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Foreword

Celiac disease is an emerging disease. Studies have shown that the prevalence of
celiac disease has increased in the last 50 years. Stored serum, collected 50 years
ago from mainly 20-year-old white men in the USA (Warren Air Force Base
Cohort), had a seroprevalence of tissue transglutaminase and endomysial IgA anti-
bodies of about 0.2 %. Their current day cohorts of 20-year-old or 70-year-old white
men have a seroprevalence approaching 1%, a 4- to 5-fold increase [1]. Similar
studies that have compared cohorts over shorter time intervals revealed a similar
increase in prevalence in the USA [2] and Finland [3]. Worldwide it is now consid-
ered that celiac disease occurs in about 1 % of the population [4, 5].

Celiac disease occurs in genetically predisposed individuals due to the interac-
tion of gluten and other environmental events [6]. The required HLA haplotypes
DQ2 or DQS actually occur in 30—40 % of the population, yet >90 % of us consume
gluten. Thus, two questions arise:

1. Why don’t more people have celiac disease?
2. What is responsible for the recent increase in prevalence?

The risk for the development of celiac disease appears to increase as one lives
longer. Celiac disease is being increasingly recognized in the elderly [7], and 2.5 %
of the elderly in Finland have celiac disease compared to 1 % in children [8, 9]. It is
unlikely that genes have changed, and there is evidence that gluten has not either
[10]. While we may be consuming more gluten, other environmental factors have
been incriminated. They include the protective role of breast-feeding [11, 12], tim-
ing of gluten ingestion [13], role of cesarean section [14], effect of season of birth
[15], and infections [16]. However, there needs to be more work on determining
predisposing factors for the acquisition of celiac disease.

Despite increasing awareness of celiac disease and gluten-related disorders
among the general public [17], the latest analysis of the US NHANES dataset
revealed that merely 17 % of those with celiac disease were diagnosed and aware
that they had celiac disease [18].

There are several reasons why the rate of celiac disease may be so low. While
many patients may be asymptomatic [6], others experience a long symptomatic

vii



viii Foreword

period and see many physicians [19-21]. Physician awareness about the variety of
clinical presentations and the use of serological tests appears to be a factor in the
under-diagnosis of celiac disease. A primary care study conducted in North America
revealed a 40-fold increase in diagnosis after targeted testing of patients with a vari-
ety of common symptoms and diagnoses such as IBS, constipation, and fatigue was
performed [22]. In addition, a study from Finland attributed a high rate of celiac
disease diagnosis to the education of primary care physicians [23].

Currently the gold standard of diagnosis is via endoscopic biopsy of the duode-
num; however, even when patients are undergoing endoscopy for diarrhea, weight
loss, or anemia (i.e., probable celiac disease), they frequently do not receive a duo-
denal biopsy [24], or they receive an inadequate number of biopsies [25], or they
may not receive duodenal bulbar biopsies, which in our study increased the rate of
celiac disease diagnosis by 13 % [26]. Even after biopsy, the pathologist may fail to
recognize the diagnostic features [27]. While duodenal biopsy is considered the
gold standard in diagnosis of celiac disease, recent guidelines from Europe suggest
that a subset of children may not need a biopsy [28]. It is unclear whether or not
these guidelines will be accepted in the USA.

While the rate of celiac disease diagnosis lags behind the actual prevalence of the
disease, it is ironic that a large proportion of the population (about 0.6 %) has
adopted a gluten-free diet without a doctor diagnosis of celiac disease [29]. The
reason for this is not clear. Some may have non-celiac gluten sensitivity, a recently
described condition in which individuals experience an improvement in symptoms
on withdrawal of gluten [30-32]. However, even among these individuals with glu-
ten sensitivity, it is not clear that it is gluten that is the culprit in their diet [31]. We
have much to learn about celiac disease and other gluten-related conditions such as
non-celiac gluten sensitivity.

New York, NY Peter H.R. Green
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Chapter 1
Introduction

Gerard E. Mullin and S. Devi Rampertab

Celiac disease (CD) is an autoimmune disease that is characterized by an aberrant
response to dietary gluten in genetically susceptible individuals that results in small
intestinal injury and can be associated with diverse systemic consequences. CD usu-
ally resolves on a gluten-free diet (GFD); however, ongoing pharmacological and
vaccine trials hold promise for the future. Historically, CD was once considered a
rare condition seen predominantly in those of northern European ancestry. Today,
we now recognize that CD is quite common, yet it remains underdiagnosed by clini-
cians despite the increased attention it has been receiving in the public sector due in
large part to investigations by the various contributors of this book as well as by CD
foundations and support groups (see Appendix A).

Epidemiology

Chapter 3 by Ludvigsson et al. describes in detail the epidemiology of CD. The U.S.
prevalence of CD in several studies is approximately 1 %, whereas the prevalence
in European populations varies from a high of 2.4 % in Finland to a low of 0.3 % in
Germany. Interestingly, there are data showing that the incidence and prevalence of
CD have increased in the USA, as well as in Europe, over the last 30 years. Murray
et al. reported that the incidence rate of CD rose from 0.9 per 100,000 in the 1950s
to 9 per 100,000 person-years after 2000 [1, 2].
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Rubio-Tapia et al. compared age- and calendar-matched cohorts of individuals
using historical data and banked sera from the Warren Air Force Base as baseline.
They concluded that during 45 years of follow-up, the prevalence of undiagnosed
CD in the USA is likely to have increased fourfold [3]. Thus, the rise in the preva-
lence of CD is not likely to merely result from a greater access to serological testing
and public awareness. As discussed in Chaps. 3 and 13, additional risk factors in the
early postnatal period that may play a role in development of CD include birth by
cesarean section, lack of breast-feeding, early introduction of gluten, and possibly
high numbers of rotavirus infections.

Pathobiology

The discussion of pathophysiology of CD spans four chapters in this book. Chapter
4 by Elliott focuses on the role of gluten as an antigen and describes in elaborate
detail the mechanisms involved in antigen presentation and the importance of
HLA-DQ2/DQS8 as well as tissue transglutaminase in allowing for the intense
inflammatory reaction to occur which ultimately leads to the villous atrophy that
characterizes celiac disease.

Dietary gluten storage proteins from wheat, rye, and barley contain protein
sequences that elicit a diverse array of immunological response. Oats do not typi-
cally elicit an immunological response unless there is sufficient cross-contamination
from milling and handling of gluten-rich grains (i.e., wheat). Alpha-2 gliadin
(a2-gliadin) contains a 33 amino acid sequence that is resistant to digestion by
human gut and pancreatic enzymes and is a classic CD antigen.

In order to mount an immunological response to gluten proteins, a number of
events need to take place. The antigen must breach the protective barrier of the
small intestine to be presented to the B and T cells of the mucosal immune system
by major histocompatibility complex molecules (MHCs) present on antigen-
presenting cells (APCs) such as dendritic cells. Gluten proteins appear to traverse
the cells and leak between cells due to defective regulation of tight junction proteins
such as zonulin-1, providing a target for therapy [4]. A number of agents can initiate
a breach in barrier function (i.e., infections, nonsteroidal medications, bacterial
overgrowth); thus, defective permeability may be an antecedent to disease develop-
ment as proposed by Fasano. The resultant processing of indigestible gluten anti-
gens by the mucosal immune system leads to active small intestine inflammation
whose inflammatory cytokines can further loosen the tight junctions and promote
further entry of more gluten peptides to perpetuate the vicious cycle as shown by
Elliott in Chap. 4, Fig. 4.2.

The enzyme tissue transglutaminase (TTG) removes the amide group from
glutamine of gluten peptides such a2-gliadin, leaving it in a highly negatively
charged state, which increases its affinity and binding to MHC HLA-DQ2.5 or DQ8.
The aforementioned antibodies against TTG and deamidated gliadin become an
important screening tool for CD.
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The APC containing the altered gluten peptide on its surface then engages
receptors on T and B cells to mount a vigorous immune response, including a Th1/
Th17 dominant proinflammatory response (interferon gamma, interleukin-17).
Interleukin-15 (IL-15), made by mucosal APCs activated by gluten and injured
epithelial cells expanding the intraepithelial cell (IEL) population, induces the
expression of natural killer cell receptors and promotes their cytolytic capabilities,
which destroys epithelial cells and results in villous atrophy. These cytokines are
additional targets of therapy; for example, IL-15 blockade would be an attractive
target due to its central role in driving the damaging immune response in CD [5].
Such novel therapies are further discussed in Chap. 14 by Nasr et al. and outlined
in Table 14.1.

CD, like many autoimmune disorders, is the result of a complex interaction of
environmental, genetic, and immunological factors to produce disease. Chapter 5 by
de Haas et al. hones in on the association between CD and HLA-DQ2/DQS8 haplo-
types. It underscores the fact that while virtually all those with CD have one of these
haplotypes, neither haplotype is sufficient to develop the disease as evidenced by
the fact that although 40 % of Caucasians possess one of these haplotypes, only 3 %
of them will go on to develop CD.

The human leukocyte antigen (HLA)-DQ genotype, specifically HLA-DQ2 and
HLA-DQS, is the strongest genetic risk factor. Genome-wide association studies
(GWAS) have identified 57 associated non-HLA variants, located in 39 regions with
mainly immunological functions. Together with HLA, these variants explain
approximately 54 % of the disease’s heritability.

The most relevant application of HLA testing is for potential screening of high-
risk groups since a negative HLA-DQ?2.5 and HLA-DQS8 would essentially rule out
CD with over a 95 % certainty. The positive predictive value of HLA-DQ 2.5/DQS8
testing limits its utility in confirming the diagnosis of CD. A higher prevalence of
CD observed in siblings of children with CD (10 %) and in first (4.5 %)- and second
(2.6 %)-degree relatives when compared to the general population (0.9 %) and a
stronger concordance in monozygotic (83 %) vs. dizygotic (16 %) twin pairs all
speak of a strong heritability for CD, which has been reported to be 57-87 % [6].

“Using Animal Models of Celiac Disease to Understand the Role of MHC II,”
Chap. 6 by Marietta et al. reviews the spontaneous and induced non-transgenic ani-
mal models along with transgenic models that have been utilized to study the role of
HLA and non-HLA factors in the pathogenesis of CD and their potential role in
testing novel therapies.

Chapter 7 by Laparra et al. provides a comprehensive review concerning the
potential role of the microbiota in the pathogenesis of CD. Moreover, it makes a
compelling argument that the gut microbial environment early in life as determined
by antibiotic intake, mode of delivery, type of milk feeding, and early gastrointesti-
nal infections is crucial in determining future disease development. Interestingly,
the microbiota of infants at high risk of developing CD showed reduced numbers of
Bifidobacterium spp., a type of bacteria whose growth is enhanced by breast-
feeding. Formula-fed infants at high genetic risk of developing CD also showed
increased numbers of the Bacteroides fragilis group.
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CD pathogenesis appears to be associated with intestinal dysbiosis, as there are
abundant data that show pathogenic skewing of the gut microbiome in CD patients
when compared to controls. Given the potential role of dysbiosis in the pathogenesis
of CD and the ability of probiotics to downregulate proinflammatory responses and
regulate autoimmunity, basic investigations have been conducted in animal models
to potentially provide the basis for future human clinical trials. Certain lactobacilli,
when added to sour dough for fermentation, hydrolyze the gluten peptide and render
them less immunotoxic. A combination bacterial probiotic supplement, VSL#3, has
shown ability to decrease the toxicity of wheat flour by completely hydrolyzing the
a2-gliadin-derived epitopes 62—75 and 33-mer in vitro [7]. The probiotic yeast
Saccharomyces boulardii has been shown to hydrolyze the 28-kDa gliadin fraction
and improve enteropathy in gluten-sensitive mice [8]. Oral administration of probi-
otic bacteria Lactobacillus casei induced a complete recovery of villus blunting and
improved gut-associated lymphoid tissue GALT homeostasis in a mouse model of
gliadin-induced enteropathy [9].

Presentation, Screening, and Diagnosis

The clinical presentation of CD is highly variable, including typical (gastrointesti-
nal symptoms), atypical (extra-intestinal symptoms), latent (no intestinal damage
despite ingesting gluten, but later develops villous change; retrospective diagnosis),
and silent (asymptomatic, discovered via screening) forms. The typical and atypical
presenting symptoms of CD are extensively described in Chap. 8 by Reilly and
Green.

The growth in public awareness of gluten-related illness has led to an explosion
in the gluten-free food industry. Packaged Facts has reported that gluten-free pack-
aged foods are a $4.2 billion industry with a projection of $6.6 billion in 2017
(http://www.foxnews.com/health/2012/10/23/gluten-free-foods-industry-worth-42-
billion/). A Gluten Free Diet (GFD) is challenging and expensive and should be
recommended based upon the best available evidence, thus defining that gluten
intolerance is critical. Lammers et al. in Chap. 2 and Tavakkoli and Lebwohl in
Chap. 9 provide a firm foundation for diagnosing the spectrum of gluten-related ill-
ness. Collectively, these authors report that the reactions to gluten represent a het-
erogeneous set of conditions, including CD, non-celiac gluten sensitivity, and wheat
allergy, which combined affect about 10 % of the general population. As outlined by
Tavakkoli and Lebwohl, the diagnosis of CD is currently made through a combina-
tion of serological, genetic, and endoscopic testing.

Lammers et al. have proposed that the diagnosis of CD can be confirmed by a
“four out of five rule” to account for the variability in celiac disease presentation
[10]. Under this rule, patients must meet at least four of the following five criteria to
be diagnosed with CD: typical symptoms seen in CD, positive serological markers
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such as serum anti-transglutaminase (TTG) antibodies or antigliadin antibodies,
small intestine biopsy showing absent or blunted villi (Marsh II-III a—c) and
increased numbers of CD3+ intraepithelial cells, positive genetic screening for
HLA-DQ2 or -DQS8, or improvement of symptoms with a GFD.

The chapter by Tavakkoli and Lebwohl also outlines the high-risk groups that
should be considered for screening, including first-degree relatives (10 % preva-
lence), unexplained anemia, osteoporosis, type 1 diabetes mellitus (DM), Hashimoto’s
thryoiditis, autoimmune liver disease, irritable bowel syndrome, Down and Turner
syndromes, IgA deficiency, and pancreatic insufficiency (Chap. 9, Table 9.2).

The recently published American College of Gastroenterology Celiac Disease
Guidelines recommended screening for CD in patients with typical symptoms,
signs, and/or laboratory evidence of CD and patients with a first-degree family
member having confirmed CD. Screening is also recommend for asymptomatic
relatives with a first-degree family member with confirmed CD, those with unex-
plained serum aminotransferase elevation, and those with type 1 DM with typical
symptoms and or laboratory evidence suggesting CD [11].

Populations in which CD occurs more frequently than the general population for
whom a GFD may be beneficial may include symptomatic malabsorption, diarrhea
with weight loss, chronic diarrhea, chronic iron deficiency anemia, metabolic bone
disease, unexplained weight loss, postprandial bloating and gaseousness, abnormal
liver enzymes, dermatitis herpetiformis, incidental discovery of villous atrophy
endoscopically or histologically, peripheral neuropathy, oral aphthous ulcers,
growth failure, discolored teeth or developmentally synchronous enamel loss, irri-
table bowel syndrome, and Down and Turner syndromes.

Tavakkoli and Lebwohl summarized the diagnostic approach to CD. The sero-
logical evaluation is the first step in making the diagnosis of CD and the IgA anti-
tissue transglutaminase antibody (anti-TTG) is the initial test of choice. IgG
anti-TTG is also available for commercial use; however, the sensitivity and specific-
ity of this test are widely variable and are reserved for use in patients with IgA
deficiency. IgA anti-EMA antibody testing is not currently recommended as the
first-line therapy due to the high cost, variability, and subsequent development of
IgA anti-TTG. IgA anti-TTG performs better and is less costly than the IgA-
deamidated gliadin peptide (DGP) IgA-DGP. Genetic testing provides an almost
100 % negative predictive value for the diagnosis of CD. However, the routine addi-
tion of genetic testing to the standard serological evaluation described above does
not increase diagnostic performance; thus, genetic testing was not recommended by
Tavakkoli and Lebwohl in the initial evaluation of CD. Duodenal biopsies (two from
the bulb at 9 and 12 O’clock positions, four biopsies post-bulbar) remain the gold
standard for diagnosing CD in particular, since 10 % of CD patients may be sero-
negative and up to a third of CD patients with histologically active disease have a
normal-appearing mucosa on endoscopic examination during endoscopy [12, 13].
The Marsh—Oberhuber histological criteria for diagnosing CD are presented in
Chap. 9, Table 9.3, by Tavakkoli and Lebwohl.


http://dx.doi.org/10.1007/978-1-4614-8560-5_9
http://dx.doi.org/10.1007/978-1-4614-8560-5_9#Tab00092
http://dx.doi.org/10.1007/978-1-4614-8560-5_9
http://dx.doi.org/10.1007/978-1-4614-8560-5_9#Tab00093

6 G.E. Mullin and S.D. Rampertab
Non-celiac Gluten Sensitivity

Non-celiac gluten sensitivity (NCGS) is a reaction to gluten that is not mediated by
an allergic or an immune-mediated response. Non-celiac gluten-sensitive patients
usually present with the same variety of symptoms as CD. Lammers and Fasano
reported that the prevalence of NCGS is estimated to be between 3 and 6 %. There
are six criteria of NCGS, all of which are required for making the diagnosis:

e Celiac disease, IgE-mediated wheat allergy, and other clinically overlapping dis-
eases (type 1 DM, inflammatory bowel diseases, Helicobacter pylori infection)
have been ruled out

* Negative skin prick test for wheat

* Negative autoantibody serology (EMA-IgA and TTG-IgA)

e Small intestine biopsy demonstrates normal mucosa (Marsh 0) or increased
intraepithelial lymphocytes (Marsh I)

e Symptoms are triggered by gluten exposure

e Improvement of symptoms within a few days of a GFD

The pathogenesis of CD and NCGS are distinct based upon lack of serological,
tissue, and immunopathology as well as preserved intestinal barrier function in
NCGS [14].

Special Considerations in Children

The prevalence of CD in children and adults is similar, approximately 1 % in the
USA. Guandalini and Young in Chap. 13 remark that the pathobiology of CD is
also quite similar in both populations; however, there are some notable exceptions.
T cells from children are reactive to multiple epitopes of gluten and glutenin while
in adults a single region of deaminated alpha-gliadin serves as the dominant epitope
to cause an immunologic response. Interestingly, both deamidation-dependent and
deamidation-independent responses to alpha-gliadin are seen in the pediatric CD
population. Compared to children, adults and adolescents are more likely to have a
longer duration of symptoms prior to the diagnosis of celiac disease and be diag-
nosed based upon asymptomatic or targeted screening. In contrast, children and
teens with CD often present with the aforementioned gastrointestinal symptoms,
extra-intestinal presentations (most commonly growth maturation issues such as
delayed puberty, idiopathic short stature, dental enamel defects, failure to thrive,
iron deficiency anemia, neurologic issues, behavioral symptoms), or asymptomatic
disease diagnosed by targeted screening of the aforementioned high-risk groups. In
fact, problems such as dental enamel hypoplasia, aphthous ulcers, and delayed teeth
eruption are common in children with CD, while anemia is more frequently seen at
presentation in adults compared to children. Down syndrome appears to have a high
risk of CD, since up to 16 % of these patients are affected [15]. An overall decrease
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in the prevalence of diarrheal presentations over the past two decades, accompanied
by an increase in atypical manifestations of the disease, has been well described in
both adults and children.

The North American Society for Pediatric Gastroenterology, Hepatology, and
Nutrition (NASPGHAN) recommends that testing be done in children with gastro-
intestinal symptoms, non-gastrointestinal symptoms (including dermatitis herpeti-
formis, short stature, and delayed puberty), and asymptomatic patients who reside
in a high-risk population such as type 1 DM, autoimmune thyroiditis, Down syn-
drome, Turner syndrome, Williams syndrome, and first-degree relatives of CD
patients. Testing of these asymptomatic patients is recommended to begin around 3
years of age as long as the child has been on a gluten-containing diet for at least 1
year prior to testing. The initial screening test of choice is the IgA antibody to TTG.
Anti-TTG and anti-EMA antibodies are often negative in children with CD who are
younger than 2 years of age, and the histological changes can be more commonly
due to other causes such as cow’s milk-sensitive enteropathy, post-enteric syn-
drome, Giardia infection, autoimmune enteropathy, and common variable immune
deficiency [16].

According to European Society for Pediatric Gastroenterology, Hepatology, and
Nutrition (ESPGHAN), children with symptoms suggestive of CD, an IgA anti-
TTG antibody level greater than ten times the upper limit of normal, and a positive
HLA haplotype do not need a duodenal biopsy to diagnose CD.

Therapy and Monitoring

In CD, the primary nutrition intervention is the education and implementation of a
strict GFD, currently the only treatment for CD. The GFD requires complete elimi-
nation of the gluten protein found in wheat, barley, and rye. All foods containing
these grains as ingredients or through contamination must be removed from the diet.
A referral to a dietitian with expertise in CD is essential. Chapter 10 outlines the
tools for evaluating the nutritional status of CD patients, describes when to refer to
an experienced registered dietitian, and emphasizes the importance of educating
patients about the foods to avoid as well as alternatives to improve compliance with
a GFD. GFD impacts quality of life, morbidity, and mortality. Nutritional deficien-
cies can occur in patients with CD due to malabsorption of nutrients from loss of
small intestine absorptive capacity, pancreatic insufficiency, lack of fortification of
gluten-free food products, and restrictive dietary practices. In Chap. 11, Pietzak
reviews the nutritional manifestations and therapy of CD. Since anemia is a com-
mon presentation and manifestation of CD, consideration of iron deficiency in the
setting of microcytic anemia and vitamin B, or folate deficiency in the presence of
macrocytosis is warranted. Fat-soluble vitamin deficiencies (A, D, E, and K) can
occur in CD from decreased absorptive surface area, from pancreatic insufficiency,
and even from associated liver disease from lack of bile flow. Monitoring of fat-
soluble vitamins should be done at least annually, except for vitamin D—seasonally,
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given the risk of osteoporosis in CD and widespread prevalence of vitamin D defi-
ciency in the USA and in CD patients. Micronutrient screening for zinc, copper, and
selenium should be performed at least annually and sooner, if deficiency is sus-
pected. Finally, patients on a GFD tend to have a paucity of dietary fiber. The rec-
ommended dietary reference intake (DRI) for fiber in the US diet is 25 g daily.

A number of novel and experimental therapeutic trials for the treatment of CD
are ongoing and reviewed in Chap. 14 by Nasr et al. The areas of research include
the development of gluten products with low immunogenicity, oral enzymes to
detoxify ingested gluten, probiotics, tight junction regulatory peptides, tissue trans-
glutaminase enzyme blockage, regulatory cytokines, proinflammatory cytokine
blockade, HLA-DQ groove blockade, anti-adhesion molecule therapy, intestinotro-
phic mitogens, and gluten peptide vaccination.

CD is a lifelong chronic disease requiring long-term follow-up; thus, monitoring
is a critical aspect of treating the CD patient. Monitoring of CD is addressed in
Chap. 10 by Simpson and Thompson and in Chap. 12 by Herman et al. Rapid reso-
lution of the clinical symptoms is usually noted within a few weeks after starting
the GFD.

