quiz 11–2.  

    53.    Viteri AL, Greene Jr JF, Chandler Jr JB. Whipple’s disease, successful response to 
sulfamethoxazole- trimethoprim. Am J Gastroenterol. 1981;75(4):309–10.  

    54.    von Herbay A, Ditton HJ, Schuhmacher F, Maiwald M. Whipple’s disease: staging and moni-
toring by cytology and polymerase chain reaction analysis of cerebrospinal fl uid. 
Gastroenterology. 1997;113(2):434–41.  

    55.    Lagier JC, Fenollar F, Lepidi H, Raoult D. Evidence of lifetime susceptibility to Tropheryma 
whipplei in patients with Whipple’s disease. J Antimicrob Chemother. 2011;66(5):1188–9.  

    56.    Feurle GE, Moos V, Schinnerling K, Geelhaar A, Allers K, Biagi F, et al. The immune recon-
stitution infl ammatory syndrome in whipple disease: a cohort study. Ann Intern Med. 
2010;153(11):710–7.    

18 The Neurology of Whipple’s Disease


	Preface
	Contents
	Contributors
	Chapter 1: The Immunology of the  Gastrointestinal System
	 Organisation of the Mucosal Immune System
	 Resident Microbial Flora
	 Autoimmune Gastritis/Pernicious Anaemia and Coeliac Disease
	 Immunodeficiency and the Gastrointestinal Tract
	 H. pylori Infection
	 Enterovirulent Bacteria and Immunopathogenesis
	 Salmonella Infection
	 Other Type III Secretion System Effectors
	 Campylobacter jejuni Infection
	 Clostridium difficile Infection

	 Inflammatory Bowel Disease
	References

	Chapter 2: The Enteric Nervous System
	 Central Autonomic Neural Network
	 Enteric Nervous System (Intrinsic System)
	 The Enteric Neurons
	 Interstitial Cells of Cajal
	 Neurotransmitters of Enteric Motor Neurons
	 Sensory Information (Extrinsic Afferent Supply) of the Gastrointestinal Tract
	 Neuroendocrine Cells or Endocrine Cells?

	 Selected Disorders of the Nervous System of the Gut
	 Gastrointestinal Neuromuscular Disorders
	 Achalasia
	 Pyloric Stenosis
	 Intestinal Pseudo-obstruction
	 Neuronal Dysplasia (Ganglioneuromatosis)
	 Other Entities


	 Conclusion
	References

	Chapter 3: Microbial Regulation of Gastrointestinal Immunity in Health and Disease
	 Introduction
	 Overview of Microbiology of the Gastrointestinal (GI) Tract
	 Microbial Regulation of Immunity in the Gastrointestinal Tract
	 Antibiotics and the Impact on Host Microbiota
	 Closing Remarks
	References

	Chapter 4: Roles of Substance P in Gastrointestinal Functions and Neuroimmune Interactions
	 Introduction
	 Substance P in the Family of Tachykinins
	 Substance P Receptors
	 Substance P in Gastrointestinal Physiology
	 Motility
	 Secretory Activity
	 Autonomic Reflexes

	 Inflammatory and Immunomodulatory Effects of Substance P
	 Neurogenic Inflammation

	 Substance P in Gastrointestinal Pathology
	 Inflammatory Bowel Disease
	 Infections of the GI Tract

	 Therapeutic Perspectives
	 Conclusions
	References

	Chapter 5: Immunomodulation by Vasoactive Intestinal Polypeptide (VIP)
	 Introduction
	 VIP: Structure and Synthesis
	 VIP Receptors
	 VIP: Immunoregulatory Activity in Innate and Adaptive Immunity (Fig. 5.1)
	 Innate Effector Immune Cells
	 Tolerogenic Dendritic Cells (tDC)

	 Adaptive Immunity: Activation and Differentiation of CD4 T Lymphocytes
	 Th1 Versus Th2 Cells
	 Th17 Cells
	 Regulatory T Cells (Treg)