In Chap. 12, Herman et al. review the currently published recommendations for
longitudinal follow-up of patients with celiac disease in Table 12.1 and Fig. 12.1.
The authors suggest a first follow-up visit in 3—6 months, then annually from date
of diagnosis including serology, and in some cases even every 2 years if otherwise
doing well on a GFD. Unfortunately, the use of anti-TTG or related (anti-EMA,
anti-DPG) antibodies should not be the sole tool for the monitoring of compliance
to a GFD. Patients with normalized serology may continue to have ongoing intesti-
nal inflammation and gluten contamination in their diets, and a patient who contin-
ues to consume gluten may have falsely normal serology. Mucosal recovery
generally requires several years of strict gluten avoidance in adults, and is often
patchy or incomplete; thus, mucosal biopsy after the first year of a GFD as well as
when patients fail to improve or have recurrent symptoms despite a GFD is advo-
cated. At diagnosis, it is recommended that patients be assessed for anemia, malnu-
trition, vitamin or mineral deficiencies, liver test abnormalities, and thyroid
dysfunction. Other recommendations for the patient with CD include immunization
for encapsulated organisms, screening for bone mineral density, and prompt atten-
tion to those with alarm symptoms such as lymphoma-type symptoms (i.e., fevers),
refractory symptoms, or persisting serological titers on a GFD to evaluate potential
complications.

Morbidity and Mortality

Lewis and Holmes discuss the morbidity and mortality associated with CD in Chap.
15. The disease associations with CD are numerous and diverse across all systems,
and their recognition as being potentially treatable with a GFD may prevent, improve,
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and even reverse complications. It is incumbent on those who care for patients with
CD to be aware of these associations so that patients receive optimum management.

Type 1 DM is the most common autoimmune disease association, occurring in
3.5-5 % of celiacs and usually precedes the development of CD. Thyroiditis caus-
ing hypothyroidism is ten times more common in CD than in the general popula-
tion. In adults, gluten withdrawal in adults may normalize thyroid tests in those
with subclinical hypothyroidism. A spectrum of liver pathology has been associated
with CD, including isolated transaminitis, sclerosing cholangitis, and autoimmune
hepatitis (ATH) and its complications (i.e., cirrhosis). GFD improves transaminitis
and hepatic histology (i.e., inflammation, steatosis) in AIH. Other autoimmune
diseases associated with CD include psoriasis, Addison’s disease, systemic lupus
erythematosus, Sjogren’s syndrome, hypoparathyroidism, hypopituitarism, derma-
tomyositis, scleroderma, alopecia areata, ulcerative colitis, Crohn’s disease, micro-
scopic colitis, and myasthenia gravis. Patients with CD are at an increased risk of
disease development and mortality from cardiovascular disease. Like in the general
population, vascular disease is the most important single cause of mortality in diag-
nosed CD, accounting for 39 % of all deaths [17].

Chapter 16 by Malamut and Cellier reviews the complication of refractory celiac
disease (RCD). Diagnosis of RCD relies on persistent malabsorption and villous
atrophy after 1 year of strict GFD ascertained by a dietitian. Most cases of nonre-
sponsive CD are related to continuing ingestion of gluten either deliberately or inad-
vertently, and this should be checked by a skilled dietitian. Serological tests and
repeat small bowel biopsies will help in the assessment. Primary RCD is a failure to
induce a response to a GFD after the initial diagnosis of CD, while secondary RCD
represents a return of symptoms after a period of quiescence. Once surreptitious
gluten ingestion is ruled out, conditions causing RCD associated with CD should be
considered such as intestinal lymphoma, pancreatic insufficiency, small intestine
bacterial overgrowth, microscopic colitis, irritable bowel syndrome, inflammatory
bowel disease, lactose intolerance, and thyroid dysfunction. The diagnosis of RCD
is made after exclusion of other small bowel diseases with villous atrophy such as
autoimmune enteropathy and common variable immunodeficiency.

RCD has been subdivided into two subgroups according to the normal-type 1 RCD
or abnormal phenotype of intraepithelial lymphocytes (IEL)-type 11 RCD. Type 1
RCD has a phenotypically normal T-cell population on duodenal histology and carries
a good prognosis, responds to corticosteroids and azathioprine, and the 5-year sur-
vival is over 90 %. In type 2 RCD there is an aberrant intraepithelial T-cell population
that carries intracytoplasmic but not surface CD3, usually lacks CDS, and has clonal
rearrangements of the T-cell receptor-y gene. Type 2 RCD resembles a low-grade
lymphoma. The prognosis for type 2 RCD is poor, with no satisfactory treatments.

Malignancies have been related to CD for over five decades with enteropathy-
associated T-cell lymphoma type 1 (EATL-1) and small bowel adenocarcinoma
being the most prominent cancers. CD is associated not only with EATL but also
with a wide variety of other lymphomas. Paradoxically, CD patients have a
decreased risk of developing breast cancer. Increased risks of oropharyngeal
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cancer, esophageal cancer, colon, liver, pancreas [18], and papillary cancer of the
thyroid have been demonstrated, but in contrast to lymphomas, where there is evi-
dence that a GFD will reduce the risk for these malignancies, there is no evidence
at present that a GFD will reduce their occurrence [19].

There is a modest increased risk of metabolic bone disease and fracture in
patients with CD. The risk of developing a number of neurological and psychiatric
disorders is increased in patients with CD. Depression and anxiety, epilepsy, and
migraine disorders are increased in CD, and improvement is seen in many following
a GFD. Other neurological conditions including spinocerebellar and cerebellar dis-
orders, peripheral neuropathy, myelopathy, brainstem encephalitis and chronic pro-
gressive leukoencephalopathy, ADHD, dementia, and cognitive decline are also
increased in CD. There is no formal link between CD and either schizophrenia,
autism, or multiple sclerosis. It has to be concluded that a neurological or psychiat-
ric disorder specific for CD has not been identified; however, there is growing evi-
dence for gluten ataxia that improves on a GFD.

Reduced fertility and increased adverse pregnancy-related outcomes are seen
more commonly in women with CD. Hyposplenism leading to an increased risk of
mortality from sepsis and pneumonia from encapsulated organisms is seen in
patients with CD. Thus, vaccination against pneumococcus is recommended for all
CD patients with hyposplenism. The main dermatological association with CD is
dermatitis herpetiformis (DH). Most individuals with DH have CD, but DH is rarely
found in patients with CD.

Other gastrointestinal conditions that can be associated with CD include the irri-
table bowel syndrome (IBS), although the two conditions can have overlapping
symptomatology. A meta-analysis of five case—control studies employing biopsy
diagnosis of CD found a fourfold increase among patients with IBS meeting the
Rome II criteria [20]. This association between IBS and dietary gluten is more
extensively reviewed in Chap. 2 by Lammers and Fasano and in Chap. 8 by Reilly
and Green. Interestingly, the prevalence of eosinophilic esophagitis, pancreatitis,
enamel defects, glossitis, angular stomatitis, and recurrent aphthous ulcers appears
to be increased in CD.

As discussed in Chap. 15 by Lewis and Holmes, Rubio-Tapia et al. reported that
the mortality of untreated CD is increased fourfold but was not confirmed in
European studies [3]. In contrast, a recent meta-analysis suggests that there is a
strong link between diagnosed CD to increased all-cause mortality [21]. The degree
of compliance with a GFD correlates with mortality as do the severity of the clinical
presentation and the length of time from onset of symptoms to the diagnosis of CD.

There is abundant literature to show that there is no increase in mortality with
strict adherence to the GFD; however, Lebwohl et al. report that CD patients with
persistent villus atrophy did not have an increased all-cause mortality [22].
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Misconceptions and Myths: Separating Fact from Fiction

Boettcher and Crowe dispel many misconceptions and myths about CD in Chap. 17.
Misconceptions that were refuted include CD is rare, only symptomatic individuals
should be tested for CD, only Caucasians are susceptible to CD, women are more
often affected by CD, you cannot have CD if you are overweight, CD is not a serious
condition, CD signs and symptoms are easy to recognize, CD is easy to diagnose,
everyone knows how to biopsy for CD and CD is easy to treat, a positive response
to a GFD is suggestive of CD, and getting information about a GFD is straightfor-
ward. Myths of management were dispelled: you cannot use gluten-containing
beauty products and cosmetics having CD; the consumption of oats can trigger CD;
a separate set of utensils, dishes, and other kitchen goods is necessary; gluten-free
cleaning products are recommended; and pets should eat gluten-free.

In summary, celiac disease is a very common condition, affecting 1 % of the
population worldwide. Our knowledge of this disease has grown tremendously in
the last three decades due to the hard work and dedication of researchers, educators,
and clinicians, including all the contributors to our book. This production represents
a compilation of the most up-to-date information presented by prominent experts in
the field from around the world. We trust that this book will be an excellent resource
to you in recognizing the myriad presentations of this disease, understanding the
pathophysiology of the disease, and educating and treating your patients effectively
to prevent long-term complications and allow them to have better quality of life.
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Chapter 2
Definition of Celiac Disease and Gluten
Sensitivity

Karen M. Lammers, Brintha Vasagar, and Alessio Fasano

Introduction

As an important component of wheat, rye, and barley, gluten can be found in a large
variety of foods consumed throughout the world. However, the introduction of
gluten-containing grains in the human diet about 10,000 years ago created the con-
ditions for human disease related to gluten exposure. These reactions to gluten rep-
resent a heterogeneous set of conditions, including celiac disease (CD), non-celiac
gluten sensitivity, and wheat allergy, which combined affect about 10 % of the gen-
eral population [1].

The immune-reactive component of gluten is gliadin, a complex glycoprotein
rich in proline and glutamine. Because of this structure, intestinal enzymes cannot
entirely degrade the protein. We do know that undigested or partly digested gliadin
can affect a wide range of human cells. The effects of gliadin on the myelocytic
leukemia cell line, K562, and various intestinal cell lines are, respectively, its agglu-
tinating activity [2], its capacity to induce rearrangement of the epithelial actin cyto-
skeleton by redistribution of F-actin [3], and its cytotoxic activities including
inhibition of cell growth, induction of apoptosis, and alteration of redox equilibrium
[4, 5].

There are three variants of gliadin, the alpha-, gamma-, and omega-variant, with
the alpha-gliadin variant being the most prevalent. A 13-mer and a 33-mer alpha-
gliadin motif have been reported to exert a cytotoxic effect on intestinal epithelial
cells [6] and to be capable of activating gut-derived T-cell lines from CD patients [7],
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respectively. Furthermore, two 20-mer intestinal permeating and an immunomodulatory
17-mer alpha-gliadin peptide have recently been identified [8, 9].

CD, non-celiac gluten sensitivity, and wheat allergy represent distinct patho-
physiological reactions to gluten ingestion, with differing clinical presentations,
serological markers, and long-term treatments. Though current research strives to
clarify the boundaries between these entities, their differences can be difficult to
distinguish. This chapter provides an overview of the ever-evolving definitions of
gluten-related disorders.

Celiac Disease

CD, an autoimmune-mediated enteropathy triggered by gluten ingestion in geneti-
cally predisposed individuals, is one of the most common chronic digestive disor-
ders, showing an overall prevalence worldwide of 1 % with large variations between
countries [10]. The disease prevalence is even higher amongst first-degree relatives
of CD patients (8—15 %) [11, 12] and other at-risk groups, such as patients with
other genetic diseases like type 1 diabetes mellitus, Hashimoto’s thyroiditis, Down
syndrome, or IgA deficiency [13—17]. Importantly and contrary to previous assump-
tion, CD is not confined to Europe; rather it is present worldwide [18] and it is
increasing over time [19].

The genetic predisposition to CD is strong but complex (see Chap. 5 on HLA
genetics). Human leukocyte antigen (HLA) haplotypes DQ2 and DQS8 are found in
at least 95 % of patients with CD [20]. While the presence of these alleles provides
a strong negative predictive value, their positive predictive value is low. Indeed,
although 30 % of the general population carries the HLA-DQ?2 allele [20], the prev-
alence of CD is currently 1 % [10]. As much as 65 % of the genetic component of
CD may be caused by a complex, still undefined, mosaic of over 40 non-HLA genes,
each adding a small contribution to the risk of CD development [20, 21].

Clinical Presentation

The clinical presentation of CD is highly variable, including typical (gastrointesti-
nal symptoms), atypical (extra-intestinal symptoms), latent (no intestinal damage
despite ingesting gluten, but later develops villous change; retrospective diagnosis),
and silent (asymptomatic, discovered via screening) forms [22, 23]. The presenting
symptoms may vary from diarrhea, constipation, vomiting, malnutrition, or failure
to thrive to chronic fatigue, joint pain, anemia, osteoporosis, or migraines. Many
times, the onset of symptoms occurs during the first 24 months of life, usually
some months after the introduction of gluten-containing cereals in the infant’s diet.
A recent study highlights the importance of timing with regard to gluten introduc-
tion into the diet in genetically susceptible infants. Those infants to whom gluten
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was introduced in the diet at 6 months developed CD more frequently than those
infants to whom gluten introduction was delayed until 12 months of age [24].
However, it is important to note that initial signs and symptoms of CD can occur at
any age, including adults and the elderly [19, 25]. Unlike the relatively rapid reac-
tion seen in wheat allergy, the signs and symptoms of CD usually do not manifest
until weeks to years after exposure.

Diagnosis by a “four out of five rule” has been proposed to account for the vari-
ability in CD presentation [26]. Under this rule, patients must meet at least four of
the following five criteria to be diagnosed with CD:

e Typical symptoms seen in CD

e Positive serological markers such as serum anti-transglutaminase (TTG) anti-
bodies or antigliadin antibodies

e Small intestine biopsy showing absent or blunted villi (Marsh II-III a—c), and
increased numbers of CD3+ intraepithelial cells

» Positive genetic screening for HLA-DQ2 or -DQS8

e Improvement of symptoms with a gluten-free diet

Treatment for CD is the lifelong implementation of a gluten-free diet, in which
all gluten-containing foods are eliminated from the diet. Compliance with a strict
gluten-free diet reverses small intestinal changes in the vast majority of patients
and reduces the risk of complications from CD (osteoporosis, lymphoma, infertil-
ity). However, this change in diet can be difficult to implement and maintain, not
only because gluten-rich products are an important part of the Western diet, but
also because of “hidden” gluten in processed foods [27, 28]. Adding to the chal-
lenge, designated gluten-free foods are often more expensive than their gluten-
containing counterparts. Moreover, eating gluten-free can be exclusionary, as it
makes it difficult to eat at restaurants for fear of cross-contamination. Given the
negative impact of the gluten-free diet on the quality of life of affected individuals,
there is currently a strong interest on possible alternative strategies of treatment or
prevention [29, 30].

Non-celiac Gluten Sensitivity

Non-celiac gluten sensitivity is the least clearly defined of the gluten-related disor-
ders as it has only become widely recognized in recent years [1, 31-33]. When the
reaction to gluten is not mediated by an allergic or autoimmune response, gluten
sensitivity may be considered [1, 34, 35]. The lack of clear diagnostic criteria may
have led to non-celiac gluten sensitivity being undiagnosed and underdiagnosed by
physicians for many years. The prevalence of non-celiac gluten sensitivity is esti-
mated to be between 3 and 6 % [1, 36]. The genetic component of gluten sensitivity
is not yet completely understood. Only 50 % of non-celiac gluten sensitivity patients
express the HLA-DQ2 or HLA-DQS haplotype, indicating that these genes are not
necessary or sufficient to develop gluten sensitivity [1].
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Clinical Presentation

Non-celiac gluten-sensitive patients usually present with the same variety of symp-
toms (diarrhea, stomach pain, etc.) and prevalence of extra-intestinal symptoms
(headache, “foggy brain,” fatigue, rash, joint pain, depression, anxiety, etc.) as seen
in CD [1]. Due to the absence of distinct pathology on biopsy, and lack of identifi-
able serological markers (e.g., negative CD serology but with possible presence of
anti-gliadin antibodies [1, 37]), gluten sensitivity is currently a diagnosis of exclu-
sion. As such, non-celiac gluten-sensitive patients must meet the following criteria
for diagnosis:

e CD, IgE-mediated wheat allergy, and other clinically overlapping diseases (type
1 diabetes mellitus, inflammatory bowel diseases, Helicobacter pylori infection)
have been excluded

* Negative skin prick test for wheat

e Negative autoantibody serology (EMA-IgA and TTG-IgA)

e Small intestine biopsy demonstrates normal mucosa (Marsh 0) or increased
intraepithelial lymphocytes (Marsh I)

e Symptoms are triggered by gluten exposure

e Improvement of symptoms within a few days of a gluten-free diet

Gluten and the Irritable Bowel Syndrome Connection

Whether the prevalence of the irritable bowel syndrome (IBS) is higher in CD has
been a point of controversy. A meta-analysis of five case—control studies found a
fourfold increase of CD among patients with IBS meeting the Rome II criteria com-
pared with controls (OR 4.34 [95 % CI 1.78-10.6]) [38]. However, a subsequent
study found a similar prevalence of CD in non-constipated IBS patients when com-
pared to controls [39].

Gluten-free diets are recommended with increasing frequency for IBS symptoms
in the absence of CD. Patients who do not have CD, but possess a consistent geno-
type of HLA-DQ2/8, have also reported benefit from a gluten-free diet. There are
several reports linking gluten ingestion with worsening of IBS symptoms and gluten
restriction with improvement of IBS [32, 40]. A subgroup of patients with IBS, that
is, patients with diarrhea-predominant irritable bowel syndrome (IBS-D), can ben-
efit from a gluten-free diet. Vazquez-Roque et al. report on a randomized, controlled
trial designed to explore whether a gluten-free diet benefits patients with IBS-D
[41]. Subjects on a gluten-free diet exhibited lower stool frequency than those on a
gluten-containing diet (P=0.04; 95 % confidence interval [CI], —0.652 to —0.015).
In addition, the impact on stool frequency of a gluten-free diet was greater for
patients who were HLA-DQ2/8 positive. Gluten ingestion was shown to increase
the small intestinal permeability in these patients, and especially those patients who
carry the HLA-DQ2/DQS8 haplotype. The implementation of a gluten-free diet in
this subgroup of patients restored the intestinal barrier function. Interestingly,
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Intestinal lumen

Fig. 2.1 Schematic drawing of the tight junction (TJ) complex. Intestinal epithelial permeability
is regulated by the intercellular tight junction protein complex that consists of many components
including zonula occludin (ZO)-1, occludin, claudins, and junctional adhesion molecules. These
TJ proteins maintain cell—cell adhesion in epithelial monolayers. The overall balance of TJ protein
expression is thought to define the regulation of the paracellular path by the TJ complex

decreased expression of tight junction proteins zonula occludens (ZO)-1, claudin-1,
and occludin correlated with the increased permeability [41]. Overall there appears
to be a connection of gluten ingestion to worsening gastrointestinal symptomatol-
ogy and improvement upon withdrawal at least in IBS-D.

Pathogenesis

Barrier Function in Celiac Disease and Gluten Sensitivity

Intestinal epithelial permeability is regulated by intercellular tight junction protein
complex that consists of many components such as ZO-1, occludin, claudins, and
junctional adhesion molecules [42, 43]. These tight junction proteins maintain cell—
cell adhesion in epithelial monolayers [44, 45] and the overall balance of tight junc-
tion (TJ) protein expression is thought to define the regulation of the paracellular
path by the TJ complex (Fig. 2.1).

Zonulin, now identified and characterized as pre-haptoglobin-2 [46], is the
human analogue of Zonula occludin toxin derived from Vibrio cholera [47]. It is
released by the small intestinal mucosa after challenge with gliadin or bacteria [48]
and modulates the paracellular intestinal permeability by a PAR2-dependent trans-
activation of epithelial growth factor receptor and subsequent phosphorylation of TJ
proteins [46].
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In addition to an environmental factor and genetic predisposition, an impairment
of the intestinal barrier function is thought to be an early biological event that pre-
cedes the onset of several autoimmune diseases [42, 49]. While under normal physi-
ological circumstances the intestinal epithelium is impermeable to macromolecules,
in CD the epithelial barrier function is compromised. In the active phase of the
disease, serum titers of zonulin are increased and, consequently, intestinal permea-
bility is augmented [42, 50]. Ex vivo experiments designed to measure the intestinal
permeability show that there is an altered junctional structure between epithelial
cells [51]. In line with these data, genomic studies have also reported an involve-
ment of genes that control intestinal permeability, including PARD3, MAGI2, and
MYO9B, in CD [52-54].

In contrast, the barrier function seems to be conserved in non-celiac gluten
sensitivity. Small intestinal permeability, measured with a LA/MA double sugar
probe, was significantly lower in gluten-sensitive patients compared to that in CD
patients as well as control subjects [31]. In addition to differences between CD and
non-celiac gluten sensitivity with regard to intestinal permeability, there are also
differences in mucosal TJ protein gene transcripts between the two conditions.
The mucosa of subjects affected by gluten sensitivity expresses significantly higher
levels of transcripts for claudin-4, a protein involved in TJ-dependent enhance-
ment of the barrier function, relative to that of CD or in healthy individuals [31].
These findings suggest that the distinct clinical and serological features between
celiac and gluten-sensitive patients are associated with marked differences in
intestinal barrier function and with apparent differences in the expression of
CLDN4 gene expression.

Immune Response of Celiac Disease and Non-celiac Gluten Sensitivity

When the integrity of the intestinal tight junction complex is compromised, an
immune response to environmental antigens develops and in genetically predis-
posed individuals may result in the pathogenesis of CD. CD is considered a classical
Thl-mediated disorder because of the increased mucosal gene expression of inter-
feron (IFN)-y, but not IL-4, in the active phase of the disease [55, 56]. The adaptive
immune response in celiac disease is triggered by tissue transglutaminase (TTG)-
deamidated gluten peptides that bind with high affinity to HLA-DQ2 or -DQ8 [57].
This involves the mucosal recruitment and activation of Th1 cell clones and produc-
tion of the Thl cytokine, IFN-y (Fig. 2.2).

Another characteristic of CD is the increased numbers of CD3+ intraepithelial
lymphocytes. Following the identification of the Th17 T-cell subset [58], and the
growing appreciation that these cells are centrally involved in the pathogenesis of
autoimmune disorders, recent reports have confirmed the enhanced expression of
Th17-active cytokines, IL-1p and IL-23, and the Th17-associated cytokine, IL-17A,
in active CD [59-61]. The villous atrophy observed in active CD might be, at least
in part, a result of NKG2D (natural killer group 2, member D)-mediated epithelial
cell death by intraepithelial cytotoxic T lymphocytes [62]. Reports on regulatory
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Gliadin peptides

[ ]

zonulin

Fig. 2.2 The immune response in the autoimmune enteropathy, celiac disease (CD). In response
to undigested gliadin peptides, enterocytes release zonulin that via a PAR2-mediated transactiva-
tion of EGFR induces phosphorylation of a major tight junction protein, zonula occludens (ZO)-1.
This results in disassembly of the tight junction complex and, hence, increase in intestinal perme-
ability. This allows the gliadin peptides to enter the lamina propria and an immune response is
mounted against the gliadin peptides. In response to the accumulation of gliadin peptides in the
lamina propria, enterocytes produce IL-15 that recruits intraepithelial lymphocytes (IEL).
Histology of active CD shows an increased number of IEL. Tissue transglutaminase (tTG) deami-
dates the gliadin peptides. The peptides then bind with high affinity to the HLA-DQ2/DQS8 recep-
tor on antigen-presenting cells and are presented to T helper (Th) cells. CD is a Thl-mediated
autoimmune disease. The activated Thl cells secrete inflammatory mediators that attract and acti-
vate other immune cells. One key cytokine in this Thl-mediated inflammation is interferon-
gamma. The Thl cells activate natural killer cells to attack enterocytes. B cells mature in IgA
antibody producing plasma cells. Hallmark of established CD is the presence of IgA autoantibod-
ies, the anti-TTG, and anti-endomysial (EMA) antibodies in the serum

T cells do suggest that these cells are present in sufficient number in the intestinal
tissue, but exert an impaired suppressor function [63, 64].