	 VIP Involvement in Sepsis and IBD
	 Sepsis
	 Inflammatory Bowel Disease (IBD)
	 VIP Effects in DSS Colitis
	 VIP Effects in TNBS Colitis


	 VIP: Therapeutic Perspectives
	References

	Chapter 6: Helicobacter pylori, Experimental Autoimmune Encephalomyelitis, and Multiple Sclerosis
	 Helicobacter pylori
	 The Immune Response to H. pylori
	 Innate Immunity and Inflammation
	 Adaptive Immunity

	 H. pylori-Induced Immunomodulation
	 Immunomodulatory Mechanisms
	 H. pylori Virulence Factors and Immunomodulatory Molecules

	Multiple Sclerosis and Its Animal Model, Experimental Autoimmune Encephalomyelitis
	 Links Between H. pylori and Neuromyelitis Optica
	 Links Between H. pylori and Multiple Sclerosis
	 Epidemiology
	 Experiments with Animal Models

	 Conclusions
	References

	Chapter 7: Stress and the Gastrointestinal System
	 Stress-Definition
	 History of Stress Influence on Gut Functions and Diseases
	 Mechanisms of Stress
	 Stress Peptides and Their Receptors
	 CRF and CRF-Related Peptides (Fig. 7.1)
	 CRF Receptors

	 Expression of the CRFergic System in the Central Nervous System and the Gastrointestinal Tract
	 Neuroanatomy of the Brain–Gut Axis (Figs. 7.2 and 7.3)

	 Stress Effect on Gastrointestinal Functions
	 Motility and Secretion (Fig. 7.3)
	 Intestinal Permeability
	 Gastrointestinal Inflammation
	 Microbiota
	 Visceral Sensitivity

	 Implication in Functional Digestive Disorders and Inflammatory Bowel Diseases
	 Functional Digestive Disorders: Irritable Bowel Syndrome (Fig. 7.4)
	 Inflammatory Bowel Diseases (Fig. 7.5)

	 Conclusions
	References

	Chapter 8: Nutrition, Macrobiotics, and the Brain’s Neuroinflammatory Response
	 The Brain’s Neuroinflammatory Response
	 Gut-Centric Pathways Modulate Brain Inflammation
	 Nutrient Effect on Gut-Brain Inflammatory Axis
	 Dietary Metabolites: CNS Pathway
	 Diet-Gut Microbiota: CNS Pathway
	 Diet: GALT: CNS Pathway

	 Conclusion
	References

	Chapter 9: Guillain–Barré Syndrome and Campylobacter jejuni Enteritis
	 Introduction
	 GBS and Its Related Conditions
	 Antecedent Illness in GBS
	 The Pathophysiology of C. jejuni-Related GBS
	 The Role of Anti-ganglioside Antibodies
	 C. jejuni and LOSs
	 Molecular Mimicry and Animal Model
	 The Relationship Between Sialylated LOS and Different Clinical Presentations of GBS

	 Conclusion
	References

	Chapter 10: Gut Microbiota: A Possible Role in the Pathogenesis of Multiple Sclerosis
	 Introduction
	 What Is the Relationship Between MS and Inflammatory Bowel Disease?
	 Roles of Gut Commensal Flora in Animal Models of MS
	 Analysis of Fecal Samples of MS
	 Implications
	References

	Chapter 11: Intestinal Parasites and Immunomodulation in Neuroinflammatory Disease
	 Helminths and Immunoregulation: An Evolutionary Perspective
	 Multiple Sclerosis and Natural Infection with Helminths: Epidemiological and Observational Data
	 Helminths Treatment in the Animal Model of MS
	 Helminths in Clinical Trials in MS
	 Difficulties of Therapeutic Studies with Helminth and Future Directions
	References

	Chapter 12: Neurological Complications of Anti-TNF Treatments and Other Neurological Aspects of Inflammatory Bowel Disease
	 Introduction: Pathological Basis of TNFα in Inflammatory Bowel Disease and Multiple Sclerosis
	 MS and TNFα

	 Demyelination Associated with TNFi Therapy
	 Imaging Studies in TNFi-Treated Patients