The pathogenesis of non-celiac gluten sensitivity is not yet understood, but the
results we have obtained so far suggest that there is a predominant involvement of
the innate immune response rather than the adaptive immune response. Thus far we
have observed that in contrast to CD, in non-celiac gluten sensitivity the mucosal
expression of IFN-y, IL-17A, IL-6, and IL-21, cytokines that have an established
role in the pathophysiology of Thl and Th17 responses, is not increased [31, 61].
In addition, we observed a significant reduction in the expression of FoxP3 (fork-
head box P3), a T-regulatory cell marker, relative to controls and CD patients.
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Although the mucosa in non-celiac gluten sensitivity contained a moderately
increased number of CD3+ intraepithelial cells, these numbers were significantly
lower than in active CD patients [31]. In the context of relatively conserved villous
architecture, these data suggest a more limited involvement of the adaptive immune
system in non-celiac gluten sensitivity and may explain why this condition is not
accompanied by significant autoimmune phenomena.

Wheat Allergy

Wheat allergy is defined as a true allergic response to wheat that affects the gastro-
intestinal tract, the respiratory tract, or the skin. IgE plays a central role [1, 65]. In
different studies, the prevalence of wheat allergy ranges from 0.5 [66] to 9 % [67]
and may be age dependent. There is controversy as to whether sensitization to wheat
decreases over time [67, 68]. Amongst food allergies, wheat is identified by the
Food and Drug Administration as one of the eight most common allergens, along
with milk, eggs, fish, shellfish, tree nuts, peanuts, and soybeans. Together, these
foods are responsible for 90 % of all food allergies (Public Law 108-282, Title II,
Food Allergen Labeling and Consumer Protection Act of 2004. U.S. Food and Drug
Administration, Revised 2004"). Positive correlation of food allergy in parents and
their children suggests that there is a genetic predisposition for food allergies [69].

Clinical Presentations

Wheat allergy patients typically describe skin, respiratory, or gastrointestinal symp-
toms, which occur within minutes to hours after wheat ingestion. Symptoms are
varied and may include stomach pain, bloating, vomiting, diarrhea, hives, atopic
dermatitis, urticaria, rhinitis, and in severe cases, anaphylaxis or death. If wheat
allergy is suspected, diagnosis is usually made by elevated IgE serum assay or a
positive skin prick test for wheat. However, since the positive predictive value of
these tests is only 75 %, in some cases, a food challenge may be necessary for diag-
nosis [1]. Treatment includes dietary avoidance of wheat and all wheat by-products.
Since some studies suggest that wheat allergy may be outgrown, a periodic food
challenge regardless of IgE levels to determine if wheat can be tolerated has been
suggested [65]. Other studies suggest that less allergenic strains of wheat that are
better tolerated by wheat allergy patients may exist [30, 70].

"Publication is available at: http://www.fda.gov/food/labelingnutrition/FoodAllergensLabeling/
GuidanceComplianceRegulatoryInformation/ucm106187.htm.
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Most of the studies have been performed on Bakers’ asthma, but similarities with
the other food allergy conditions, atopic dermatitis, urticaria, and anaphylaxis exist
[1]. Wheat allergy is an IgE-mediated allergic reaction and IgE-specific antibodies
to alpha-, beta-, gamma-, and omega-gliadins are detected. The adaptive immune
reaction to gluten in this condition is mediated by T lymphocyte-driven activation in
the gastrointestinal mucosa and repeated sequences in the gluten peptides, for
example, Ser-Gln-Gln-Gln-(Gln-)Pro-Pro-Phe, which may induce cross-linking of
IgE antibodies and trigger the release of chemical mediators from mast cells in the
blood of patients with wheat allergy [71].

Conclusion

Contrary to our previous belief that clinical reaction to gluten was limited to CD, we
now appreciate that gluten can instigate different reactions, including wheat allergy
and non-celiac gluten sensitivity. While clinically these three conditions overlap
and, therefore, make the differential diagnosis much more difficult, the mechanism
underlying these conditions is very different. The lack of specific biomarkers and
the poor definition of non-celiac gluten sensitivity have created great confusion
among healthcare professionals. Progress made during the last few years will hope-
fully ease this confusion, particularly when a validated biomarker for the diagnosis
will become available.

References

1. Sapone A, Bai JC, Ciacci C, Dolinsek J, Green PH, Hadjivassiliou M, et al. Spectrum of
gluten-related disorders: consensus on new nomenclature and classification. BMC Med.
2012;10:13.

2. Auricchio S, De Ritis G, De Vincenzi M, Mancini E, Minetti M, Sapora O, et al. Agglutinating
activity of gliadin-derived peptides from bread wheat: implications for coeliac disease patho-
genesis. Biochem Biophys Res Commun. 1984;121(2):428-33.

3. Clemente MG, De Virgiliis S, Kang JS, Macatagney R, Musu MP, Di Pierro MR, et al. Early
effects of gliadin on enterocyte intracellular signalling involved in intestinal barrier function.
Gut. 2003;52(2):218-23.

4. Dolfini E, Elli L, Dasdia T, Bufardeci B, Colleoni MP, Costa B, et al. In vitro cytotoxic effect
of bread wheat gliadin on the LoVo human adenocarcinoma cell line. Toxicol In Vitro.
2002;16(4):331-7.

5. Dolfini E, Elli L, Roncoroni L, Costa B, Colleoni MP, Lorusso V, et al. Damaging effects of
gliadin on three-dimensional cell culture model. World J Gastroenterol. 2005;11(38):5973-7.

6. Maiuri L, Troncone R, Mayer M, Coletta S, Picarelli A, De Vincenzi M, et al. In vitro activities
of A-gliadin-related synthetic peptides: damaging effect on the atrophic coeliac mucosa and



22

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

K.M. Lammers et al.

activation of mucosal immune response in the treated coeliac mucosa. Scand J Gastroenterol.
1996;31(3):247-53.

. Shan L, Molberg O, Parrot I, Hausch F, Filiz F, Gray GM, et al. Structural basis for gluten

intolerance in celiac sprue. Science. 2002;297(5590):2275-9.

. Lammers KM, Khandelwal S, Chaudhry F, Kryszak D, Puppa EL, Casolaro V, et al.

Identification of a novel immunomodulatory gliadin peptide that causes interleukin-8 release
in a chemokine receptor CXCR3-dependent manner only in patients with coeliac disease.
Immunology. 2011;132(3):432—40.

. Lammers KM, Lu R, Brownley J, Lu B, Gerard C, Thomas K, et al. Gliadin induces an increase

in intestinal permeability and zonulin release by binding to the chemokine receptor CXCR3.
Gastroenterology. 2008;135(1):194-204. e193.

Lionetti E, Catassi C. New clues in celiac disease epidemiology, pathogenesis, clinical mani-
festations, and treatment. Int Rev Immunol. 2011;30(4):219-31.

Dogan, Yildirmaz S, Ozercan IH. Prevalence of celiac disease among first-degree relatives of
patients with celiac disease. J Pediatr Gastroenterol Nutr. 2012;55(2):205-8.

Fasano A, Berti I, Gerarduzzi T, Not T, Colletti RB, Drago S, et al. Prevalence of celiac disease
in at-risk and not-at-risk groups in the United States: a large multicenter study. Arch Intern
Med. 2003;163(3):286-92.

Kneepkens CM, von Blomberg BM. Clinical practice: coeliac disease. Eur J Pediatr.
2012;171(7):1011-21.

Metso S, Hyytia-Ilmonen H, Kaukinen K, Huhtala H, Jaatinen P, Salmi J, et al. Gluten-free diet
and autoimmune thyroiditis in patients with celiac disease. A prospective controlled study.
Scand J Gastroenterol. 2012;47(1):43-8.

Volta U, Tovoli F, Caio G. Clinical and immunological features of celiac disease in patients
with type 1 diabetes mellitus. Expert Rev Gastroenterol Hepatol. 2011;5(4):479-87.

Wang N, Shen N, Vyse TJ, Anand V, Gunnarson I, Sturfelt G, et al. Selective IgA deficiency
in autoimmune diseases. Mol Med. 2011;17(11-12):1383-96.

Wouters J, Weijerman ME, van Furth AM, Schreurs MW, Crusius JB, von Blomberg BM, et al.
Prospective human leukocyte antigen, endomysium immunoglobulin A antibodies, and trans-
glutaminase antibodies testing for celiac disease in children with Down syndrome. J Pediatr.
2009;154(2):239-42.

Catassi C, Anderson RP, Hill ID, Koletzko S, Lionetti E, Mouane N, et al. World perspective
on celiac disease. J Pediatr Gastroenterol Nutr. 2012;55(5):494-9.

Catassi C, Kryszak D, Bhatti B, Sturgeon C, Helzlsouer K, Clipp SL, et al. Natural history of
celiac disease autoimmunity in a USA cohort followed since 1974. Ann Med.
2010;42(7):530-8.

Ahn R, Ding YC, Murray J, Fasano A, Green PH, Neuhausen SL, et al. Association analysis of
the extended MHC region in celiac disease implicates multiple independent susceptibility loci.
PLoS One. 2012;7(5):36926.

Trynka G, Hunt KA, Bockett NA, Romanos J, Mistry V, Szperl A, et al. Dense genotyping
identifies and localizes multiple common and rare variant association signals in celiac disease.
Nat Genet. 2011;43(12):1193-201.

Fasano A, Catassi C. Clinical practice. Celiac disease. N Engl J Med. 2012;367(25):
2419-26.

Ludvigsson JF, Leffler DA, Bai JC, Biagi F, Fasano A, Green PH, et al. The Oslo definitions
for coeliac disease and related terms. Gut. 2013;62(1):43-52.

Sellitto M, Bai G, Serena G, Fricke WF, Sturgeon C, Gajer P, et al. Proof of concept of
microbiome-metabolome analysis and delayed gluten exposure on celiac disease autoimmu-
nity in genetically at-risk infants. PLoS One. 2012;7(3):e33387.

Kaukinen K, Collin P, Maki M. Latent coeliac disease or coeliac disease beyond villous atro-
phy? Gut. 2007;56(10):1339-40.

Catassi C, Fasano A. Celiac disease diagnosis: simple rules are better than complicated algo-
rithms. Am J Med. 2010;123(8):691-3.



217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

Definition of Celiac Disease and Gluten Sensitivity 23

Hollon JR, Cureton PA, Martin ML, Puppa EL, Fasano A. Trace gluten contamination may
play a role in mucosal and clinical recovery in a subgroup of diet-adherent non-responsive
celiac disease patients. BMC Gastroenterol. 2013;13(1):40.

Catassi C, Fabiani E, Iacono G, D’ Agate C, Francavilla R, Biagi F, et al. A prospective, double-
blind, placebo-controlled trial to establish a safe gluten threshold for patients with celiac dis-
ease. Am J Clin Nutr. 2007;85(1):160-6.

Paterson BM, Lammers KM, Arrieta MC, Fasano A, Meddings JB. The safety, tolerance, phar-
macokinetic and pharmacodynamic effects of single doses of AT-1001 in coeliac disease sub-
jects: a proof of concept study. Aliment Pharmacol Ther. 2007;26(5):757-66.
Spaenij-Dekking L, Kooy-Winkelaar Y, van Veelen P, Drijfhout JW, Jonker H, van Soest L,
et al. Natural variation in toxicity of wheat: potential for selection of nontoxic varieties for
celiac disease patients. Gastroenterology. 2005;129(3):797-806.

Sapone A, Lammers KM, Casolaro V, Cammarota M, Giuliano MT, De Rosa M, et al.
Divergence of gut permeability and mucosal immune gene expression in two gluten-associated
conditions: celiac disease and gluten sensitivity. BMC Med. 2011;9:23.

Biesiekierski JR, Newnham ED, Irving PM, Barrett JS, Haines M, Doecke JD. Gluten causes
gastrointestinal symptoms in subjects without celiac disease: a double-blind randomized
placebo-controlled trial. Am J Gastroenterol. 2011;106(3):508-14. quiz 515.

Carroccio A, Mansueto P, Iacono G, Soresi M, D’Alcamo A, Cavataio F, et al. Non-celiac
wheat sensitivity diagnosed by double-blind placebo-controlled challenge: exploring a new
clinical entity. Am J Gastroenterol. 2012;107(12):1898-906. quiz 1907.

Lundin KE, Alaedini A. Non-celiac gluten sensitivity. Gastrointest Endosc Clin N Am.
2012;22(4):723-34.

Sanders DS, Aziz I. Non-celiac wheat sensitivity: separating the wheat from the chat! Am J
Gastroenterol. 2012;107(12):1908-12.

Cascella NG, Kryszak D, Bhatti B, Gregory P, Kelly DL, Mc Evoy JP, et al. Prevalence of
celiac disease and gluten sensitivity in the United States clinical antipsychotic trials of inter-
vention effectiveness study population. Schizophr Bull. 2011;37(1):94-100.

Armstrong D, Don-Wauchope AC, Verdu EF. Testing for gluten-related disorders in clinical
practice: the role of serology in managing the spectrum of gluten sensitivity. Can J
Gastroenterol. 2011;25(4):193-7.

Ford AC, Chey WD, Talley NJ, Malhotra A, Spiegel BM, Moayyedi P. Yield of diagnostic tests
for celiac disease in individuals with symptoms suggestive of irritable bowel syndrome: sys-
tematic review and meta-analysis. Arch Intern Med. 2009;169(7):651-8.

Cash BD, Rubenstein JH, Young PE, Gentry A, Nojkov B, Lee D, et al. The prevalence of
celiac disease among patients with nonconstipated irritable bowel syndrome is similar to con-
trols. Gastroenterology. 2011;141(4):1187-93.

Carroccio A, Mansueto P, Iacono G, Soresi M, D’Alcamo A, Cavataio F, et al. Non-celiac
wheat sensitivity diagnosed by double-blind placebo-controlled challenge: exploring a new
clinical entity. Clin Gastroenterol Hepatol. 2011;9(11):965-71.

Vazquez-Roque MI, Camilleri M, Smyrk T, Murray JA, Marietta E, O’Neill J, et al. A con-
trolled trial of gluten-free diet in patients with irritable bowel syndrome-diarrhea: effects on
bowel frequency and intestinal function. Gastroenterology. 2013;144(5):903-11. ¢903.
Arrieta MC, Bistritz L, Meddings JB. Alterations in intestinal permeability. Gut.
2006;55(10):1512-20.

Rodgers LS, Beam MT, Anderson JM, Fanning AS. Epithelial barrier assembly requires coor-
dinated activity of multiple domains of the tight junction protein ZO-1. J Cell Sci.
2013;126:1565-75.

Furuse M, Fujita K, Hiiragi T, Fujimoto K, Tsukita S. Claudin-1 and —2: novel integral mem-
brane proteins localizing at tight junctions with no sequence similarity to occludin. J Cell Biol.
1998;141(7):1539-50.

Madara JL, Pappenheimer JR. Structural basis for physiological regulation of paracellular
pathways in intestinal epithelia. ] Membr Biol. 1987;100(2):149-64.



24

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

K.M. Lammers et al.

Tripathi A, Lammers KM, Goldblum S, Shea-Donohue T, Netzel-Arnett S, Buzza MS, et al.
Identification of human zonulin, a physiological modulator of tight junctions, as prehaptoglo-
bin-2. Proc Natl Acad Sci USA. 2009;106(39):16799-804.

Wang W, Uzzau S, Goldblum SE, Fasano A. Human zonulin, a potential modulator of intestinal
tight junctions. J Cell Sci. 2000;113(Pt 24):4435-40.

El Asmar R, Panigrahi P, Bamford P, Berti I, Not T, Coppa GV, et al. Host-dependent zonulin
secretion causes the impairment of the small intestine barrier function after bacterial exposure.
Gastroenterology. 2002;123(5):1607-15.

Fasano A, Shea-Donohue T. Mechanisms of disease: the role of intestinal barrier function in
the pathogenesis of gastrointestinal autoimmune diseases. Nat Clin Pract Gastroenterol
Hepatol. 2005;2(9):416-22.

Fasano A, Not T, Wang W, Uzzau S, Berti I, Tommasini A, et al. Zonulin, a newly discovered
modulator of intestinal permeability, and its expression in coeliac disease. Lancet.
2000;355(9214):1518-9.

Drago S, El Asmar R, Di Pierro M, Grazia Clemente M, Tripathi A, Sapone A, et al. Gliadin,
zonulin and gut permeability: effects on celiac and non-celiac intestinal mucosa and intestinal
cell lines. Scand J Gastroenterol. 2006;41(4):408-19.

Diosdado B, van Bakel H, Strengman E, Franke L, van Oort E, Mulder CJ, et al. Neutrophil
recruitment and barrier impairment in celiac disease: a genomic study. Clin Gastroenterol
Hepatol. 2007;5(5):574-81.

Monsuur AJ, de Bakker PI, Alizadeh BZ, Zhernakova A, Bevova MR, Strengman E, et al.
Myosin IXB variant increases the risk of celiac disease and points toward a primary intestinal
barrier defect. Nat Genet. 2005;37(12):1341-4.

Wapenaar MC, Monsuur AJ, van Bodegraven AA, Weersma RK, Bevova MR, Linskens RK,
et al. Associations with tight junction genes PARD3 and MAGI2 in Dutch patients point to a
common barrier defect for coeliac disease and ulcerative colitis. Gut. 2008;57(4):463-7.
Nilsen EM, Jahnsen FL, Lundin KE, Johansen FE, Fausa O, Sollid LM, et al. Gluten induces
an intestinal cytokine response strongly dominated by interferon gamma in patients with celiac
disease. Gastroenterology. 1998;115(3):551-63.

Nilsen EM, Lundin KE, Krajci P, Scott H, Sollid LM, Brandtzaeg P. Gluten specific, HLA-DQ
restricted T cells from coeliac mucosa produce cytokines with Th1 or ThO profile dominated
by interferon gamma. Gut. 1995;37(6):766-76.

Kim CY, Quarsten H, Bergseng E, Khosla C, Sollid LM. Structural basis for HLA-DQ2-
mediated presentation of gluten epitopes in celiac disease. Proc Natl Acad Sci USA.
2004;101(12):4175-9.

Weaver CT, Hatton RD, Mangan PR, Harrington LE. IL-17 family cytokines and the expand-
ing diversity of effector T cell lineages. Annu Rev Immunol. 2007;25:821-52.
Castellanos-Rubio A, Santin I, Irastorza I, Castano L, Carlos Vitoria J, Ramon Bilbao J. TH17
(and TH1) signatures of intestinal biopsies of CD patients in response to gliadin. Autoimmunity.
2009:;42(1):69-73.

Harris KM, Fasano A, Mann DL. Cutting edge: IL-1 controls the IL-23 response induced by
gliadin, the etiologic agent in celiac disease. J] Immunol. 2008;181(7):4457-60.

Sapone A, Lammers KM, Mazzarella G, Mikhailenko I, Carteni M, Casolaro V, et al.
Differential mucosal IL-17 expression in two gliadin-induced disorders: gluten sensitivity and
the autoimmune enteropathy celiac disease. Int Arch Allergy Immunol. 2010;152(1):75-80.
Meresse B, Chen Z, Ciszewski C, Tretiakova M, Bhagat G, Krausz TN, et al. Coordinated
induction by IL15 of a TCR-independent NKG2D signaling pathway converts CTL into
lymphokine-activated killer cells in celiac disease. Immunity. 2004;21(3):357-66.

Granzotto M, dal Bo S, Quaglia S, Tommasini A, Piscianz E, Valencic E, et al. Regulatory
T-cell function is impaired in celiac disease. Dig Dis Sci. 2009;54(7):1513-9.

Hmida NB, Ben Ahmed M, Moussa A, Rejeb MB, Said Y, Kourda N, et al. Impaired control of
effector T cells by regulatory T cells: a clue to loss of oral tolerance and autoimmunity in celiac
disease? Am J Gastroenterol. 2012;107(4):604—-11.



65.

66.

67.

68.

69.

70.

71.

Definition of Celiac Disease and Gluten Sensitivity 25

Keet CA, Matsui EC, Dhillon G, Lenehan P, Paterakis M, Wood RA. The natural history of
wheat allergy. Ann Allergy Asthma Immunol. 2009;102(5):410-5.

Zuidmeer L, Goldhahn K, Rona RJ, Gislason D, Madsen C, Summers C, et al. The prevalence
of plant food allergies: a systematic review. J Allergy Clin Immunol. 2008;121(5):1210-8.
el214.

Matricardi PM, Bockelbrink A, Beyer K, Keil T, Niggemann B, Gruber C, et al. Primary versus
secondary immunoglobulin E sensitization to soy and wheat in the Multi-Centre Allergy Study
cohort. Clin Exp Allergy. 2008;38(3):493-500.

Ostblom E, Lilja G, Pershagen G, van Hage M, Wickman M. Phenotypes of food hypersensi-
tivity and development of allergic diseases during the first 8 years of life. Clin Exp Allergy.
2008;38(8):1325-32.

Inomata N. Wheat allergy. Curr Opin Allergy Clin Immunol. 2009;9(3):238-43.

Nakamura A, Tanabe S, Watanabe J, Makino T. Primary screening of relatively less allergenic
wheat varieties. J Nutr Sci Vitaminol (Tokyo). 2005;51(3):204—6.

Tatham AS, Shewry PR. Allergens to wheat and related cereals. Clin Exp Allergy.
2008;38(11):1712-26.



Chapter 3
Epidemiology of Celiac Disease

Jonas F. Ludvigsson, Federico Biagi, and Gino Roberto Corazza

Celiac disease (CD) is a chronic small intestine immune-mediated enteropathy trig-
gered by exposure to gluten in genetically sensitive individuals (DQ2+ or DQ8+)
[1]. Gluten is a protein component found in wheat, barley, and rye but not in oats.
The CD-related enteropathy is characterized by small intestinal villous atrophy and
crypt hyperplasia. These mucosal aberrations most often resolve on a gluten-free
diet (GFD). The GFD is currently the only available treatment for CD, although
ongoing pharmacological and vaccine trials promise future alternatives [2].

In this chapter, we review current knowledge about classification and diagnosis
of CD, including its prevalence and incidence.

Classification and Diagnosis

Patients with CD differ in their clinical features, with some patients presenting with
malabsorption and diarrhea (“classical presentation”), as opposed to “nonclassical”
symptoms [1] (e.g., abdominal pain and constipation). In addition, the disease can
be asymptomatic, and the threshold for investigation should be low. CD may go
undiagnosed for many years, and both doctor’s delay and patient’s delay are often
substantial. Although CD has long been considered to exclusively affect children, it
can be diagnosed at any age. In fact, there are data to suggest that the prevalence of
CD is highest in older adults [3].
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The diagnosis usually begins with a clinical consultation followed by serological
testing with tissue transglutaminase (TTG2) or endomysium antibodies (EMA) [4].
The umbrella organization for pediatric gastroenterology (European Society of
Gastroenterology, Hepatology and Nutrition: ESPGHAN) recently decided that in
certain children with high suspicion of CD, an intestinal biopsy may not be neces-
sary to establish the diagnosis of CD. As per ESPGHAN, children with symptoms
suggestive of CD, positive genetic tests, 10x the upper limit for normal IgA-TTG?2,
and positive EMA fall into the category where biopsy does not have to be performed
in order to make a diagnosis of CD. Only a small minority of children with CD
fulfill all these criteria. There has been some discussion as to what symptoms should
be regarded as proof of symptomatic CD since the prevalence of many symptoms in
childhood (e.g., constipation, diarrhea, colic, and recurrent abdominal pain) is much
higher than the prevalence of CD, and, hence, many symptoms have extremely low
positive predictive value for CD [5]. Therefore, biopsy is still a preferred method for
those wishing to confirm the diagnosis and to be distinguished from non-celiac
gluten-sensitivity [6]. In all other patients (children not fulfilling the above criteria
and all adults), a small intestinal biopsy is recommended before diagnosis. HLA-
testing has a low positive predictive value (does not rule in CD), but a high negative
predictive value (does rule out CD) [7].

Clinical Presentation

The clinical presentation of CD is often described according to the “iceberg model.”
According to this metaphor, the tip of the iceberg constitutes the diagnosed fraction
of CD patients, and the part below the water surface symbolizes those who are still
undiagnosed. Many patients with undiagnosed CD have either asymptomatic dis-
ease or no symptoms at all (silent CD). Because of this, it becomes very difficult to
establish a true prevalence of CD.

Prevalence and Incidence

Traditionally, it has been stated that CD occurs in about 1 % of the Caucasian popu-
lation [8, 9]. Several studies based on populations in the USA have supported a 1 %
prevalence rate. The 1 % assumption holds true for the USA where several recent
studies have shown evidence of about 1 % [10]. Rubio-Tapia et al. recently analyzed
blood samples from the NHANES study suggesting that 0.71 % of the US popula-
tion had CD [11]. Most of these individuals were undiagnosed at time of screening.
A multicenter study coordinated by the Finnish author Mustalahti and collaborators
reported an overall European prevalence of 1 %, with the highest estimates in
Finland (2.4 %) and the lowest in Germany (0.3 %) [12]. To our knowledge, the
highest reported prevalence of CD are from Finland (2.4 %), but interestingly
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Fig. 3.1 Prevalence of CD in
different European countries
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enough, these data originate from individuals aged 50 years or older [12]. Until very
recently, it was thought that CD was primarily a childhood disease. Figure 3.1
shows the prevalence of CD in the general populations of different European
countries.

Other data indicate that the prevalence and incidence of CD have increased in the
USA, as well as in Europe, over the last 30 years [3, 14]. When Catassi and collabo-
rators examined the natural history of CD in a community in an American cohort
followed since 1974, they reported a prevalence of 1:501 in 1974, which increased
to 1:219 in the year 1989 [14]. Murray and collaborators examined the incidence of
CD in a well-defined county in Minnesota between 1950 in 2001. The annual age-
and gender adjusted incidence rate rose from 0.9 per 100,000 in the 1950s to 3.3 per
100,000 in the 1990s, with an additional threefold further increase up to 9 per
100,000 person-years after 2000 [3]. The rising CD incidence was seen in both
sexes and in all age groups except for very young children [3]. In another study,
Rubio-Tapia et al. compared age- and calendar-matched cohorts of individuals
using historical data from the Warren Air Force Base as baseline [15]. They con-
cluded that during 45 years of follow-up, the prevalence of undiagnosed CD in the
USA is likely to have increased fourfold [15].

In the late 1980s Sweden saw a dramatic increase in the incidence of CD, up to
200-240 cases per 100,000 person-years [16]. Only in the mid-1990s did this “epi-
demic” abate and incidence figures fell to 50-60 individuals per 100,000 person-
years. It is not clear why Sweden experienced this peak in CD incidence, but one
explanation may be new food introduction recommendations in the 1980s.
Reexamining the birth cohort of children from these years, the same research team
found a CD prevalence just below 3 % when the participants had reached the age of
12 years [17]. Another Swedish group that studied inhabitants in Northern Kalixanda
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in Sweden reported an overall prevalence (diagnosed plus undiagnosed) of 1.8 %
[9]. That latter study used histopathology and serology in parallel to confirm the
diagnosis of CD. Also in Finland, researchers found an increase in CD [18]. This
applied both to diagnosed and undiagnosed CD. In total, evidence of CD was seen
in 1.05 % in the late 1980s compared to 1.99 % just after the year 2000 [18].

Why the Increase in Prevalence?

While genetic factors, especially HLA, are very important in the pathogenesis of
CD [19], genetic factors cannot explain the recent rise in CD incidence. Instead,
such causes must be environmental. Explanatory factors can be divided into two
groups: those that are true risk factors for the disease, and those that only influence
the diagnosis of the disease. There are several factors that influence the diagnosis
rate of CD. Although it is much debated, some researchers suggest that minor
lesions such as Marsh 1 and 2 should be regarded as CD [20, 21]. Accepting a wider
spectrum of histopathology as consistent with CD will naturally increase the CD
prevalence.

Some studies have also reported CD prevalence data based solely on serology
(see text by Dube et al. [8]). Studies restricted to positive serological testing, with-
out histological confirmation, tend to report higher CD prevalences than those
requiring a biopsy for diagnosis [8, 13]. Finally, both healthcare providers as well as
the general public have a higher awareness of CD and gluten in the present day as
compared to 30 years ago [22]. This, combined with the greater access to serologi-
cal testing, means that a much larger group of people are currently tested for CD
than a generation ago. There are also guidelines stipulating that higher risk groups
should undergo testing regularly for CD, further adding to the number of new cases
of CD. This has certainly resulted in an increased number of diagnosed CD patients
with undeniable benefits for their health. However, in the last few years the number
of “false” diagnoses of CD, leading to useless and expensive GFDs, has also consid-
erably increased [23].

High-Risk Groups

There are several high-risk groups for CD. One of these is the first-degree relatives
[10, 24]. American researchers screened 344 family members of about 100 CD
cases, and discovered that more than 10 % of the family members had CD [24].
Before that, Fasano and collaborators tested first-degree relatives for EMA, and
some 4.5 % were positive for CD. This is likely to constitute a relative risk increase
of about ten times [10]. Although it is currently clear that first-degree relatives rep-
resent a high-risk group and so they need to be tested for CD at least once in their
life, it is not clear whether first-degree relatives found to be negative at a first testing
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need to be further tested in their life. A study performed a few years ago showed an
annual incidence of CD of 0.43% among first-degree relatives already found to be
EMA-negative in the past [25]. Whether this supports the idea of setting up a sero-
logical follow-up in all first-degree relatives and whether this is cost-effective
remains to be determined [26].

In addition to first-degree relatives, patients with a number of disorders should
undergo testing for CD. One such group is patients with osteoporosis [23, 27-31].
Osteoporosis seems to be more common in CD, both before and after the CD diag-
nosis [25]. Some data indicate that calcium and 25-vitamin D level are reduced in
untreated than in treated patients with CD and volunteers [26]. Another risk group
is patients with anemia [32, 33]. Although the prevalence of CD varies greatly in
anemic patients, several reports suggest that up to 5 % of patients with iron-
deficiency anemia have CD [34].

CD is an immune-mediated disease and given its strong HLA association [35], it
is natural that it is associated with several other autoimmune diseases. Among these
diseases is type 1 diabetes [36]. A Danish study reported a CD prevalence of 12 %
among patients with type 1 diabetes who were screened [37]. A Swedish study
found that CD patients are at increased risk also of developing type 1 diabetes [36]
later in life, further supporting the association between the two diseases. Autoimmune
thyroid disease has been noted in CD patients both before and after diagnosis [38].
Autoimmune thyroid disease occurs in 1:30-1:10 patients with CD. It is therefore
reasonable to screen patients with autoimmune thyroid disease [39].

Many physicians regard dermatitis herpetiformis (DH) as a variant of CD [40,
41]. It is an itchy skin condition that responds to a GFD, but the patient’s intestinal
mucosa may be normal. In contrast to CD, patients with non-celiac DH are at no
increased risk of malignancy, osteoporosis, or excess mortality.

Italian data suggest that fatigue and depression are more common in CD [42-
44]. Patients with these disorders as well as patients with irritable bowel syndrome
(they are at about four times increased risk of CD [45]) may be tested for CD.
Finally, CD is associated with pancreatitis [46] and pancreatic insufficiency [47],
and patients with GI disorders should undergo screening when there is suspicion
of CD.

A number of risk factors may shed light on the pathogenesis and etiology of CD.
Females are more often affected by CD [48]. A female predominance is actually
seen in most autoimmune diseases [49]. The genetic (HLA) setup is also important.
There have so far been very few reports of CD in China and Japan (even though the
number of screening studies in these two countries are limited), as opposed to the
number of positive reports of CD in Latin America and the Middle East [50-52]. In
North America and Europe, research indicates a prevalence around 1 % [12], some-
times lower and sometimes higher (the Saharawi people [53]). Probably, the major
staple has a great importance for the risk of CD, and exposure to large amounts of
wheat is detrimental for the risk for CD.

Socioeconomic factors seem to play a limited role in CD [54, 55], and when of
importance they are likely to mirror other exposures such as smoking (often inversely
associated with CD [56, 57], although research findings are contradictory), low
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body mass index [58], or the likelihood of an individual to go to hospital for testing.
However, in many other autoimmune diseases, the so-called hygiene hypothesis has
been proposed. This hypothesis stipulates that individuals with an inferior hygiene
may have a decreased risk of autoimmunity. To our knowledge, the hygiene hypoth-
esis has not been formally tested with regard to CD.

Pregnancy and Early Childhood

A number of studies have explored the association between intrauterine and perina-
tal conditions on the risk of CD. One such study reported that being small for ges-
tational age (odds ratio, 1.20) or having a neonatal infection (odds ratio, 1.05) may
increase the risk of CD. The role of parental smoking is less clear [59].

Independently of its effect for the future risk of CD [57, 60, 61], smoking should
be discouraged for its detrimental effect on general health. A Swedish research
group recently published data indicating that elective cesarean section may predis-
pose to CD later in life. However, overall, cesarean section [62] was not associated
with CD, and risk increases were moderate in size. Cesarean section may confer
other risks in the fetus and in the mother, and the decision to undergo cesarean sec-
tion should not be based on the future risk in the offspring to develop CD.

Breast-Feeding

Most data suggest that breast-feeding protects against CD [63, 64]. However, so far
there are no randomized control trials that can confirm the observation between
short breast-feeding duration and CD [65]. In fact, several prospective studies argue
against breast-feeding having a protective effect against CD [66, 67]. Nevertheless,
most observational studies report an inverse relationship between breast-feeding
duration and CD, especially in children up to the age of 2 years.

Cesarean Section

Cesarean section could potentially influence the risk of future CD in the offspring
through modification of the infant’s microflora. A German study of 42 hospitals and
academic centers revealed a positive association (OR=1.8) between cesarean sec-
tion and later CD [68], while a British study found a negative association between
cesarean section and CD [67]. The discrepant results may be explained by small
numbers of celiac children and lack of data on potential confounders. One of the
co-authors of this chapter (JFL) therefore carried out a nationwide case—control
study based on more than 11,000 children with CD [62]. The latter Swedish study



3 Epidemiology of Celiac Disease 33

found no overall excess risk of CD in children born through cesarean section
(OR=1.06; 95 % CI=0.99-1.13) but a positive association with elective cesarean
section (OR=1.15; 95 % CI=1.04-1.26). In contrast with emergency cesarean sec-
tion, elective cesarean section does not involve contact with the birth canal, and we
speculate that the different microflora exposure in children born through elective
cesarean section explains their increased risk of CD.

Infection

It is still not clear to what extent various infections influence the risk of CD. Some
other immune-mediated disease, notably type 1 diabetes, have been linked to viral
infections [69, 70]. Some early seasonal studies [71-75] also suggested that birth in
spring or summer (so that the child would be introduced to gluten at the age of 6
months, coinciding with a high exposure of viral infections) is evidence that infec-
tious load can contribute to the etiology of CD. Just recently, a large study of
Swedish children found no association whatsoever between birth season and risk of
CD [76].

When Welander and collaborators examined risk of CD in a prospective cohort
of 9,000 children with breast-feeding in relation to gluten introduction [63], there
was a 1.8-fold increased risk of CD among children who were introduced to gluten
when having an infection (any kind of infection). The risk estimate (HR =1.8) was,
however, not statistically significant (0.9-3.6). Other studies have found a positive
association between high numbers of rotavirus infections and CD [74].

In conclusion, CD is an immune-mediated disease triggered by gluten exposure.
It occurs in about 1 % of the population in the Western world, and its incidence
seems to be rising.
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Chapter 4
The Pathophysiology of Celiac Disease

David E. Elliott

Introduction

There are more than 80 recognized autoimmune and immune-mediated inflammatory
diseases. Celiac disease (CD) is unique because it shares features of an autoim-
mune disease (production of self-reactive antibodies) and an inappropriate immune
response to an external provocateur. Furthermore, the pathogenesis of CD is better
understood than that of any other immune-mediated disease. CD results from a
series of cause and effect actions, the first of which is ingestion of gluten.

Gluten as an Antigen

The term “gluten” refers to a broad mixture of storage proteins present in wheat that
provide elasticity to dough. Although originally referring to wheat, now gluten is
used to connote similar proteins from rye and barley that contain protein sequences
that elicit an immune response (i.e., antigens). Oats also contain gluten-type pro-
teins (avenins) that have some of the same peptide sequences, but in much lower
amounts. Gluten-type prolamin proteins from other grains mostly lack the peptide
sequences that serve as antigens triggering inflammation in patients with CD.
Lymphocytes (B and T cells) each go through a process that involves rearranging
gene segments to develop a unique receptor that can recognize specific antigens.
Because of this feat, they constitute the “adaptive” immune system. Cells that com-
prise the “innate” immune system must rely on germline encoded receptors to rec-
ognize potential pathogens. Receptors on B cells recognize locations (epitopes) on
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Fig. 4.1 Gluten epitopes. PQPQLPYPQ
Gliadin contains a 33 amino PQPQLPYPQ PQPQLPYPQ

acid section packed with a
peptide sequence r_& = -M

(PQPQLPYPQ) that can LQLPFPQPQLPYPQPQLPYPQPQLPYPQPQPF..

activate T cells from patients
with CD. This sequence is ¥ ¥

also present in other proteins PFPQPQLPY PYPQPQLPY
made by wheat, rye, and
barley P=proline Q=glutamine L=leucine

Y=tyrosine F=phenylalanine

native protein antigens, and when stimulated by that antigen, make antibodies.
Receptors on helper T cells recognize epitopes on fragments of a protein that are
processed and displayed by an antigen-presenting cell (APC). When stimulated by
the antigenic epitope and APC, helper T cells make cytokines that direct the behav-
ior of other cells, adaptive and innate, to mount, maintain, and regulate an immune
reaction.

Gluten from wheat, rye, and barley is composed of numerous proteins that con-
tain antigenic epitopes for patients with CD. Gluten proteins were originally sepa-
rated into groups according to their solubility in water, salt solutions, or alcohol.
Gliadins are those components from wheat gluten that are soluble in alcohol.
Gliadins are further divided into o, f, y, and ® subtypes. Most of the research into
the T-cell antigenicity of gluten has been focused on a-gliadins [1]. Evaluation of
these proteins revealed short sequences rich in proline (P) and glutamine (Q) that
elicit responses from T cells isolated from patients with CD. These epitopes have
sequences similar to PQPQLPYPQ. A section of a2-gliadin contains a 33 amino
acid sequence that is resistant to digestion by human gut and pancreatic enzymes.
This sequence contains several epitopes that can stimulate CD patient T cells
(Fig. 4.1) [2]. Because this polypeptide is resistant to digestion, it remains available
to stimulate the immune system. However, many proteins present in wheat, rye,
barley, and oats contain potential CD-stimulating epitopes [3].

Gluten Epitopes and Antigen Presentation

Antigen-presenting cells display epitopes to helper T cells on cell surface protein
molecules. These antigen-presenting molecules hold epitopes in correct orientation
for review by T cells much like picture frames hold paintings for perusal by museum
patrons. Any one picture frame can hold different paintings of the right size, but
cannot hold paintings of the wrong size. Any one antigen-presenting molecule can
hold different epitopes with correctly aligned charge distributions, but cannot hold
epitopes with misaligned charges. Therefore, the specific antigen epitopes that can
be displayed by a person’s APCs depends on the set of antigen-presenting mole-
cules encoded in that person’s genome within the human leukocyte antigen (HLA)
locus on the short arm of chromosome 6. This section of the genome is highly
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polymorphic, meaning that many different versions of these genes exist. This wide
variation permits a range of responses by different members of a population, ensur-
ing that some will be able to react to a new pathogen.

Antigen presenting molecules that display epitopes to helper T cells are made of
an o and B chain, each chain encoded by a different gene. Three sets of these “Class
II” antigen-presenting genes are encoded on chromosome 6. The sets are named DP,
DQ, and DR. However, the o chain from one chromosome (e.g., paternal) can bind
with the B chain of the same set from the other chromosome (e.g., maternal), so four
different DQ molecules can be produced. The o and § chains that bind gluten epit-
opes and contribute to development of CD are encoded by the DQA1*0501 and
DQB1*#0201 genes [4]. People with this combination have the DQ2.5 molecule. If
the DQ2.5 molecule is encoded on one chromosome, the person carries a DR3-DQ2
haplotype. If the DQ2.5 molecule is produced by combining an « and f chain from
different chromosomes, the person carries the DR5-DQ7/DR7-DQ2 haplotypes.

As further elaborated in Chap. 5 by de Haas et al., about 95 % of patients with
CD express DQ2.5. People who inherit a copy of DQB1*0201 from each parent are
at higher risk of developing CD than are those with one copy of DQB1*0201 [5].
Thus, people who are homozygous for DQ2.5 have higher risk than those who are
heterozygotes. A very similar set of a and p chains that can bind gluten epitopes are
DQA1*0201 and DQB1*0202, which compose the DQ2.2 molecule. Major gluten
epitope presentation is not as sustained on DQ2.2 as it is with DQ2.5 [6]. However,
other similar gluten epitopes can be stably displayed on DQ2.2 molecules [7].
Moreover, DQ2.5/DQ2.2 heterozygotes have a risk that is higher than a regular
DQ2.5 heterozygote. About 5 % of patients with CD lack a DQ?2.5 haplotype. Most
of these express DQS, which is composed of the DQB1#0302 and DQA1*0301
chains [8]. There are rare patients with biopsy proven CD that does not express
either DQ2 or DQ8 [9]. About one-third of the Caucasian population expresses
either DQ2 or DQS8 antigen-presenting molecules. Therefore, the vast majority
(97 %) of people with DQ2 or DQS antigen presenting molecules will not develop
celiac disease.

Intestinal Barrier and Antigen Access

In order to induce inflammation, gluten antigens need to cross from the intestinal
lumen into the lamina propria where antigen-presenting cells and lymphocytes
reside. Intestinal epithelial cells (IEC) form a polarized sheet that acts as a barrier to
luminal contents. Macromolecules like gluten epitopes can cross this barrier through
four pathways: (1) by transport through the epithelial cell (transcellular passage),
(2) by transport between epithelial cells (paracellular passage), (3) by direct antigen-
presenting dendritic cell sampling of luminal contents, and (4) through a break in
the epithelium due to some sort of injury (Fig. 4.2).

Intestinal epithelial cells can transport material through the cell from the apical
surface to the basal surface. Microfold (M) cells are specialized epithelial cells that


http://dx.doi.org/10.1007/978-1-4614-8560-5_5

42 D.E. Elliott

Lumen Peplides
Tight
Junetion /
"-I- w Apical
Epithelial 1 2 3 4 S“ﬁace
Cell - - ;

H - J N Basal
La m I n a Basement Surface

P I'Opl a "Membrane” Decn gI’I‘ tic

Fig. 4.2 Routes of passage across the epithelial barrier. To initiate inflammation, gluten peptides
need to move from the intestinal lumen to the lamina propria, crossing the epithelial cell barrier.
Pathways include (1) transcellular passage, (2) paracellular passage, (3) direct sampling by den-
dritic cells, and (4) passage through an injured area

transport macromolecules and particulate matter (e.g., bacteria) across the cell to
underlaying lymphoid follicles for immunologic evaluation. This pathway permits
routine sampling of luminal contents and is upregulated in rodents with nonsteroi-
dal anti-inflammatory drug-induced intestinal inflammation [10]. Dietary antigens
also are able to pass through normal columnar intestinal epithelial cells. This path-
way likely dominates in active CD [11]. One important mechanism is mediated by
gluten binding to IgA antibodies in the lumen that then associate with cell surface
transferrin receptor (CD71), triggering endocytosis and passage of gluten through
the epithelial cell [12]. Apical expression of CD71 increases in active CD as does
production of anti-gliadin IgA, creating a potential for progressively worsening
inflammation. Other pathways of gluten antigen transport through epithelial cells
also exist [13, 14].

Intestinal epithelial cells are bound to each other by a cellular organelle called
the “tight junction” or “zonula occludens,” which controls passage of ions and mac-
romolecules between cells (paracellular pathway). Tight junction transmembrane,
structural, and regulatory proteins form a web that holds adjacent cell membranes in
close opposition. The complex is composed of about 30 proteins, including junction
adhesion molecule (JAM), claudins, VAP-33, zonula occludens proteins (ZO-1,
Z0-2, Z0O-3), cingulin, occludin, and regulatory proteins [15]. Tight junction func-
tion is regulated by cytokines like interferon-y (IFN-y) and tumor necrosis factor-a
(TNF-a) in a process that requires occludin [16]. Inflammatory cytokines cause the
tight junctions to loosen permitting paracellular transport of macromolecules to the
lamina propria for immunologic evaluation and, conversely, rapid egress of fluid and
bactericidal molecules to “wash out” offending agents. Zonulin (prehaptoglobin-2) is
another human protein that opens tight junctions [17]. Zonulin production is upreg-
ulated in active CD, and gliadin stimulates zonulin release from epithelial cells.
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Thus, regulation of tight junctions provides another circuit for progressively worsening
inflammation. Larazotide acetate (AT-1001) prevents opening of tight channels in
response to cytokines or zonulin and was recently tested in clinical trials to deter-
mine if the compound would prevent changes in intestinal permeability upon gluten
challenge in patients with celiac disease. Larazotide acetate did not appear to be
effective in controlling permeability, but the study may have been complicated by
high variability in how individual patients respond to gluten challenge [18].

Dendritic cells are the most prodigious antigen-presenting cells and are scattered
in the lamina propria beneath the basement membrane [19]. Dendritic cells can send
processes up between and even through epithelial cells to sample luminal contents
[20]. Dendritic cell sampling can be upregulated by epithelial cell exposure to
potentially pathogenic bacteria like salmonella [21]. Small intestinal dysbiosis also
may increase antigen presentation by this mechanism [22]. Furthermore, gliadin
peptide fragments alone induce maturation of dendritic cells to augment APC func-
tion [23]. Regulation of lamina propria dendritic cell function provides another cir-
cuit for progressively worsening intestinal inflammation.

Severe injury or inflammation can kill an area of epithelial cells causing an ulcer.
Enteric virus infection or medications like aspirin, ibuprofen, and naproxen fre-
quently cause small bowel ulceration. In young children, active CD can present with
duodenal ulceration [24]. In adults, ulceration is rare in active CD and suggests
ulcerative jejunitis, refractory CD type 2, or enteropathy-associated T-cell lym-
phoma, which is on the spectrum of aberrant T-cell neoplasms [25]. However the
ulcer forms, the break in the epithelial cell lining permits direct access of luminal
contents to lamina propria and submucosal APC. Thus, an ulcer due to injury or
inflammation can permit ingested gluten peptides to bathe the lamina propria,
prompting a reaction that can worsen the ulcer in patients with CD.

It is not surprising that large gluten peptides can cross the epithelial cell barrier
and initiate inflammation. Each of the four pathways (see Fig. 4.2) could cause
transient or low-grade display of gluten epitopes to T cells by APC. Each of the four
pathways is likely active at any given time. Each of the four pathways will increase
with worsening inflammation due to active CD, which can cause increase in the
other pathways. It is surprising that food allergies are not more common.

Tissue Transglutaminase: A Matchmaker

Tissue transglutaminase (TG2, TTG) is a ubiquitously expressed cellular enzyme
that crosslinks proteins through a lysine-glutamine bridge. It can also serve as a
deamidase, removing the amide group on the side chain of glutamine and convert-
ing it to glutamate. Tissue transglutaminase can deamidate gluten peptides [26]. For
example, PQPQLPYPQ is the sequence derived from native 33mer (see Fig. 4.1). If
the residue has been deamidated by TTG, the sequence PQPELPYPQ is produced
through degradation [3]. This change alters the charge on the polypeptide, which
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increases its ability to bind in the antigen-presenting groove of DQ2.5. Gluten
serves as an ideal substrate for TTG and is quickly and specifically deamidated by
the enzyme. The preferred (Q, underlined) glutamine target for TTG is in the
sequence QXPF (Y, W, M, L, I, or V) [27], where X is any amino acid. This sequence
set is rare or absent in oat avenins [27]. Glutamine can deamidate to glutamate non-
enzymatically, but the conversion is slow. It is likely that TTG is central to the pro-
cess of rendering gluten epitopes highly antigenic by increasing their binding
strength (avidity) to CD-associated antigen-presenting molecules. In addition, TTG
may also assist in shuttling gluten epitopes through epithelial cells [14].