	 Association Between TNFi and Other Immune Disorders
	 Association Between MS and IBD
	 IBD in MS
	 MS in IBD

	 Conclusion
	References

	Chapter 13: Intestinal Bacterial Antigens, Toxin-Induced Pathogenesis and Immune Cross-Reactivity in Neuromyelitis Optica and Multiple Sclerosis
	 Introduction
	 Infections as Triggers of MS and NMO
	 Molecular Mimicry: E. coli and Clostridia in NMO as Examples

	 Molecular Mimicry in NMO
	 Other Roles of Clostridium in Autoimmune Demyelination
	 Clostridium difficile

	 The Gut Microbiome in MS and Its Relationship with MS Treatment
	 Summary and Conclusions

	References

	Chapter 14: Targeting Immunomodulatory Agents to the Gut-Associated Lymphoid Tissue
	 Introduction
	 Functions of the Lymphatic System
	 Fluid Recovery
	 Lipid Absorption
	 Immunity

	 Components of the Lymphatic System
	 Lymph
	 Lymphatic Vessels
	 Lymphatic Organs
	 Gut-Associated Lymphoid Tissue (GALT)


	 Targeting GALT
	 Advantages of Targeting GALT
	 Strategies for Targeting the GALT
	 Lipid-Based Drug Delivery Systems (LBDDS)
	 Co-administration with Lipids
	 Emulsions
	 Liposomes

	 Nanoparticles
	 Lipid Nanoparticles
	 Solid Lipid Nanoparticles (SLN)
	 Polymeric Nanoparticles

	 Prodrugs


	 Future Directions
	 Conclusions
	References

	Chapter 15: The Neuroimmunology of Gluten Intolerance
	 Introduction
	 Epidemiology of Neurological Manifestations
	 Diagnosis of the Spectrum of Gluten-Related Diseases
	 The Spectrum of Gluten-Related Neurological Manifestations
	 Gluten Ataxia
	 Myoclonic Ataxia and Refractory Coeliac Disease
	 Gluten Neuropathy
	 Headache and Gluten Sensitivity (Gluten Encephalopathy)
	 Epilepsy
	 Myopathy
	 Myelopathy
	 Stiff-Man Syndrome
	 Pathogenesis

	 Conclusions
	References

	Chapter 16: The Neurology of Autoimmune Pernicious Anaemia (Subacute Combined Degeneration)
	 Introduction
	 Historical Aspects of Pernicious Anaemia and Subacute Combined Degeneration of the Spinal Cord
	 Anaemia and Gastric Atrophy
	 Early SACD
	 Early SACD and PA
	 Early Identification of Cerebral Manifestations
	 Early Treatments: Previtamin B12

	 Current Clinical Picture
	 Psychiatric/Cognitive Involvement and Dementia
	 Optic/Visual Problems
	 Autonomic Involvement

	 Investigations
	 Measuring B12 Deficiency
	 Autoantibodies
	 Neurophysiological Investigations
	 MRI

	 Current Treatment Recommendations
	 Responses to Treatment

	 Conclusions and Further Questions
	References

	Chapter 17: The Impact of Multiple Sclerosis on Gastrointestinal System Function
	 Introduction
	 Prevalence of Gastrointestinal Symptoms in Multiple Sclerosis
	 How Common Are Problems with Deglutition in Multiple Sclerosis Patients?
	 What Is the Prevalence of Anorectal Dysfunction in Multiple Sclerosis Patients?

	 Pathophysiological Mechanisms and Treatments for MS-Associated Dysphagia
	 Pathophysiological Mechanisms and Treatment for MS-Associated Anorectal Dysfunction
	 Unaddressed Needs and Future Directions
	References

	Chapter 18: The Neurology of Whipple’s Disease
	 Introduction
	 Epidemiology
	 Etiology
	 Clinical Manifestations
	 Systemic Manifestations
	 Central Nervous System Manifestations

	 Diagnosis
	 Treatment
	 Prognosis
	 Conclusion
	References