Lamina Propria T Cells: Stokers of Intestinal Inflammation

We have now set most of the stage for intestinal inflammation. There is an antigen
(gluten) that has crossed the epithelial cell barrier and has been acted on by tissue
TTG to increase binding to DQ2.5 or DQS8 antigen-presenting molecules on
antigen-presenting cells in the lamina propria and draining lymph node. For
inflammation to occur, several cell types need to work in concert, communicating
by cell surface receptor display and elaboration of signaling molecules called
cytokines or interleukins (IL). Appropriate inflammatory reactions are highly reg-
ulated and tightly focused. Inappropriate inflammation, like that which occurs in
CD, is aresult of either excessive pro-inflammatory or ineffective anti-inflammatory
(regulatory) communication. At the center of this communication are the T helper
lymphocytes.

T helper (Th) cells respond to antigen epitopes displayed on MHC class II
(DP,.DQ,DR) molecules by a high affinity engagement of a clonally unique T cell
receptor complexed to a co-receptor named CD4. The terms “Th cells” and “CD4+
T cells” are functionally synonymous. There are several types of Th identified by
the kind of cytokines they make [28]. Major types include Th1 (makers of IFN-y),
Th2 (makers of IL-4), Th17 (makers of IL-17), and T regulatory cells (makers of
IL-10, TGF-B, and/or inhibitory cell surface molecules). Each of these Th cell types
makes cytokines that amplify development of that type while inhibiting develop-
ment of the other types. This causes chronic reactions to polarize into a discrete Th
type cytokine profile. The cytokines made by Th cells instruct other cells how to
respond within an inflammation. Therefore, the mix of T cell types generated in
response to an epitope displayed by an APC will determine whether or not an
inflammation results and if so, what type of inflammation occurs. This initial deci-
sion likely takes place in the mesenteric draining lymph nodes where intestinal den-
dritic cells have migrated to display captured antigens [29]. Most of the time, the
decision produces tolerance (regulatory reaction) toward food antigens and no
inflammation occurs. Instead, in CD, the decision is to react. It is likely that several
factors conspire to produce a decision to react, such as the strength of epitope/
antigen-presenting molecule interaction on an APC [6, 7], the affinity of a randomly
generated T cell receptor for that specific gluten epitope, and the coincident mix of
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Fig. 4.3 Inflammatory circuits in CD. Multiple cell types are involved in the intestinal inflamma-
tion in CD. Anti-deamidated gliadin is taken up by an APC (macrophage or dendritic cell) and is
presented to a T cells using a DQ2 or DQS8 antigen-presenting molecule. The activated T cells
make IFN-y and IL-17. The IFN-y instructs epithelial cells to display HLA-E. The APC also
makes IL-15 that causes IEL to proliferate and display NK receptors that recognize HLA and
MICA on epithelial cells. The activated IEL then kills the targeted epithelial cells. B cells in the
lamina propria also can present antigen to T cells that help the B cells mature into plasma cells that
make anti-TTG or anti-deamidated gliadin antibodies

cytokines and co-stimulatory molecules present when that Th cell engages its cog-
nate antigen [28, 30]. In patients with active CD, pro-inflammatory IFN-y and IL-17
producing (Th1/Th17) cells control the response [31]. These cells leave the draining
lymph node and migrate (traffic) back to the intestinal mucosa where, in response to
locally displayed gluten epitopes, they help drive the inflammation.

Within the mucosa, several different cell types work together to cause an inflam-
matory response (Fig. 4.3). Inflammatory Th1/Th17 cells respond to gluten epitopes
displayed by lamina propria macrophages and dendritic cells by producing IFN-y
and IL-17. Each of these cytokines has multiple effects on surrounding cells, and
both are often found at sites of autoimmune inflammation [32]. IFN-y feeds back on
APC to change their cytokine and cell surface receptor display, enhancing develop-
ment of more pro-inflammatory T cells. IFN-y also instructs macrophages to upreg-
ulate the ability to kill ingested bacteria. Importantly, IFN-y instructs epithelial cells
to display HLA-E [33], potentially targeting them for injury by intraepithelial lym-
phocytes (IEL). Th17 cells make IL-17, which increases neutrophil activity and
other cytokines like IL-6 and TNF-a, which drive tissue inflammation.

Lamina propria T cell IFN-y also likely signals APC to make IL-15 [34]. In addi-
tion, a specific gliadin peptide (p31-43) can trigger IL-15 production by lamina
propria APC [35]. IL-15 is a central cytokine in CD and other immune-mediated
inflammatory diseases [36]. Many cell types, including intestinal epithelial cells,
can make IL15. Mice engineered to overproduce IL-15 by their intestinal epithelial
cells develop inflammation that recapitulates CD [37, 38]. IL-15 has many effects;
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it augments inflammatory IFN-y and TNF-a production, suppresses T regulatory
cell function [39], and can feedback to promote its own production [34]. IL-15 may
also instruct epithelial cells to display greater levels of “MHC class I chain-related
gene A” (MICA) [40]. Most importantly, IL-15 promotes the proliferation of cyto-
lytic CD8+ IEL [36, 41] and causes them to express receptors that target killing of
epithelial cells.

Intraepithelial Lymphocytes: Agents of Destruction

Small numbers of T cells normally reside above the basement membrane and
between epithelial cells. These are called intraepithelial lymphocytes (IEL). IELs
likely aid in the identification, removal, and replacement of damaged epithelial
cells. There are few different types of IEL. The majority are CD8+ T cells that uti-
lize a T cell receptor (TCR) generated by recombining gene segments in the a and
B TCR loci (CD8+a/p T cells). These cells recognize antigens displayed on Class I
MHC molecules. Class I MHC molecules mostly display pieces of proteins that
were made by the cell as part of its normal functioning. Cytolytic CD8+ T cells
survey this display to find evidence for production of unusual proteins suggesting
presence of a mutated or virally infected cell. When discovered, they kill the abnor-
mal cell. Another important group of IEL is CD8+ T cells that utilize a TCR gener-
ated by recombining gene segments in the y and 8 TCR loci (CD8+y/d T cells).
These cells often recognize antigens that can be displayed on “nonclassical”
antigen-presenting molecules like CD1 and MICA, which are both expressed by
epithelial cells.

In active CD, the number of IELs greatly expands. Indeed, this expansion is a
distinctive feature of gluten-induced intestinal inflammation [42]. This expansion is
driven by IL1-5 made by lamina propria APC and by stressed epithelial cells [36,
41]. IL-15 also instructs IELs to express a set of receptors normally displayed by
“natural killer” (NK) cells. NK cells are similar to CD8+ lymphocytes, but they do
not utilize a TCR. Instead, they have a set of germ-line receptors that probe for the
absence or presence of abnormal antigen-presenting molecules on a cell’s surface
[43]. NK cells dispose of virally infected or mutant cells that may not be recognized
by CD8+ T cells. IL-15 induces expression of NKG2D [44], which interacts with
MICA (and MICB) displayed on epithelial cells. Unlike IEL in normal intestine,
IELs in patients with CD also express another NK receptor called CD94/NKG2C
[45]. CD94/NKG2C recognizes HLA-E, which is upregulated in epithelial cells in
response to IFN-y [33]. Engagement of NKG2D with MICA/B and CD94/NKG2C
with HLA-E activates the IELs without requiring CD8/TCR recognition of an
abnormal protein. Acquisition of NKG2D and CD94/NKG2C receptors by IEL and
display of MICA/B and HLA-E by epithelial cells target the epithelial cells for
destruction.

Thus, the hallmark injury in CD, villous atrophy, results from destruction of
intestinal epithelial cells by IEL in response to IL-15 made by intestinal epithelial
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cells, lamina propria macrophages, and dendritic cells. Epithelial cells are targeted
for destruction by cell surface display of MICA/B, induced by cell stress and pos-
sibly IL-15, and HLA-E, induced by IFN-y made by gluten-responsive lamina pro-
pria T cells. The cells causing injury are the more numerous CD8+a/f3 IELs. The
CD8+ v/d IEL (particularly those expressing inhibitory receptor CD94/NKG2A)
may be uninvolved or even protective in CD [42, 46, 47], though y/5 IEL may also
be the cell type that gives rise to enteropathy associated T cell lymphoma (EATL) in
refractory CD.

Refractory Celiac Disease: Antigen-Independent
Inflammation

The vast majority of patients respond to a gluten-free diet with resolution of their
intestinal inflammation and normalization of their serum anti-TTG and anti-
deamidated gliadin levels. Rarely, intestinal inflammation remains or returns even
though the patient is maintaining a gluten-free lifestyle. Refractory celiac disease
(RCD) is defined as persistent or recurrent malabsorptive symptoms and signs, with
villous atrophy despite a strict gluten-free diet for more than 12 months [48]. RCD
is further broken down into two types based on the absence or presence of abnormal
intestinal T cells. Normal T cells express the marker CD3, a component of the TCR
complex, on their surface. In RCD I, lamina propria T cells and IEL are surface
CD3+ and appear identical to those in untreated active celiac disease. In RCD 11,
there is development of an aberrant CD4-CDS- yd T cell clone that expresses intra-
cellular but not surface CD3 and makes up more than 50 % of IEL by immunohis-
tochemistry. These cells also express the integrin CD103+ («E) common to IEL
suggesting they arise from the IEL population [49]. Approximately, 50 % of patients
with RCD II develop EATL within 5 years of diagnosis, which is why RCDII has a
poor prognosis.

In RCD, intestinal inflammation continues in the absence of known gluten expo-
sure. In RCD 1, it is possible that unidentified gluten-like epitopes present in other
food are sufficient to maintain the inflammation. In a study of ten patients with RCD
I placed on a non-immunogenic elemental diet, eight of the nine patients that com-
pleted the study had histologic improvement and seven had a decrease in mucosal
IFNy RNA expression [50]. This suggests that RCD I reflects an ongoing response
to an unidentified antigen.

On the other hand, it is possible that RCD results from a self-sustaining inflam-
mation in the absence of Th direction. Epithelial cells are capable of making IL15
[51], and this production is upregulated in active celiac disease [41]. IELs can make
IFN-y, and this production is upregulated in active CD [41, 52]. Thus, epithelial
cells can make IL-15 to drive proliferation of IEL that display NKG2D and CD94/
NKG2C. These IELs in turn produce IFN-y that upregulates HLA-E expression by
epithelial cells that also display MICA/B. This could create a positive-feedback
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loop, creating IL-15-dependent inflammation in the absence of specific antigen
exposure. Moreover, IL-15 supports the survival proliferation of aberrant T cells in
RCD 1II [53]. Thus, it is easy to hypothesize self-amplifying circuits in RCD. The
centrality of IL-15 in these circuits fosters interest in therapeutic trials involving
IL-15 blockade [37, 54].

Anti-TTG and Anti-Deamidated Gliadin Antibodies

An important screening tool for CD is testing for high titer (elevated concentration)
of antibodies against TTG and deamidated gliadin. However, their role in the patho-
genesis of CD is unclear. Anti-gliadin antibodies probably help shuttle gluten pep-
tides transcellularly across the epithelial layer [12]. Antibodies are made by B
lymphocytes. B cells differentiate into plasma cells, which secrete copious amounts
of antibody. Both cell types are numerous in the intestinal lamina propria. B cells also
function as “nonprofessional” APC and can present antigens to T cells. B cells
express their clonally unique antibody on their cell surface. Here, the antibody can
capture its cognate antigen (gluten or TTG) and cause the B cell to ingest the mol-
ecule and process it for presentation to T cells in conjunction with MHC Class 2
molecules like DQ2. T cells that recognize the antigen can secrete growth factors
for the B cells to ramp up production of the antibody. In addition, B cells may stimu-
late T cells to drive inflammation. However, identification of a direct role for celiac-
associated antibodies in the pathogenesis of the intestinal inflammation remains
elusive [55]. Mice that are engineered to over-express IL15 from intestinal epithe-
lial cells develop celiac-like inflammation with numerous lamina propria B cells
and plasma cells and produce elevated serum anti-TTG antibody [38]. This suggests
that anti-TTG antibody develops in response to IL-15-driven inflammation rather
than causing that inflammation.

Conclusion

CD begins with ingestion of gluten, which finds its way across the epithelial cell
barrier to APC. If those APCs utilize DQ2 or DQ8 antigen-presenting molecules,
they can display epitopes to Th cells that start to produce IFN-y and stimulate APC
to make IL-15. These cytokines induce IEL to kill epithelial cells and cause the
damage that results in celiac disease. Central to the inflammation is IL-15.
Antibodies to TTG and anti-deamidated gliadin may increase sensitivity to gluten,
but are probably more important as clinical measures of gluten exposure. Although
a lot is known, much remains to be discovered.
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Chapter 5
Immunogenetics of Celiac Disease

Esther C. de Haas, Vinod Kumar, and Cisca Wijmenga

Heritability of Celiac Disease

Celiac disease (CD) can be considered as a model for common complex disorders
in which the phenotypes result from a combination of environmental triggers,
genetic predisposing factors, and their interactions. Although the gliadin fraction of
wheat gluten and similar protein fractions of other grains, which are the primary and
necessary environmental triggers for CD, have been well defined since the 1950s,
the discovery of genetic risk factors is an ongoing process.

In contrast to Mendelian single-gene disorders, CD does not show a clear pattern
of inheritance. The importance of genetics is indicated by familial clustering, shown
by epidemiological studies comparing the prevalence of CD in related individuals to
the prevalence in unrelated individuals. The reported prevalence in first-degree rela-
tives of CD patients ranges from 2.8 to 22.5 %, with the higher prevalences reported
in at-risk relatives undergoing routine intestinal biopsy instead of only serological
screening [1]. In contrast, the overall prevalence of CD in North America and
Western Europe ranges from 0.5 to 2.9 % [1, 2]. The recurrence risk ratio for sib-
lings (A,), the prevalence of CD in siblings divided by the prevalence in the general
population, has been reported to be as high as 20-60 [3-5]. A large multicenter
study in the USA among at-risk and not-at-risk groups found a prevalence of 4.5 %
in first-degree relatives and 2.6 % in second-degree relatives, compared to 0.3 % in
not-at-risk children and 0.9 % in not-at-risk adults [6].

In order to distinguish the role of genetic factors in familial clustering from envi-
ronmental factors, twin studies are performed. In a large population-based twin
study in Italy, the estimated case-wise concordance, a measure for disease risk if a
co-twin is affected, was 83.3 % (95 % confidence interval 70.3-96.4 %) for
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monozygotic twin pairs and 16.7 % (3.6-29.8 %) for dizygotic twin pairs [7]. Since
the proportion of affected co-twins in dizygotic twin pairs is in line with the reported
prevalence of CD in siblings, the role of shared environmental factors, with the
exception of exposure to gluten antigen, is thought to be limited [8]. Assuming a
population prevalence between 0.1 and 1.1 %, the variance in CD prevalence attrib-
utable to genetic variance, the so-called heritability of CD, is estimated to be
57-87 % (95 % confidence intervals 32—-100 %) [7].

The Immunogenetics of Celiac Disease

Identification of Susceptibility Genes for Celiac Disease

The above studies on CD prevalence contribute to estimations of the heritability, but
do not provide information on which genes or how many genes are actually involved
in disease development. Other approaches are needed to identify susceptibility
genes: linkage analysis and genetic association analysis (both candidate genes and
genome-wide) (see Text Box 5.1 Genetic Linkage and Association analysis).

The first indentified genetic risk factor for CD, the human leukocyte antigen DQ
(HLA-DQ) genotype, is the strongest known genetic risk factor. Since serological
studies in the 1970s discovered the association between HLA and CD, many others
have confirmed the strong linkage to HLA, specifically to HLA-DQ2 and HLA-DQS.
However, no other genetic associations were consistently found by linkage studies
and candidate gene studies. The recent development of genome-wide association
studies (GWAS) has led to the discovery of several additional susceptibility genes
for CD. So far, GWAS have identified 57 associated single nucleotide polymor-
phisms (SNPs) located in 39 non-HLA regions, with most of the positional candidate
genes having immunological functions.

Association with HLA Genotype

The major HLA class II, also called Major Histocompatibility Complex II (MHC
II), molecules DP, DQ, and DR are cell-surface receptors on antigen-presenting
cells involved in the presentation of exogenous peptide antigens to T-helper lym-
phocytes. The encoding genes are part of the 200 genes encompassing 4 Mb HLA-
complex on chromosome 6p21. This region corresponds with the CELIACI locus, a
region consistently found to be associated with CD in both linkage and association
studies.

The first reports on the association with HLA revealed a link between CD and
positive serology for HLA class I B8-antigen and later HLA-DR3-antigen [9, 10].
The encoding alleles of the HLA-B gene and HLA-DR genes are strongly linked in
the haplotype A1-B8-DR3-DQ2, which is present in approximately 10 % of
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Text Box 5.1 Genetic Linkage and Association Analysis

For a long time, the search for genetic risk factors for complex disorders was
based on genetic linkage analysis and association studies with candidate
genes. In genetic linkage analysis, genetic markers are used to identify chro-
mosomal regions that are shared by affected relatives more often than expected
by meiotic segregation. Identified regions may contain up to hundreds of
genes. Subsequently, fine mapping is needed in order to pinpoint the causal
gene. This can be achieved by association analysis.

In association analysis the frequencies of genetic variants are compared
between patients and healthy control persons. In candidate gene association
studies, the analyzed genetic variants are often selected for their location in
chromosomal regions linked to the disease or because of their hypothesized
function in the disease of interest.

The more recent GWAS are hypothesis-free and compare large numbers,
hundreds to thousands, of patients and healthy control persons for hundreds of
thousands to millions of genetic variants, so-called single nucleotide poly-
morphisms (SNPs), dispersed over the whole genome. An association analy-
sis relies on the strong linkage over short distances between the analyzed
SNPs and potential causal genetic variants; this is the so-called linkage dis-
equilibrium (LD). Most disease-associated SNPs are not the causal variant but
a marker or tag for a nearby causal variant. GWAS have contributed greatly to
identifying genetic risk factors for complex disorders. The use of hundreds of
thousands to millions of SNPs means it is possible to achieve a high resolution
compared to linkage studies, while the large numbers of analyzed patients and
control persons add to the statistical power to detect genetic variants with
small or modest effect sizes. Importantly, the hypothesis-free approach has
led to the identification of genes and pathways not previously suspected of
being involved in the disease of interest.

Northern Europeans [11]. Subsequent studies pinpointed the association of CD to
alleles encoding HLA-DQ2 molecules [12, 13].

The HLA-DQ molecule is a heterodimer consisting of an a chain and a f§ chain,
encoded by HLA-DQA1 and HLA-DQBI1. Further characterization of the associa-
tion between HLA-DQ and CD showed that especially homozygosity for the
HLA-DQ2.5 heterodimer (encoded by the alleles DQA1#0501 and DQB1*0201)
and, to a lesser degree, heterozygosity for the HLA-DQ?2.5 heterodimer combined
with the HLA-DQ2.2 heterodimer (encoded by the alleles DQA1*0201 and
DQB1*0202) were associated with a strongly increased susceptibility for CD [14,
15] (Fig. 5.1). Assuming a CD prevalence of 1 % in the general population, the
absolute risk for CD is estimated at >7 % for this high-risk group [16].

Heterozygosity for the HLA-DQ2.5 heterodimer combined with another
HLA-DQ heterodimer, or homozygosity or heterozygosity for the HLA-DQS
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Fig. 5.1 HLA-DQ heterodimers with coding HLA-genotypes and corresponding susceptibility for CD

heterodimer (encoded by the alleles DQA1#0301 and DQB1*0302), confers a more
moderately increased risk for CD, with an absolute risk for CD estimated at 0.1-7 %
[16]. Functional studies showed that these HLA-DQ2 molecules and, to a lesser
degree, HLA-DQS8 molecules have a high affinity for gluten peptides and that
gluten-reactive T lymphocytes from the small intestinal mucosa of CD patients
preferentially recognize gluten peptides when presented by HLA-DQ2 or HLA-DQS8
[17-20]. Approximately, 95 % of the CD patients carry the HLA-DQ2.5 genotype,
and many of the other 5 % carry HLA-DQS8 [13, 21, 22]. There is a significant
worldwide correlation between the combination of wheat consumption and fre-
quency of HLA-DQ2 and HLA-DQS8, on the one hand, and the incidence of CD, on
the other hand (estimated correlation coefficient R*=0.4) [23]. This observation is
in line with a CD model of genetically susceptible individuals in whom dietary
gluten triggers intestinal inflammation.

Although the presence of either HLA-DQ2 or HLA-DQS can be considered nec-
essary for the development of CD, neither is sufficient, since only some 3 % of the
approximately 40 % of Caucasians who carry either HLA-DQ2 or HLA-DQS8 will
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actually develop CD [24]. This suggests that, in addition to wheat gluten consump-
tion and HLA genotype, other environmental and genetic factors must be involved
in CD etiology. A recent study on the HLA-complex in CD showed that this region,
with its many genes in strong linkage disequilibrium (LD), might contain more
susceptibility genes for CD [25].

Based on the assumption of a multiplicative model of genetic risk and an esti-
mated recurrence risk for siblings stratified for HLA genotype (A a) of 2.3-5.3, the
contribution of HLA to the heritability of celiac disease is estimated at between 21
and 44 % [4, 5].

Association with non-HLA Genes

With the completion of the human genome sequence, millions of SNPs have been
identified. Using these SNPs as genetic markers, called tag SNPs, GWAS have
helped to identify thousands of susceptibility variants for hundreds of complex
diseases.

Two GWAS on CD and their follow-up studies revealed 26 non-HLA regions to
be associated with CD [26-29]. Denser genotyping with the Immunochip, a custom-
made array that covers common variants from 186 GWAS loci associated with 12
immune-mediated diseases, identified 13 additional non-HLA regions [30].

Thus, in addition to HLA, there are now 39 known non-HLA regions associated
with CD, of which 36 have been genotyped with a high variant density. These
regions contain 57 independently associated SNPs [30] (Fig. 5.2). The association
signal can be refined to a single candidate gene for 19 of the regions (see Text
Box 5.2. “From Genetic Markers to Candidate Genes and Pathways”). However,
only three of the associated SNPs are linked to protein-altering variants located in
exonic regions, and eight additional SNPs are localized upstream around the tran-
scription start site (5" untranslated region) of a specific gene or downstream around
the 3" untranslated region [30]. Although most SNPs are localized in nonprotein
coding intergenic and intronic regions, the regions associated with CD are greatly
enriched with regions involved in regulating the expression of one or more genes,
so-called expression Quantitative Trait Loci (eQTLs) [29].

The candidate genes for CD identified by GWAS provide important clues to the
disease pathogenesis, including the pathways that are deregulated in CD. Pathway
enrichment analyses using susceptibility genes have shown that most susceptibility
genes for celiac disease are involved in immune processes. These pathways concern
both the adaptive immune response and the innate immune response. The adaptive
immune response includes T-lymphocyte maturation and differentiation (e.g., the
RUNX3,ETS1,IL2,1IL21,ILI12A,ILI8R1,and IL18RAP genes), T- and B-lymphocyte
activation and immune cell signaling (e.g., the CD28, CTLA4, ICOS, ICOSLG,
PTPN2, SOCS1, SH2B3, UBASH3A, and FASLG genes), and chemokine-induced
cell migration (e.g., the CCRI-3 and CCR4 genes). The innate immune response
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Fig. 5.2 Manhattan plot of the 39 non-HLA regions associated with CD and identified by
Immunochip analysis. The vertical line represents the genome-wide significance threshold at
P=5x10*. For each associated region the candidate genes are shown with the minor allele fre-
quency (MAF) in the European control population and the odds ratio (OR) for the most signifi-
cantly associated single nucleotide polymorphism (SNP) of each region. In three regions, the most
significantly associated SNP is linked to a protein-altering variant (IRAK1, SH2B3, and MMELI,
in bold). Several SNPs are associated with a change in expression of one or more genes: 1 for
increased expression and | for decreased expression (Kumar V et al., unpublished data). Candidate
genes known to be involved in immunological pathways are highlighted

includes the NFkB-pathway (e.g., the UBE2E3 and TNFAIP3 genes) and the
response to viral infections (e.g., the BACH2 and IRF4 genes) [29, 31] (see Fig. 5.2).

These results do indeed suggest that CD is a T lymphocyte-mediated immune
disorder. Furthermore, enrichment of genes involved in natural killer (NK) cell-
activation and interferon-gamma production compared to other autoimmune dis-
eases indicates involvement of this pathway in CD [23]. Altogether, celiac
susceptibility genes appear to be involved in both the adaptive as well as innate
immunity. It has been suggested that the interplay between innate and adaptive
immunity on exposure to environmental triggers is a main pathogenic factor in
CD [32]. In addition to gluten, various infectious agents have been proposed as
triggering environmental factors in genetically predisposed individuals. Moreover,
it has been hypothesized that gut microbiota may play a role in CD pathogenesis
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Text Box 5.2 From Genetic Markers to Candidate Genes and Pathways

Since the associated SNPs in GWAS will in most cases not be the causal variant
but a tag for a nearby causal variant, additional analyses can help to pinpoint
the best candidate genes. Denser genotyping with the analysis of multiple
SNPs located within the same LD block as the tag SNP may help identify
SNPs with a stronger association to the disease of interest and narrow down
the genetic region to study. Sequencing of regions of interest may help to
identify less common variants with a potential biological effect. In eQTL
analysis, the associated SNPs are tested for their correlation with the expres-
sion levels of nearby genes (cis-eQTL) or genes some distance away (trans-
eQTL). The result may suggest a functional role for the genes whose expression
correlates with the disease-associated SNPs. Annotation catalogues, contain-
ing information on the functions of genes and genetic variants, and gene co-
expression networks can further contribute to identifying genes and pathways
that may have a function in the disease of interest.

(as discussed in depth in Chap. 7) [33, 34]. Hence, it might be relevant to analyze
CD susceptibility genes in the context of interactions between microbes and the host
immune response.

Current Challenges in the Search for Genetic Susceptibility
Factors

Although GWAS have identified 57 independently associated non-HLA SNPs to
CD, the exact causal variant in each region is still unknown. This can be explained
by the fact that the analyzed SNPs are in fact tag SNPs, which are in linkage with
more than one variant within a so-called LD block. Molecular functional analyses
will be necessary to delineate the true causal variants and to understand the mecha-
nism of how these variants affect CD. In addition, most of the associated SNPs are
common and associated with a modest increase in CD risk (median odds ratio 1.17,
range 1.10-1.70) or a modest decrease in risk (median odds ratio 0.88, range 0.71-
0.91) [30]. Since the associated SNPs are tag SNPs, the true effect sizes of the
causal variants may be underestimated.

The known non-HLA susceptibility regions, together with HLA, explain approx-
imately 54 % of the heritability of CD [35]. So nearly 50 % of the heritability still
needs to be explained. It is not clear whether this hidden heritability is due to thou-
sands of common variants with smaller effect sizes or to individual mutations with
strong effect sizes. Future studies performing whole genome sequencing in CD
patients may provide answers to this question [36].
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From the ENCODE project, it is now apparent that most of the human genome
is transcribed to not only protein-coding transcripts but also to large numbers of
noncoding RNA molecules of different size [37]. These noncoding RNAs include
short noncoding RNAs such as microRNAs (miRNAs), small interfering RNAs
(siRNAs), and piwi-interacting RNAs (piRNAs), as well as a new class of long
noncoding RNAs (IncRNAs), which are larger than 200 nucleotides [38].
Interestingly, several CD-associated SNPs map to IncRNA regions [39], and it has
been shown that disease-associated SNPs can alter IncRNA expression [40]. Hence,
the identification of genetic variants associated with CD and that map to noncoding
transcripts could help us not only to explain the hidden heritability of CD but also
to better understand the disease mechanism.

Shared Immunogenetics with Immune-Related Diseases

CD is associated with several other autoimmune diseases and immune-mediated
diseases. Patients with type 1 diabetes mellitus and autoimmune thyroiditis (Graves’
disease and Hashimoto’s disease) belong to the high-risk populations for CD, with
estimated prevalences of 3—6 % in type 1 diabetes patients [1] and 3—8 % in autoim-
mune thyroiditis patients [41]. In addition, the prevalence of immune-related dis-
eases, including type 1 diabetes and autoimmune thyroiditis, is increased in CD
patients compared to the general population [42—45]. In different cohorts of CD
patients, the overall prevalence of autoimmune diseases, excluding dermatitis her-
petiformis, was approximately 20 %, compared to approximately 11 % in control
groups [44—46]. In a retrospective study of CD patients, their cumulative risk for
autoimmune disease increased from 8 % at 15 years of age to 33 % at 50 years of
age. Type 1 diabetes comprised 29 % of the reported cases and autoimmune thyroid-
itis 26 %, while other diseases such as psoriasis (8 %), inflammatory bowel disease
(7 %), and rheumatoid arthritis (3 %) were reported in fewer patients [45].

Risk factors for the development of another autoimmune disease were a positive
family history for autoimmune disease (hazard ratio 2.4, 95 % confidence interval
1.7-3.3) and a diagnosis of CD before 36 years of age (hazard ratio 2.7, 95 % con-
fidence interval 1.8-3.9). In contrast, a positive family history for CD was not asso-
ciated with an increased risk for other autoimmune diseases in CD patients [45].
This suggests that some susceptibility genes for CD may be shared with other
immune-related diseases.

Many immune-related diseases have been linked to the HLA region. The CD
HLA risk haplotypes containing HLA-DQ2.5 and HLA-DQS8 also belong to the
most susceptible HLA haplotypes for type 1 diabetes [47]. It is estimated that
approximately one-third of the type 1 diabetes patients who are homozygous for
HLA-DQ2.5 have CD-associated transglutaminase autoantibodies, compared to
1 % of the patients without HLA-DQ2 or HLA-DQS. It is therefore likely that CD
and type 1 diabetes share more risk factors [48].
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Fig. 5.3 Non-HLA susceptibility regions shared between celiac disease (CeD) and the following
immune-related diseases (using a genome-wide significance threshold at P=5x 107%): CrD Crohn’s
disease, GD Graves’ disease, MS multiple sclerosis, PBC primary biliary cirrhosis, PS psoriasis,
RA rheumatoid arthritis, SLE systemic lupus erythematosus, 7/D type 1 diabetes mellitus, UC
ulcerative colitis, VL vitiligo, AA alopecia areata, AS ankylosing spondylitis. Adapted from [59]

A meta-analysis on genetic susceptibility regions discovered by GWAS for
immune-related diseases (including CD and type 1 diabetes) showed that 44 % of
the regions were associated with more than one immune-related disease. This con-
firms a widespread sharing of non-HLA susceptibility regions between immune-
related diseases [49]. Of the non-HLA susceptibility regions for celiac disease,
30/39 (80 %) have been associated with other immune-related diseases (Fig. 5.3).

Analysis of pathways shared by candidate genes directly associated with two or
more immune-related diseases showed that there are three major immunological
pathways involved: T-lymphocyte differentiation, immune cell signaling, and the
innate immune response [50]. CD susceptibility genes appear to be linked to path-
ways that are strongly involved in T lymphocyte-mediated autoimmune diseases,
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such as type 1 diabetes and autoimmune thyroiditis, but not in inflammatory bowel
disease, for example [23].

In addition, some of the identified candidate genes appear to be specifically asso-
ciated with one or a few immune-related diseases. Disease-specific genes could
provide insight into specific aspects of the disease pathogenesis. For example, LPP
(LIM domain-containing preferred translocation partner in lipoma), which is shared
with vitiligo, is involved in cell adhesion and may have a structural role in the intes-
tine [50].

The combined analysis of immune-related diseases in the future may add power
to studies to discover more common genetic variants with smaller effect sizes and
may contribute to insights into their shared etiological pathways.

Towards Clinical Applications

The ultimate aim of discovering causal genes and pathways involved in CD is to
improve the accuracy of diagnosis and to contribute to risk stratification for deter-
mining the follow-up and treatment needed.

Thus far, HLA-DQ genotype is the strongest genetic factor linked to CD. HLA-
genotyping with a tag SNP method, using six HLA-tagging SNPs, predicts HLA-DQ
risk type with high accuracy and is a cost-effective method suited for large-scale use
[51, 52].

HLA-DQ2 and HLA-DQS8 combined have a sensitivity of median 96 % [53].
Individuals who have neither HLA-DQ2 nor HLA-DQS8 are unlikely to have CD.
HLA-DQ genotyping could therefore be used to exclude CD or make it unlikely in
patients with an uncertain diagnosis. In addition, genotyping could be used as a
first-line test in the screening of asymptomatic individuals with an increased risk for
CD, for example, patients with type 1 diabetes or autoimmune thyroiditis, and the
first-degree relatives of CD patients [53, 54]. For example, in siblings of children
with CD, who have an overall risk for CD of 10 %, HLA-DQ genotyping was used
to stratify ~40 % of the siblings into a group with a small residual risk of <1 % and
another ~30 % into a group with a residual risk of 1-10 % [55].

In contrast, the specificity of HLA-DQ genotyping is rather low, with a com-
bined median specificity for HLA-DQ2 and HLA-DQS of 54 % [53]. The presence
of HLA-DQ2 or HLA-DQS, in combination with the presence of CD-specific anti-
bodies, could strengthen the diagnosis in patients in whom CD is clinically
strongly suspected but in whom no intestinal biopsy will be performed [53].
However, even at a relatively high a priori chance for CD, the proportion of indi-
viduals with false-positive results is rather high. Thus, because of the low positive
predictive value of HLA-DQ genotyping, a combination with additional risk factors
may lead to better prediction of CD risk. A two-step approach could be applied:
first excluding individuals without HLA-DQ2 and HLA-DQS8, and second classi-
fying the remaining individuals into different risk groups based on their non-HLA
genetic risk factors [16].
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In a genetic risk model based on HLA-DQ genotype and ten non-HLA suscepti-
bility SNPs, the presence of 13 or more risk alleles in an individual implied an odds
ratio of 6.2 (95 % confidence interval 4.1-9.3) for CD, compared to individuals
with 5 or fewer risk alleles [56]. An intermediate HLA-genotype risk combined
with 13 non-HLA risk alleles led to an increased risk for CD (odds ratio 6.1) com-
parable to a high HLA-genotype risk combined with no non-HLA risk alleles (odds
ratio 6.2) [56].

The combination of HLA-DQ genotype and the 57 known non-HLA susceptibil-
ity SNPs in a genetic risk score leads to a further increase in accuracy of the genetic
risk score, with 11 % of the individuals being reclassified to a more accurate risk
group. This combination shows a moderate discriminative accuracy with an area
under the receiver operating characteristic (ROC) curve of 0.854, corresponding
with a chance of 85 % to classify a random CD patient correctly as having a higher
risk for the disease than a random individual without CD (J. Romanos et al. unpub-
lished data). However, there is still a large overlap in genetic risk scores between
CD patients and healthy individuals, as shown by the percentage of patients and
healthy controls classified at intermediate risk: 51 % of the patients and 40 % of the
healthy controls. The high-risk category, consisting of the top 25 % of genetic risk
scores, has a sensitivity of 43 % and a specificity of 93 %. The positive predictive
value for the high-risk category is estimated to be 6 % at a CD prevalence of 1 %
and 43 % for a high-risk population with an a priori risk of 10 %. In both situations,
the negative predictive value is expected to be higher than 99 %. With a prospective
cohort study, the positive and negative predictive values of a genetic prediction
model can be estimated more accurately. For example, the PreventCD Study encom-
passes a European multicenter study among high-risk CD families, in which
approximately 1000 newborns who tested positive for HLA-DQ2, and/or HLA-DQS8
will be genotyped in more detail [57].

New insights into genetic risk factors, including their interaction with environ-
mental factors, may contribute to further refining of the prediction models. Genetic
data will probably need to be combined with other biomarkers in order to identify
subgroups that can usefully guide follow-up and treatment [58].

An important aspect of genetic studies remains the discovery of causal genetic
variants and new pathways, including the pathways shared with other immune-
related diseases. These may eventually contribute to the identification of new thera-
peutic targets.
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Chapter 6
Using Animal Models of Celiac Disease
to Understand the Role of MHC II

Eric V. Marietta, Alberto Rubio-Tapia, and Joseph A. Murray

Untreated CD patients develop increased numbers of intraepithelial lymphocytes,
inflammatory infiltration of the lamina propria, intestinal permeability, and in a
majority of cases, total or subtotal villous atrophy [1]. The trigger for the develop-
ment of CD is gluten, typically derived from wheat, barley, and rye [2]. Gluten is a
group of storage proteins found in wheat, rye, and barley. In wheat, gluten consists
of two smaller subgroups of proteins, gliadins, and glutenins. In established CD
patients, gliadin-specific T cells are more prevalent than glutenin-specific T cells
[3]; however, there may be an initial stage of development for all CD patients in
which their T cells respond to a greater number of epitopes [4]. A focusing phenom-
enon occurs later in which T cells in well-established CD patients are predomi-
nantly specific for epitopes that are a result of deamidation of gliadin by tissue
transglutaminase [5]. CD is also strongly associated with HLA-DQ2 and HLA-DQS8,
wherein 95 % are DQ2+ and most of the remaining are DQ8+ [6]. This contribution
of MHC Il is only 40 % of the familial risk, though, leaving 60 % of the genetic risk
due to non-HLA genes [7]. This latter point is of great interest to the researchers that
use animal models of CD for a number of reasons.

The first reason is that none of the spontaneous animal models seem to have a
clear association with specific MHC II alleles, as is seen in human CD [8]. This may
be interpreted in a number of ways. One interpretation is that MHC II does not play
a vital role in the development of gluten-dependent enteropathy; however, years of
clinical research have shown that the HLA molecules are necessary, though not suf-
ficient, for CD to occur [9]. Indeed, crucial information has come from T-cell lines
derived from the jejunum of CD patients. Studies with these in vitro models using
DQ2 and/or DQ8 restricted T cells determined that these intestinally derived T cells
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are responsive to specific epitopes and that the process of deamidation causes some
of these epitopes to be more immunogenic [10]. Therefore, one has to conclude that
MHC 1I is necessary, but insufficient by itself to develop gluten-dependent enter-
opathy. This chapter will therefore highlight what we have learned from animal
models of celiac disease about the interplay between MHC II molecules and non-
MHC II molecules that results in gluten-dependent enteropathy.

Non-transgenic Animal Models

Spontaneous

Of the non-transgenic animal models there are two categories, spontaneous and
induced. All of the spontaneous animal models are large animals and include non-
human primates, dogs, and horses [11-18]. Of these three models, the role of MHC
II has been clearly defined in only the dog model, and Polvi et al. determined that
the gluten-dependent enteropathy in the Irish Setter pups was not associated with
specific MHC II alleles [16]. The role of MHC II in the rhesus macaque (nonhuman
primate) model of CD is not clear. In the first two publications on the rhesus model
of CD, the authors stated that “the two gluten-sensitive macaques studied exten-
sively herein and in the accompanying report, FH09 and FH45, are of genotype
DRB1*0303(12), DRB*1007 at the Mamu class IT DRB(1) locus” [11, 12]. This
statement suggests that there may be an association of the gluten-dependent enter-
opathy in the rhesus macaques, but in their third publication, no reference was made
to MHC 1II [13]. Therefore, it is still possible that specific MHC II alleles may be
associated with the gluten-dependent enteropathy in the monkey model, but with
time this possibility becomes less likely. The recent publication that characterized a
single horse association with MHC is uncertain [18]. Of the three spontaneous ani-
mal models, then, MHC II molecules may be necessary for the development of
gluten-dependent enteropathy, but specific alleles that exclusively contribute to the
development of inflammatory gluten-responsive T cells do not appear to be present
as is found in CD (humans).

Induced

The induction of enteropathy has been done with the rodent models of CD, but not
the large animal models of CD. In one rat model, gliadin is administered by gavage
immediately after birth to germ-free Wistar AVN rats, resulting in shortened villi,
crypt hyperplasia, and increased numbers of intestinal CD8of +IELs [19]. A simi-
lar model was developed in 2012 using Balb/c mice [20]. In this model, Balb/c mice
were fed a gluten-free chow for three generations, and then the third-generation
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mice were fed a gluten-containing chow [20]. The gluten-challenged mice (G+)
developed increased IELs, villous atrophy, and crypt hyperplasia as compared to
untreated mice [G—].

There is also a mouse model of induction that uses the transfer of CD4+CD25~
CD45RBP cells from gliadin-sensitized mice to recipient Rag 1—-/— mice [21].
The recipient Rag1—/— mice developed infiltration of the basal lamina propria, cryp-
titis, crypt abscesses, lymphocytic infiltration of the lamina propria, crypt hyperplasia,
and villous atrophy.

Transgenic Animal Models

MHC II Molecules

Transgenic animal models have been used extensively to address specific questions
about the pathogenesis of CD. So far, the large-animal models, especially the rhesus
macaque model, have recreated most of the disease, but is lacking in the tight asso-
ciation of specific alleles of MHC II with the development of gluten-dependent
enteropathy. Thus, transgenic mice have been used to determine the role of MHC II
in the development of CD.

Transgenic mice that express HLA-DQS8 were the first HLA transgenic mice to
be evaluated for gluten sensitivity [22]. These mice did not spontaneously develop
gluten-dependent enteropathy, but did generate a strong T-cell response to gluten
after intraperitoneal injection of gluten with Complete Freund’s Adjuvant [22]. In
another study, sensitization of these mice to DQ8-a-I, a gliadin-derived epitope that
is DQ8-restricted, demonstrated that the T-cell receptor (TCR) repertoire induced
by sensitization with native peptides had a heteroclitic (stronger) response to deami-
dated peptides [4]. This result suggested that the focusing of the immune response
in CD over time against deamidated gliadin epitopes may be a consequence of the
T-cell response to gliadin-derived peptides that are presented by DQS8 and presum-
ably DQ2. These DQS8 transgenic mice also did not develop enteropathy after glia-
din sensitization [4].

In a later study, these mice were sensitized parenterally to gliadin and later
administered gliadin orally; they subsequently developed increased numbers of
intra-epithelial cell numbers (IELs) [23]. This would demonstrate that DQS is nec-
essary for the development of gluten-specific T cells, as well as generating T-cell
responses against deamidated gliadin, but is not sufficient for the development of
gluten-dependent enteropathy. Indeed, the sensitization protocols demonstrated that
environmental factors have to also contribute in order for the development of mild
enteropathy (increased IELs, villous shortening) to occur.

Other studies with transgenic mice that express DQ2 and DR3 provided the same
results [24-26]. Therefore, initial studies with HLA transgenic mice demonstrated
that CD is the result of a combination of contributing factors, including (but not
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exclusive to) predisposing HLA genes, environmental factors, and non-HLA genes.
Other studies reinforced the conclusion that strong T-cell responses to gluten or
gliadin were not sufficient to generate gluten-dependent enteropathy and, in fact,
further demonstrated that environmental and/or non-HLA genes are significant con-
tributing factors. In one study, a transgenic mouse was designed to express a TCR
that was specific for HLA-DQ2 presenting an immunodominant epitope of gliadin,
and then this was bred with HLA-DQ2/DR3 mice [26]. Even these mice did not
develop gluten (gliadin)-dependent enteropathy after gliadin sensitization and oral
feeding of gliadin [26].

Since the above HLA transgenic models did not fully develop gluten-dependent
enteropathy, a number of studies induced enteropathy through the administration of
drugs or chemicals. This method does have precedence in the human system.
Indomethacin, a nonsteroidal anti-inflammatory drug (NSAID), causes enteropathy
in humans, resulting in increased intestinal permeability and increased numbers of
IELs [27]. Other drugs and chemicals have been used to induce enteropathy in the
different mouse models described above to address the interaction of gluten-specific
T cells with the IELs that mediate enteropathy.

Reagents used to induce mild enteropathy in rodents include polyinosinic/
polycytidylic acid (poly I:C), indomethacin, and methotrexate. Cholera toxin is also
used, but it breaks oral tolerance, as opposed to generating enteropathy [28]. Poly
I:C has been used in a number of rodent studies of CD. The first instance was where
(CBAxBALB/c)F1 mice were injected intraperitoneally with poly I:C diluted in
0.01 M NaOH. These mice developed significant villous atrophy and crypt hyper-
plasia by 1 day postinjection that began to resolve 3 days postinjection [29]. Because
poly I:C induces the production of IFN-o/f in vivo, poly I:C administration also
resulted in a significant increase in natural killer (NK) cell activation [29]. A later
study found that the intestinal epithelial cells treated with poly I:C expressed higher
levels of IL-15, allowing for the expansion of cytotoxic IELs (CD8ao+) that express
NKI1.1 [30]. A different study found that the increased IL-15 production by poly I:C
treated epithelial cells induced the expression of NKG2D by CD8aa IELs [31].

NSAIDs include diclofenac and indomethacin, both of which increase intestinal
permeability in rats [32]. So far, the only NSAID used in the mouse models of CD
has been indomethacin. In two studies, intestinal paracellular permeability was
found to increase with the administration of indomethacin to HLA-DQS transgenic
mice [33, 34]. Sensitization to gluten, consisting of an injection of gluten intraperi-
toneally, followed by gavage with gluten, in addition to indomethacin treatment,
resulted in increased intestinal permeability [33].

In a different study, HLA-DQS8 transgenic mice were administered indomethacin
orally for 13 days after oral sensitization to gliadin using cholera toxin [35]. Villous
height was decreased in the mice that were sensitized to gliadin and injected with
indomethacin, but was not when the mice were only injected with indomethacin or
only sensitized to gliadin. IFN-y production was also increased with the combined
treatment of indomethacin and gliadin sensitization.

Methotrexate, which is an anti-folate drug, induces mucositis for 3—5 days after
treatment [36]. This intestinal inflammation is characterized by increased production
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of the inflammatory cytokines TNF-a and IFN-y, by lamina propria lymphocytes in
the absence of any shortening of villi. A later study used methotrexate in combina-
tion with gliadin feeding of DQ2 transgenic mice [37]; however, no gliadin-specific
T cells were generated using this protocol, suggesting that methotrexate treatment
does not break oral tolerance established for gliadin in these mice.

Non-MHC II Molecules

There have been a number of GWAS studies that have identified non-HLA genes as
contributing to the development of CD [38, 39]. None of these genes have been
evaluated in animal models of CD. Instead, genes encoding other molecules that
have been demonstrated to play a role in the development of CD have been used in
animal models. These include TTG and IL-15.

Tissue transglutaminase type 2 (TTG) is the self-protein to which there is a clear
autoimmune response in CD [40]. However, it is unclear as to whether it has a
pathogenic role or is simply a marker of enteropathy [41]. One study determined
that CD patients do have anti-TTG antibodies depositing in the small intestine of
untreated celiac patients [42]. To determine if anti-TTG antibodies by themselves
can mediate damage to the small intestine, a number of studies utilizing mice have
addressed the roles of TTG and anti-TTG antibodies. Our group observed that sig-
nificant increases in anti-TTG IgA developed with age, but that this did not result in
significant changes in enteropathy (Fig. 6.1 and unpublished data).

One group analyzed the pathogenicity of anti-TTG antibodies by overexpressing
in mice anti-TTG antibodies that had been isolated from intestinal lymphocytes of
a CD patient [43]. To do this, they used recombinant adeno-associated virus (rAAV)
and a sequence for an antihuman TTG antibody identified with a phage display
library. The final miniantibody (MB) replaced the human Fc domains with those of
mouse, and 10" anti-TTG MB rAAV virions were injected into C57BL6 mice [44].
Four weeks after injection, anti-TTG antibodies were detected in the sera, and
deposits were found in the muscle tissue that was injected; however, no deposits
were detected in the intestine and no increases in intestinal permeability were
detected. These results demonstrated that anti-TTG antibodies by themselves can-
not mediate the development of enteropathy.

Two other studies used mice that had TTG knocked out [45, 46]. The untreated
TTG—/- mouse had no major developmental abnormalities [45]. A later study using
the same line of mice and poly I:C treatment demonstrated that the temporary enter-
opathy (villous atrophy) induced by poly I:C still developed in the TTG knockout
construct [46]. This latter result further supports the hypothesis that anti-TTG anti-
bodies are not a cause of, but are instead a consequence of, enteropathy.

In in vitro studies, gliadin has been found to generate the production of cytokines
by cell types other than T cells. The monocyte is one of these cell types, although
the receptor is not fully elucidated [47]. In this in vitro study, THP cells, a mono-
cytic cell line, produced IL-8 and TNF-a in response to stimulation with
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Fig. 6.1 Effect of age upon anti-TTG IgA serum levels in NOD Abo DQS8 mice. Forty-four NOD
Abo DQS8 mice were evaluated for serum anti-TTG IgA using a guinea pig TTG-based ELISA.
The units on the y-axis are Optical Density (OD) values

pepsin-digested gliadin in a manner that was independent of CD14 [47]. Our own
studies have shown that gliadin-treated THP cells also express CXCL10 (T-cell
recruiting chemokine) transcripts 2 h after stimulation with a peptic tryptic digest of
gliadin, but not CXCL11 (Fig. 6.2a). This results in a significantly increased secre-
tion of CXCL10 protein 24 h after stimulation with PTD gliadin (Fig. 6.2b).

Another cytokine, IL-15, has also been shown to play a significant role in the
development of CD. CD patients have a higher expression of IL-15 by epithelial
cells than normal controls [48]. This aberrant expression of IL-15 is thought to con-
tribute to the expansion of cytotoxic CD8+ IELs that subsequently kill enterocytes
[49]. To prove this, transgenic mice that overexpress IL-15 were used. So far, two
different lines of IL-15 transgenic mice have been generated by two different groups
[50, 51]. With the first IL-15 transgenic mouse that was generated, the mouse IL-15
gene was placed behind the promoter of a minimal MHC class I D¢ gene (D gene of
H-2¢ haplotype) for expression throughout the mouse [51]. For the second IL-15
transgenic mouse generated, human IL-15 was placed behind an enterocyte-specific
promoter (T3b) [50]. The phenotype of the D-IL-15 mouse without sensitization
was the expansion of NK cells and memory CD8+ cells that resulted in a fatal leu-
kemia that had an NK T-cell phenotype [50]. The T3b-IL-15 mouse developed
increased numbers of CD8+ cells that infiltrated the small intestine as well as the
development of anti-TTG IgA [52]. Neither of these models proved to develop
enteropathy in a gluten-dependent manner; albeit they did develop enteropathy sim-
ilar to that found in CD [53].
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Fig. 6.2 CXCLI10 expression and secretion. (a) CXCL 10 mRNA transcripts were present at 2 h
post-gliadin treatment and significantly decreased 24 h after treatment with gliadin. (b) A signifi-
cant increase in CXCL10 secretion occurred 24 h after THP monocytes were treated with a peptic
tryptic digest of gliadin. Treatment with PTD rice did not result in detectable levels of secreted
CXCL10

The above two IL-15 transgenic animal models demonstrate, then, that alterations
to certain innate immune pathways, such as the expansion of activated IELs via
IL-15, can by itself lead to autoimmune enteropathy. Indeed, autoimmune enteropathy
in humans has many features that are similar with gluten-induced enteropathy (CD).
These include almost exclusive small bowel involvement, villous blunting, and atro-
phy. Differences, though, are that only CD has increased numbers of IELs, and that
only CD has a clear association with MHC II [54]. This, therefore, demonstrates that
CD is a unique intertwining between gluten (gliadin)-reactive T cells and alterations
to the innate immune system that lead to the development of enteropathy. For a true
animal model of CD, these two phenomena need to not only be intertwined but
essentially propagate each other.
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Combining MHC II with Celiac Associated Non-MHC I1I
Genes

One study approached this by crossing the D¢ -IL-15 transgenic mouse with the
DQ8 transgenic mouse, thereby combining gluten sensitivity with chronic enteropa-
thy. The resultant IL-15 DQS8 transgenic mice developed increased numbers of
CD3+ IELs in the absence of villous atrophy after feeding with gliadin [55]. Thus,
this is the first animal model where enteropathy is gluten dependent (albeit without
villous atrophy), and that is because both the genetic element and the perturbation
to the innate system are chronic and not transient.

Testing MHC II-Based Novel Therapies

Because HLA transgenic mice are models that incorporate the celiac-associated
MHC II molecules, any novel therapies for CD that are generated to target MHC II
can be tested in these models. For example, these would include therapies that are
based upon generating tolerance to alpha-gliadin and gliadin-derived peptides. In
one study, recombinant alpha-gliadin was administered intranasally to Abo DQ8
mice before parenteral immunization with gliadin [56]. This resulted in a dimin-
ished T-cell response to gliadin. In another study, the probiotic-like bacteria
Lactococcus lactis was bioengineered to secrete immunogenic gliadin-derived pep-
tides in order to generate tolerance to those gliadin peptides [57]. In this study, DQ8
transgenic mice that were given these bacteria had a diminished delayed type hyper-
sensitivity (DTH) response to the gliadin peptides but not control peptides, demon-
strating that the administration of these bioengineered bacteria did suppress the
immune response to the gliadin peptides in an antigen-specific manner.

Not Yet Evaluated by Animal Models

Although the animal models described above have provided extensive knowledge as
to the pathogenesis of CD, there are some fundamental gaps that have not been
addressed with animal models. These would include the roles of other molecules
that have not been identified with GWAS studies but have been shown with in vitro
models to clearly be playing a role in the pathogenesis of CD.

Probably, the most important set of molecules not yet addressed by animal mod-
els is zonulin and CXCR3. In a number of in vitro model studies, zonulin has been
shown to be released by epithelial cells in response to gliadin binding to CXCR3,
and that in turn loosens the tight junction proteins between the epithelial cells [58,
59]. This increased permeability then allows for the paracellular passage of even
more gluten-derived peptides to enter the lamina propria and further propagate the
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T-cell response to gluten-derived epitopes. The one animal model that has come the
closest to addressing the roles of zonulin and CXCR3 in CD is the rhesus macaque
model, in which gluten-dependent intestinal permeability was shown to be increased
in the monkeys that developed celiac-like symptoms and was not seen in the mon-
keys that did not develop anti-TTG antibodies [11]. As of yet, no animal model has
been generated that either overexpresses zonulin or knocks it out. There is a knock-
out construct of CXCR3, though [60, 61]. In a model of lung inflammation (short-
term exposure to cigarette smoke), the numbers of infiltrating cytotoxic CD8+ cells
were significantly decreased in the CXCR3 knockout mice as compared to the wild-
type mice that were subjected to smoking [61]. The intestines of these mice were
used in ex vivo experiments to determine that CXCR3 is the receptor for gliadin
[59]. Neither paper explicitly addressed the architecture of the small intestines of
the CXCR3—/- mice, so presumably these would have displayed normal villous
height, etc. No models of overexpression of CXCR3 systemically or in the intestine
have yet been generated.

Another molecule that has been shown to play a crucial role in the development
of CD using in vitro models is CD71. This molecule is the receptor for transferrin
and also binds to IgA antibodies at the cell surface. Once bound, it then transports
the IgA with any bound ligand across the epithelial barrier into the lamina propria
(transcellular transport). Previous studies have shown that gliadin-specific and/or
TTG-specific antibodies bound to gliadin or TTG can then be transported to the
lamina propria, where the proteins are then phagocytosed and presented to T cells
by phagocytic antigen presenting cells. In the Balb/c model of gluten-dependent
enteropathy, the CD71/IgA/gluten/tTG transcellular pathway was determined to be
active [20]. In the Balb/c third-generation mice that were fed a gluten-containing
chow (G+), CD71 expression was increased on the enterocytes as compared to the
enterocytes of the (G—) mice, and IgA+ cells were increased in the lamina propria
of the G+ mice as compared to the (G—) mice. No determination of the specificity
of the IgA bound to the lamina propria cells was done, but CD71 and IgA did co-
localize at both the apical and basal poles of the epithelial cells. This latter result
strongly suggests that transcellular transport of IgA and bound proteins is occurring
in the G+ mice. Because CD71 plays such a crucial role in the transport of iron,
CD71 knockout constructs are embryonic lethal [62]. Still, constructs that overex-
press CD71, especially a conditional expression, could provide more insight into
the pathogenic role of this pathway in gluten-dependent enteropathy.

Conclusion

All of the animal models of CD have provided results that support the theory that
the generation of gluten-specific T cells can arise independently of enteropathy
(Table 6.1). The results from all of the animal models also suggest that there are a
number of different MHC II alleles in all the species evaluated (dog, monkey, horse,
rat, mouse) that can recognize gliadin-derived epitopes, but that in humans, only two,



76 E.V. Marietta et al.

Table 6.1 Animal Models of Celiac Disease

Animal models Original characterization as celiac model
Horse Van der Kolk, Vet Q, 2012

Dog Batt, Res Vet Sci, 1984

Primate Bethune et al., Plos One, 2008
Germ-free Wistar AVN rat Stepankova, Scand J. Gastroenterol, 1996
Balb/c mice Papista, Laboratory Investigation, 2012
Ragl—/— mice and cell transfer Freitag, Gut, 2009

HLA-DQ?2 transgenic mice DeKauwe, J Immunol, 2009

HLA-DQS8 transgenic mice Black, J Immunol, 2002

TTG mini antibody mice Di Niro, Molecular Immunol, 2008

TTG —/- mice De Laurenzi, Mol Cell Biol, 2001

IL-15 transgenic mice Yokoyama, J Clin Immunol, 2011
IL-15-DQ8+ transgenic mice DePaolo, Nature, 2012

DQ2 and DQ8, can give rise to inflammatory T cells that respond to deamidated
gliadin epitopes. The animal models have also demonstrated that CD is a unique
intertwining of the adaptive and innate immune responses to gliadin that gives rise
to a self-propagating immune response in the presence of gliadin. What needs to be
further examined (and determined) in CD using animal models is what factors are
necessary for this intertwining. The need to use poly I:C, indomethacin, methotrex-
ate, and cholera toxin in the animal models to induce intestinal inflammation along
with gluten-specific T cells to generate enteropathy similar to CD, all point towards
environmental factors as triggers of this intertwining. It should be noted that
although CD is the autoimmune disease that is most closely associated with specific
MHC class II alleles (DQ2 and DQS), only 3—4 % of the DQ2+ population actually
develops CD [63]; therefore, a relatively rare combination of genetics and environ-
mental factors are required to develop well-established CD in DQ2+ and/or DQ8+
individuals.
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Chapter 7
Role of Gut Microbes in Celiac Disease
Risk and Pathogenesis

José Moisés Laparra, Marta Olivares, and Yolanda Sanz

Introduction

Celiac disease (CD) is a chronic enteropathy triggered by wheat gluten (e.g., gliadins)
and other cereal-related proteins in genetically predisposed individuals. Typical
cases of CD often appear in early childhood soon after the first exposure to dietary
gluten, but the disease is also being increasingly diagnosed in late adulthood, sug-
gesting that gluten intake is not the only triggering factor [1, 2].

The etiology and pathogenesis of the disease is strongly associated with Human
Leukocyte Antigen (HLA) genes, encoding the HLA-DQ2 (HLA-DQ2.5 and
HLA-DQ2.2) and HLA-DQS8 heterodimers, involved in antigen presentation and
T-cell activation. These genetic factors are necessary for the disease to develop but
not sufficient, since they are also present in ~35% of the general population and
only a small percentage (3—5 %) develops the disease [3, 4].

To date, gluten is the only known environmental factor to play a direct causal role
in CD. As discussed by Ludvigsson et al. in Chap. 3 and elsewhere in this book,
epidemiological studies report that mode of delivery at birth, milk-feeding type and
incidence of infections and antibiotic intake, which may also influence the gut eco-
system, are some other factors influencing the risk of developing CD [5-8]. In early
stages of life, interactions between gut microbiota and innate and adaptive immu-
nity play a crucial role in influencing T effector- and regulatory-cell balance and
the development of tolerance towards dietary antigens [9, 10]. In this context, the
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incidence of gastrointestinal viral infections, which generate Thl-protective
responses, has been investigated as a possible factor contributing to CD risk [11].
Prospective studies in infants at risk of CD are also underway to find out possible
relationships between their gut colonization pattern and CD onset [6, 12]. In addi-
tion, observational studies in children and adults have revealed alterations in the gut
microbiota composition of subjects with active CD (symptomatic and untreated)
and non-active CD (non-symptomatic after following a gluten-free diet) compared
to that of control subjects, which could contribute to the disease pathogenesis [5].

Currently, CD is among the most prevalent chronic digestive disorders, but the
only effective therapy for CD patients is life-long adherence to a strict gluten-free
diet. Complying with this dietary recommendation is difficult because gluten is
present in most processed food, and patients are continuously exposed to gluten.
Also, a small proportion of patients (~5 %) do not experience improved clinical
symptoms on a gluten-free diet and can be diagnosed with refractory CD [13-15].
Therefore, there is a need to identify modifiable factors that contribute to CD risk
and pathogenesis in order to make progress in the identification of complementary
strategies to improve the quality of life of patients and to prevent the disease from
developing in populations at risk.

Influence of Milk-Feeding Type in Gut Microbiota
and Risk of CD Development

Dietary influences are particularly relevant at early stages of development, when
the infant’s gut and immune system are immature, because of their possible contri-
bution to either the development of oral tolerance to innocuous antigens and com-
mensal bacteria or to increasing overreactions and disease risk. Colonization of the
intestine starts immediately after birth and represents the main environmental
stimulus for immune system maturation. This process depends, among other fac-
tors, on the type of delivery, type of milk-feeding, and, possibly, host genotype
(Fig. 7.1) [16].

Breast-feeding is an environmental factor that seems to protect or at least delay
CD development; this effect can be due to its immune and other biologically active
components [17], as well as to its effect on the intestinal microbiota composition
[18]. Breast-fed children exhibit higher prevalence of bifidobacteria; meanwhile,
formula-feeding favors the colonization of a more heterogeneous microbiota that is
more similar to that identified in the adult population [19, 20].

Studies using real-time PCR and denaturing gradient gel electrophoresis (DGGE)
in a cohort of 164 infants at risk of developing CD have also demonstrated that both
milk-feeding type and HLA-DQ genotype influence the intestinal microbiota [6,
12]. The microbiota of infants at high risk of developing CD showed reduced num-
bers of Bifidobacterium spp. and, particularly, of B. longum. Although breast-
feeding reduced the genotype-related bifidobacterial alterations, these were not
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Fig. 7.1 Schematic representation of different factors influencing gut microbiota composition and
its possible role in CD pathogenesis and risk of developing CD

completely normalized, suggesting that both factors (milk-feeding type and
HLA-DQ genotype) influence the composition and numbers of Bifidobacterium
spp. [6]. Formula-fed infants at high genetic risk of developing CD also showed
increased numbers of the Bacteroides fragilis group but not breast-fed infants, sug-
gesting that the effect of breast-feeding on colonization of this bacterial group is
stronger than the possible effect of the CD genotype [6].

In infants at high risk of developing CD, numbers of Staphylococcus spp. were
increased in both breast- and formula-fed groups, suggesting a major role of the
HLA-DQ genotype in defining the colonization of this bacterial group [6]. In
another study with a subgroup of infants [12] from this cohort and using DGGE,
increased B. vulgatus prevalence was associated with the high-risk genotype, while
increased B. uniformis prevalence was associated with both the low-risk genotype
and breast-feeding. Overall, breast-feeding seems to attenuate the differences in
microbiota related to the HLA-DQ genotype, which could partly explain its protec-
tive effect against CD development reported in previous epidemiological studies.
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Role of Infections in Risk of CD Development

Infectious agents have been suggested to contribute to determining the risk of devel-
oping CD by antigen mimicry molecular mechanisms, increasing intestinal perme-
ability or boosting a protective immune response similar to that caused by dietary
gluten peptides. However, while some epidemiological studies suggest that infec-
tions increase the risk of CD development [9, 21], others support the opposite
hypothesis [22]. The study by Plot et al. [21] investigated the association of CD with
five major infectious agents, including Toxoplasma gondii, rubella virus, cytomega-
lovirus, Treponema pallidum, and Epstein—Barr virus based on the detection of
serum-specific antibodies. This study reported lower prevalence of IgG antibodies
to these infectious agents in CD patients compared to healthy subjects, indicating
that these infections can protect against CD development. In contrast, a study in
3,392 Swedish infants, who ultimately developed CD, compared to healthy infants,
reported that neonatal infections were the main risk factor for developing CD [9].

Other studies have also supported the hypothesis that an autoimmune response
could be caused by cross-reactivity between a gluten peptide epitope within the
alpha-gliadin and immunologically similar epitopes in the infectious organism, in
particular the Elb protein of the adenovirus 12 [22]. However, this relationship was
not consistently confirmed by measuring specific IgG antibodies for the E1d protein
in the sera of children with CD [23, 24]. An association between hepatitis C viral
infection and CD onset has also been proposed. This hypothesis was based on the
fact that prevalence of CD in patients with chronic liver disease was found to be 15
times higher than in the general population [25], and that 5 % of autoimmune dis-
eases diagnosed in these subjects was CD [26]. Nevertheless, other studies have not
reported an increased prevalence of CD in patients suffering hepatitis C [27].
Increased incidence of rotavirus infection has also been linked to increased risk of
CD autoimmunity in a prospective study including 1,931 children carrying CD
HLA risk alleles [11]. In some particular cases, gastrointestinal infections caused by
Campylobacter jejuni [11] or Giardia lamblia [28] have also been associated to CD
onset based on their simultaneous diagnosis.

Intestinal Dysbiosis and CD Pathogenesis

CD has been associated with alterations in the intestinal microbiota composition
(intestinal dysbiosis) in several observational human studies in children and adults
(Table 7.1). The microbiota of CD children showed an increased ratio of Gram-
negative to Gram-positive bacteria. In particular, CD patients showed reduced num-
bers of Bifidobacterium spp. and B. longum and increased numbers of Bacteroides
spp. in stools and duodenal biopsies, analyzed by molecular quantitative methods
(e.g., FISH and real-time PCR), compared to controls [29, 30]. Enterobacteria and
staphylococci numbers were also higher in untreated CD patients than in controls,
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but the differences were restored in CD subjects on a long-term gluten-free diet [30].
Another research group also analyzed the mucosa-associated microbiota of children
with CD, before and after following a gluten-free diet, by temporal temperature
gradient gel electrophoresis (TTGE) reporting that prevalence of Bacteroides vulga-
tus and Escherichia coli in CD patients was higher than in controls [31], partially in
agreement with previous studies [30]. In adults it was reported that rod-shaped bac-
teria were frequently associated with the mucosa of CD patients (both active and
treated with a gluten-free diet), but not with controls, as determined by scanning
electron microscopy [32].

A further retrospective study of the biopsy samples of these CD patients by 16S
rDNA sequencing identified Clostridium spp., Prevotella spp., and Actinomyces
spp. as the main components of the small intestinal microbiota of children born dur-
ing the Swedish CD epidemic in 2004—2007, concluding that these microbial groups
could have been risk factors contributing to the increased disease incidence [33].
Nevertheless, these bacteria have not been found in new CD cases, suggesting that
initial associations were casual, while causality between specific intestinal bacteria
and CD onset has yet to be proven. Additional studies of the microbiota of adult CD
patients by DGGE clustered the dominant microbial communities of healthy indi-
viduals together and separated from those of untreated CD patients [34]. Adult CD
patients treated with a gluten-free diet also showed different DNA profiles and/or
reduced diversity of Lactobacillus spp. and Bifidobacterium spp. [34, 35]. In agree-
ment, quantitative analyses of the microbiota of healthy subjects under a gluten-free
diet indicate that the diet per se reduced the numbers of Lactobacillus spp. and
Bifidobacterium spp. and is partly responsible for the differences found between
treated CD patients and controls [36]. The analysis of metabolites derived from
intestinal microbiota activity has also revealed significant differences between
treated CD patients and healthy adults, suggesting metabolic signatures of CD [34,
35]. In the most recent study, the duodenal microbiota of CD patients, stratified
according to the disease manifestation for the first time, has been analyzed by
DGGE [39]. The findings indicate that patients with gastrointestinal symptoms have
differences in the microbiota structure (dominated by Proteobacteria) in comparison
with those that have dermatitis herpetiformis and controls, suggesting that intestinal
microbiota play a role in the manifestation of CD [39].

The isolation and identification of clones belonging to some bacterial groups
associated with CD and characterization of their virulence-related genes have
recently led to the identification of more specific differences between CD patients,
with active and non-active disease, and controls [40, 41; Table 7.2]. E. coli clones
belonging to virulent phylogenetic groups (B2 and D) isolated from untreated and
treated CD patients carried a higher number of virulence genes encoding P fimbriae,
capsule K5, and hemolysin than those isolated from healthy controls [40]. The iso-
lation and identification of clones belonging to the genus Staphylococcus also
revealed that S. epidermidis carrying methicillin-resistant genes (mecA) was more
abundant in both treated and untreated CD patients than in controls [42]. Of the
Bacteroides spp. isolated and identified from stools, B. fragilis carrying genes
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Table 7.2 Summary of pathogenic features identified in gut bacteria isolated from celiac disease

patients

Virulence factor (gene)

Pathogenic bacteria  analyzed Results References
Escherichia coli Phylogenetic classification  The four phylogenetic groups  [40]
in commensal (A+B1) were equally distributed
and virulent (B2+D) in healthy control
groups children.
Type 1 fimbriae (fimA), P 1 Virulent group B2 in
fimbriae (papC), S patients with active CD
fimbriae (sfaD/E), Dr 1 Virulent group D in patients
haemagglutinin (draA), with non-active CD
haemolysin (hlyA), 1 Carriage of genes coding
capsule K I (neuB), for P fimbriae, capsule k5
capsule k5 (KfiC), and haemolysin in
aerobactin (iutA) patients with active and
non-active CD
Bacteroides spp. Metalloproteases (bft and 1 B. fragilis isolates carrying ~ [41]
mpll) genes coding for
metalloproteases in
patients with active and
non-active CD
Staphylococcus spp.  Adhesion (atlE and fbe), 1 Staphylococcus epidermidis  [42]

cell aggregation
(icaD), global
regulatory (agr and
sar), and methicillin-
resistant (mecA)

coding for the mecA gene
and simultaneously for
both the mecA and atlE
genes in patients with
active and non-active CD

encoding metalloproteases was more abundant in CD patients (treated with a gluten-
free diet and untreated) than in healthy controls [41]. Taken together, these studies
demonstrate that imbalances in gut microbiota of CD patients do not occur as a
consequence of inflammatory processes associated with active phases of CD alone,
and could primarily contribute to disease onset and pathological manifestations,
although effects of the gluten-free diet cannot be ruled out [41].

In contrast, two other studies reported that the duodenal mucosa-associated
microbiota was similar in untreated CD patients and controls by using a DNA profil-
ing method based on amplification of the 16S-23S interspacer gene region [38] and
quantitative reverse transcription PCR [37], which contradicts evidence supported
by the majority of studies. The question of whether small intestine bacterial over-
growth (SIBO) is more prevalent in CD or when present is a contributor to refractory
sprue was addressed in only one study reported by Chang and Green who found no
benefit for the use of Rifaximin in CD patients with SIBO having poorly responsive
disease [43].

Several mechanisms by which intestinal dysbiosis may influence pathogenesis of
CD have been proposed, including the generation of toxic and immunogenic
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peptides from gliadins by their proteolytic activities [41], alteration of the gut barrier
function and the composition of the glycocalix modifying bacterial adhesion and
possible peptide translocation [44, 45], and activation of inflammatory cytokine
production [46].

Defects in intestinal barrier function favor the access of gliadins to the lamina
propria and its interaction with infiltrated lymphocytes and antigen presenting cells.
Gliadins impair intestinal integrity through alterations of proteins (zonulin, occludin,
cadherin, and claudins) involved in tight junctions between intestinal cells [47, 48].
This response occurs in parallel with the production of pro-inflammatory cytokines
such as TNF-a and IL-1 B, exerting a negative feedback and increasing intestinal
permeability [49, 50].

Patients with CD present increased production of type 2 mucin (MUC?2), in com-
parison to patients on a gluten-free diet [32], associated with metaplasia of goblet
cells and intestinal mucosal atrophy. Recent data from animal trials using intestinal
loops also demonstrated the ability of potentially harmful enterobacteria (E. coli
CBL2) and pathogens (Shigella) to reduce the number of goblet cells producing
mucus and to increase intestinal permeability, leading to gliadin translocation to the
lamina propria [46]. These enterobacteria also exert negative effects by reducing the
production of a tissue inhibitor of a metalloprotease (TIMP-1) and increasing the
secretion of vascular endothelial growth factor in intestinal loops [46]. In vitro stud-
ies in peripheral blood mononuclear cells (PBMCs) have indicated that these entero-
bacteria induce the production of IL-12 and/or interferon-y, associated with
increased expression of molecules HLA-DR and CD40, which could boost the
adverse response to gluten [51]. In contrast, none of the effects described above
have been observed for Bifidobacterium bifidum CECT 7365 and Bifidobacterium
longum ATCC 15707 [46, 51]. B. bifidum CECT 7365 and B. longum CECT 7347
have also shown to exert positive effects increasing IL-10 and decreasing interferon-y
production by PBMCs [52].

Activation of toll-like receptors (TLRs), whose response may be enhanced by
MHC-II molecules [53], play an important role in the recognition of microbial and
other antigens, activation of different signaling pathways, expression of genes, and
production of cytokines [54] regulating innate immunity (Fig. 7.1). Analyses of
biopsies from CD patients have reported an increased expression of TLR2-sensing
bacterial lipopeptides [37, 55-57] and TLR9-sensing bacterial DNA [37]; mean-
while, opposite results concerning TLR4 expression-sensing lipopolisaccharide
from Gram-negative bacteria have been published [37, 55-57]. It can be hypothe-
sized that increased expression of TLRs in the CD mucosa could amplify signaling
through interactions with intestinal bacterial antigens and act together with gluten
to immune activation. Activation of TLR3, for example, by virus, is known to induce
cytokine production through a signaling pathway dependent on MyD88, which acti-
vates production of molecules related to type 1-like interferons that could contribute
to insaturation of autoimmune diseases such as CD [58]. Moreover, wheat compo-
nents such as the alpha-amylase/trypsin inhibitors like CM3 and 0.19, present in the
globulin fraction of cereal grains, have also been identified as strong activators of
TLR4 in monocytes, macrophages, and dendritic cells [59].
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Potential Role of Probiotics in CD

The associations between CD and intestinal dysbiosis and the role attributed to
some probiotics in the regulation of the gut barrier function and immunity in several
inflammatory disease models have motivated investigations into the potential pro-
tective role of specific intestinal bacteria in CD [60, 61]. It has been suggested that
these bacteria could contribute to reducing the risk and severity of the disease by
their immunomodulatory features, capacity to eliminate immunogenic peptides
from gluten, and improvement of intestinal permeability and restoration of the
intestinal ecosystem (see Fig. 7.1).

In vitro studies have demonstrated the ability of different bifidobacteria (espe-
cially B. longum CECT 7347) to hydrolyze gliadin peptides, thereby generating
products with lower inflammatory potential and cytotoxicity than those generated
during simulated gastrointestinal digestion in absence of bifidobacteria [62]. Some
other components of the Rothia genus from the oral cavity have also proved their
proteolytic capacity on gluten peptides, cleaving down immunogenic epitopes, and
reducing their inflammatory potential [63]. In addition, a strain of Bifidobacterium
lactis positively counteracted harmful effects of toxic gliadin on intestinal epithelial
cell culture integrity, reducing membrane ruffle formation [64].

Diverse studies indicate that specific probiotic strains can play a role in the pro-
duction of chemokines and cytokines, determining Th1/Th2-cell balance and regu-
lating oral tolerance to innocuous antigens [65]. Specific probiotic strains can also
influence innate immune responses via their interaction with TLRs and antigen pre-
senting cells, although most evidence comes from animal studies. Data from trans-
genic mice expressing HLA-DQ8 molecules demonstrate that maturation of
dendritic cells, isolated from bone marrow of these animals, is favored by incuba-
tion with the different lactobacilli (L. paracasei IMPC2.1, L. fermentum BIO-
DRL36, and L. casei ATCC 9595) showing strain-specific effects on TNFa
production [66]. Moreover, the simultaneous administration of gliadins and L. casei
ATCC 9595 to animals sensitized with indomethacin also boosted immune response
of T (CD4+)-cells against gliadins in these transgenic mice [67]. The authors of the
aforementioned study suggested the potential use of this strain as coadjutant in vac-
cines, favoring adaptive immunity against gluten antigens. Another study evaluated
the influence of B. longum CECT 7347 orally administered to weanling Wistar rats,
sensitized with interferon-y, and fed gliadin to partially reproduce CD [61]. In this
model, animals fed with this Bifidobacterium stain had lower numbers of peripheral
T CD4+ and T regulatory (Treg) CD4+/Foxp3+ (forkhead transcription factor 3)
cells and increased IL-10 production in jejunal sections compared to animals fed
with placebo. However, human studies are required to confirm that CD patients and
populations at risk of CD benefit from bifidobacteria and lactobacilli intake, evalu-
ated preclinically to date.

In summary, scientific evidence from most human observational studies demon-
strates that CD is associated with shifts in the assembly of intestinal microbiota to a
state of dysbiosis that involves overgrowth of potentially pathogenic bacteria.
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Although these perturbations are partially restored after adherence to a gluten-free
diet and could be considered as a secondary consequence of the disease, they may
alter the host-microbe crosstalk and contribute to CD pathogenesis. Furthermore,
healthy infants at risk of developing CD also show alterations in the intestinal colo-
nization pattern early in life, which suggest a primary role for the intestinal micro-
biota in this disorder. Altogether, findings indicate that gut microbiota and the
impact of host and environmental perturbations on it could be part of the puzzling
features of CD and its investigation could help to understand the disease onset and
identify preventive strategies targeting the gut ecosystem.
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Chapter 8
Presentation of Celiac Disease in Children
and Adults

Norelle Rizkalla Reilly and Peter H.R. Green

Celiac disease (CD) is common; however, the vast majority of people with CD are
undiagnosed [1, 2]. Originally considered a malabsorptive condition of childhood
[3-5], it is now diagnosed at any age [6—8]. The wide spectrum of presenting symp-
toms of affected individuals makes the condition challenging to diagnose in some.
Symptoms vary significantly from childhood to adulthood, and, even among chil-
dren, distinct trends in presentations may be seen according to age.

Terminology and Definitions

There have been several terms used to classify the presentations of CD in both child-
hood and adulthood. Such terms as “typical,” “atypical,” “classical,” “nonclassical,”
“silent,” “asymptomatic,” “latent,” and “potential celiac disease” have added confu-
sion to the topic. Recently, consensus documents have attempted to bring clarity to
the field [9]. When used to describe the presentation of CD, the terms “typical” and
“atypical” are particularly perplexing, as they suggest the opposite of what they are
intended to reflect. “Typical” symptoms are now far less common than the “atypi-
cal.” In this regard the terms “classical” and “nonclassical” are preferable since they
refer to the historical perception of the nature of disease presentations while not
alluding to their frequency. Additionally, the term “asymptomatic” is preferred to
“silent” in referring to those with CD without symptoms.
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Presenting Symptoms of Celiac Disease in Children
and Adults

The majority of children with CD tend to present in one of three ways: with abdomi-
nal pain or distension, with growth issues, or through an asymptomatic presentation
brought about by serological screening performed due to an associated condition or
family history of CD [10-14].

Very young children commonly present with “classical,” usually diarrheal,
symptoms [15-18]. However, in our recent experience and as described by other
authors, the classical presentation of childhood CD is no longer the most common.
Children presenting with diarrhea are currently among the minority when all
patients with CD are considered; only 9 % of our pediatric patients presented this
way, suggesting that diarrhea and malabsorption are no longer the characteristic
manifestations of this disease among young patients [10, 19, 20]. Moreover, the
bulk of children with diarrheal presentations are below 2 years of age [10, 21]. In
contrast, older children and adolescents more often present with nonclassical or
“atypical” gastrointestinal complaints such as abdominal pain, vomiting, and con-
stipation and extraintestinal symptoms such as arthritis, neurologic symptoms, or
anemia. Some may have asymptomatic disease, diagnosed upon serological screen-
ing [11, 17] (Fig. 8.1). Screening was the mode of presentation of about 25 % of
children seen in our center [19] and includes family members of adults and children
previously diagnosed with CD, many of whom were asymptomatic, as well as those
with associated autoimmune conditions [10].
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Fig. 8.1 Presenting symptoms of children and adults with CD. Adults n=1,499, children n=318
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Among adults, the major mode of presentation is diarrhea, comprising about
50 % of patients [22, 23]. One potential explanation for the increase in diarrheal
presentations in this group is the relative infrequency with which young adults pres-
ent for routine medical care, resulting in missed opportunities to unearth subtle
symptoms of CD. Diarrheal symptoms may drive many such patients to seek medi-
cal attention early. However, the elderly had a similar rate of diarrhea presentations
as young adults in one study [23].

Serological screening of at-risk groups, responsible for increased detection of
CD in children, is an important mode of presentation among adults as well [24].
About 10 % of those adults recently diagnosed with CD at our center presented
through screening of at-risk groups (see Fig. 8.1). However, not all of those indi-
viduals detected by screening are in fact asymptomatic [25, 26].

Anemia is more frequently seen at presentation in adults compared to children
[27]. Anemia as a presenting symptom of CD is mainly due to iron deficiency,
though anemia due to nutritional factors and chronic disease may also be present at
diagnosis of CD [28, 29].

Osteoporosis is another presentation of CD in adults. Reduced bone density is
common in patients with CD [30, 31], and there is increased fracture risk [32, 33].
Bone mineral density correlated inversely with the duodenal Marsh stage in one
study of Spanish adults with CD, though differences in parathyroid hormone and
IGF-1 among patients with and without villous atrophy were not observed [34].
A study from the United States demonstrated an increased prevalence of CD among
osteoporotic patients [35], though this was not seen in other studies from France and
among postmenopausal women in Turkey [36, 37]. Low bone mineral density is
commonly seen in children with CD at the time of diagnosis, and some reversal is
seen upon dietary treatment [38, 39]. However, this is not typically a presenting
symptom of CD in children, and this finding appears to be unrelated to other symp-
toms at diagnosis [40]. Early diagnosis of children with CD and early management
of existing metabolic bone disease may be an important factor in preventing adult
osteoporosis related to CD.

Another important mode of presentation among adults is the incidental recog-
nition of signs of villous atrophy due to CD during endoscopy performed for any
reason [41]. Upper endoscopy in adults is commonly performed for gastroesoph-
ageal reflux disease (GERD). Increasingly biopsies of the duodenum are per-
formed at endoscopy, regardless of the appearance of the duodenal mucosa.
When CD is recognized and treated in people with GERD, improvement in the
reflux is frequently noted [42]. There is a reasonable argument for routine duode-
nal biopsies during endoscopy for adults as is the usual practice for pediatric
gastroenterologists [43].

Other presentations in adults include dermatitis herpetiformis, irritable bowel
syndrome, bloating, and chronic fatigue as well as a variety of neurological presen-
tations [44]. Many of the symptoms of CD are common, frequently seen among
patients attending primary care visits [45]. In a multicenter North American pri-
mary care screening study involving patients with a variety of symptoms, including
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bloating, fatigue, recurrent abdominal pain, and IBS, screening for CD resulted in a
40-fold increase in the rate of CD diagnosis [46].

Recurrent episodes of abdominal pain are seen prior to diagnosis in adults and
children [19, 47], but seems to occur less frequently in adults. These episodes of
pain may be due to small intestinal intussusceptions that appear commonly in CD
[48, 49]. Intussusceptions are more prevalent among children with CD than the
general population [50].

The reason that some patients present with diarrhea and others are asymptomatic
is not clear, for there is no correlation of a diarrheal presentation with severity of
villous atrophy [51], nor length of bowel involved as assessed by video capsule
endoscopy [52]. Neurohumoral mechanisms may be important in determining the
presence of symptoms. In one study, patients with CD had increased mucosal
5-hydroxy tryptamine content and enhanced release from the upper small bowel,
which correlates with postprandial dyspepsia [53].

There are geographic differences in the presentation of CD. While our institu-
tional observations of age-related differences in disease presentation have been
described by other authors as well [10, 11], greater frequencies of diarrheal presen-
tations among children have been noted in countries such as Spain [15], India [54],
and Sudan [55]. Particularly in developing countries, the malnutrition associated
with CD in children may be severe, and in some cases refeeding syndrome is seen
upon treatment [56]. Among adults, similar differences have been cited, with
Turkish adults presenting at a younger age and more frequently with classic symp-
toms than American adults [57].

Childhood Factors Influencing Disease Onset and Presentation

Several factors determined during the perinatal period and infancy may impact the
presentation of CD. Route of delivery seems to play a role, as there is an association
between cesarean delivery and development of CD [58], especially elective cesar-
ean section [59]. Summer birth was associated with an increased risk of CD diagno-
sis in children [60], as well as in adults [61]. In the latter study, however, the effect
was less pronounced among adults, and the association overall did not seem to be
influenced by infectious exposure [60]. Breast-feeding practices additionally appear
to influence the mode of presentation. Children who were exclusively breast-fed
were less likely to present with failure to thrive and short stature [62]. Breast-feeding
also contributes to delaying the age of presentation of the disease [63-65].
Differences in the microbiota of the infant gut caused by genetics, methods of deliv-
ery, and infant feeding, and resulting immune alterations, may explain these obser-
vations [66—09].

The timing of gluten introduction in infancy is a subject of ongoing study. Gluten
introduction either too early or too late in infancy may pose a risk of CD autoim-
munity in genetically predisposed infants [70, 71]. In another study, infants appeared
to be at less risk of celiac autoimmunity with delayed gluten introduction, and
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differences in the microbiota were observed between infants with genetic risk for
CD and those from a general pool of controls [72]. In addition, large quantities of
gluten at the time of introduction were associated with a greater risk for developing
CD [64].

At-Risk Individuals and Associated Conditions

The most frequently screened group is family members of individuals with CD, and
this mode of presentation is important in both adults and children [25]. Several stud-
ies have shown that about 4-10 % of first-degree relatives have the disease [73]. The
greatest risk is among siblings of affected individuals [74], but the risk extends to
second-degree relatives as well [25, 74].

The list of conditions associated with CD is quite extensive, and there are spe-
cific individuals who are frequently screened for CD. The association between CD
and type 1 diabetes in children is well described [75]. The coexistence of both dis-
eases also occurs in adults [76, 77]. The presentation of diabetes generally precedes
that of CD. While an increased prevalence of CD has been described in adults with
autoimmune thyroid disease [78, 79], this association may not exist in children [80].

Children and adolescents with autoimmune liver disease, including biliary dis-
ease, have a high prevalence of CD [81, 82]. An increased prevalence of CD has
additionally been identified in children with Down syndrome (7 %) [83], Turner
syndrome (6.4 %) [84], and Williams syndrome (9.5 %) [85].

Other conditions that have been associated with CD include autoimmune
myocarditis; idiopathic dilated cardiomyopathy; Sjogren’s syndrome; IgA defi-
ciency; Addison’s disease; IgA nephropathy; sarcoidosis; primary hyperparathy-
roidism; alopecia areata; neurological abnormalities including epilepsy, ataxia, and
neuropathy; atopy; inflammatory bowel disease; psoriasis; and chronic urticaria.

The association with CD and autoimmune disorders is great. About 30 % of adult
patients with CD have one or more autoimmune disorders [86, 87], compared to
about 3 % in the general population [88]. The mechanism of this prominent associa-
tion is unclear. It has been suggested that the increase is associated with the duration
of exposure to gluten [87]; however, this was not confirmed by other studies [89,
90]. In a study from France, however, after the diagnosis of CD, those that were
strictly adherent to the gluten-free diet acquired fewer autoimmune disorders than
those who were not compliant with the diet [91]. This suggests that the diet is pro-
tective against the development of autoimmune diseases. However, initiation of a
gluten-free diet did not prevent progression of established autoimmune thyroid dis-
ease after the diagnosis of CD [92].

CD is also associated with infertility, in both women [93-95] and men [96].
Screening infertile women detects undiagnosed CD [97], and fertility improves
after diagnosis of CD [98].
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The Shifting Presentation of Celiac Disease

Most adults with CD diagnosed prior to 1980 presented with diarrhea [22]. With the
advent of serological tests in the 1980s, the spectrum of clinical manifestations
became apparent. Additionally, since the initial availability of sensitive and specific
serological assays over the past two decades, the gap between initial presentation
and diagnosis in symptomatic children has been gradually fading [99, 100]. This
reduction in duration of symptoms has also been documented in adults [22].
Serological screening was an important mode of presentation among our patients,
representing nearly one-quarter of all children recently diagnosed [19] and 17 % of
adults diagnosed since 1990 [24].

Independent of the impact of improved screening tools, the presentation of CD is
changing over time, and “classical” presentations are becoming less common. An
overall decrease in the prevalence of diarrheal presentations over the past two
decades, accompanied by an increase in atypical manifestations of the disease, has
been well described in both adults and children [10, 16, 22, 24]. Children are being
diagnosed at an older age [20, 101]. Overweight and obese children and adolescents
with CD are now frequently identified [19, 102, 103]. The majority of North
American children, in our series, had a normal body mass index, whereas the minor-
ity of children studied were underweight [19]. While more widespread use of sero-
logic markers has facilitated diagnosis of CD in children [10], this alone does not
entirely explain the decrease in diarrheal manifestations, as many long-term studies
of adult and pediatric patients predating the use of these markers have documented
this shift in clinical presentation [20, 22]. Awareness of the various manifestations
of this disease is critical in rendering the diagnosis.
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Chapter 9
Diagnosis of Celiac Disease

Anna Tavakkoli and Benjamin Lebwohl

Introduction

Celiac disease (CD), often described as the “clinical chameleon,” is an autoimmune
disorder with a range of clinical symptoms and presentations. This chapter will
review which patients should get tested for CD, the serological markers available to
diagnose CD, and the role of genetic testing and small bowel endoscopy in the diag-
nosis of this disease.

Patients and Populations to Consider

CD is a complex and often difficult disorder to diagnose considering its wide range
of clinical presentations that have been observed. While the overall diagnosis rate of
CD is increasing in the United States and worldwide, the vast majority of patients in
the United States remain undiagnosed [3—-5]. Therefore, determining which patients
to test for CD outside of those who present with classical CD symptoms has been
difficult to characterize. Testing for CD should be considered in the following group
of individuals.
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Gastrointestinal Symptoms

The classical presentation of CD includes bulky, foul-smelling diarrhea that often
occurs in parallel with malabsorptive symptoms including weight loss, vitamin defi-
ciencies, and anemia [1, 2, 6]. Although there has been a shift in recent years from
the classical presentation of CD to atypical or asymptomatic presentations [7], the
diagnosis of CD should be pursued in patients with chronic or recurrent diarrhea,
malabsorption, and unexplained weight loss. In addition, patients with CD can often
present with symptoms that are initially misdiagnosed as irritable bowel syndrome
(IBS), including abdominal pain and bloating associated with a change in bowel
habit. A meta-analysis of patients with established CD discovered that IBS-like
symptoms can occur in upwards of 40 % of established CD patients and occur more
often in CD patients than controls [8]. Considering the overlap between symptoms
among patients with IBS and CD, patients who meet ROME III criteria should addi-
tionally be evaluated for CD prior to the diagnosis of IBS. This approach is sup-
ported by a meta-analysis that found a fourfold in increase in the prevalence of CD
among patients with IBS [9].

Nonclassical Presentations

Clinicians often recognize the classical presentation of CD; however, diarrhea has
been the presenting symptom in fewer than 50 % of patients diagnosed with CD in
recent past decades [7]. Increasingly, patients are presenting with nonclassical
symptoms that have been linked to CD, including elevated transaminases, osteopo-
rosis, neurological symptoms (ataxia, peripheral neuropathy), migraine headache,
depression, and a variety of metabolic derangements (Table 9.1) [10, 11]. Since the
majority of these symptoms resolve upon adoption of a gluten-free diet, there is a
clear benefit in diagnosing these patients with CD [11]. While the presentations can
vary extensively, it is especially important for clinicians to be familiar with these
nonclassical presentations to diagnose and treat patients with CD.

Higher Prevalence Populations

While screening the general population for CD is not recommended at this time,
there are several populations that have an increased prevalence of CD. First-degree
relatives of patients with CD have a higher risk than the general population for
developing CD, with an overall prevalence of approximately 10 % [2, 12, 13]. In
addition, patients with type 1 diabetes mellitus, autoimmune thyroid disease, auto-
immune liver disease, genetic disorders (Down syndrome and Turner’s syndrome),
and IgA deficiency have a higher prevalence of CD as well (Table 9.2) [2, 14-18].
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Table 9.1 Nonclassical Neurological-psychiatric
presentations and metabolic manifestations

abnormalities associated with
celiac disease®

Cerebellar ataxia
Peripheral neuropathy
Headache (tension and migraine)
Depression/anxiety
Epilepsy
Intracranial calcifications
Hematological manifestations
Anemia
Vitamin B, deficiency
Dermatological manifestations
Dermatitis herpetiformis
Metabolic derangements
Hypercalcemia
Hypophosphatemia
Hypoalbuminemia
Folate deficiency
Hyperamylasemia
Hypocholesterolemia (low HDL
and LDL)
Bone disease
Osteoporosis
Osteopenia
*Adapted from [11]

While there has been debate for and against screening these high-risk populations,
most guidelines currently recommend testing for CD only if patients in these groups
develop classical or nonclassical symptoms of CD [2, 19].

Screening for Celiac Disease

CD meets the World Health Organization (WHO) criteria for diseases that warrant
mass screening: early clinical detection is difficult; the condition is common;
screening tests are highly sensitive and specific; effective treatment is available; and
untreated disease can lead to complications [20]. In addition, initiation of a gluten-
free diet reduces mortality risk, and screening for CD has been found to be cost-
effective under certain circumstances [21]. However, as will be discussed below,
serological testing is not 100 % sensitive or specific, and due to the CD prevalence
of 0.7-1.0 % in the general population, mass screening will cause a high number of
false-positive test results, leading to unnecessary procedures and complications [20].
While a case-finding approach has also been proposed, in which health-care provid-
ers would order serologic tests for patients who exhibit signs or symptoms or have
a disease associated with CD, this approach may be difficult to implement in clinical
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Table 9.2 Clinical and genetic conditions associated with celiac disease®

Endocrine

Type 1 diabetes mellitus

Autoimmune thyroid disease

Addison’s disease

Secondary hyperparathyroidism
Immunological-rheumatologic

Sjogren syndrome

Arthritis

Systemic lupus erythematosus

Rheumatoid arthritis

IgA deficiency

Immune thrombocytopenic purpura

Myasthenia gravis
Dermatological

Vitiligo

Alopecia areata

Psoriasis

Malnutrition-related changes (petechiae; vitamin K, edema; hypoproteinemia, follicular

hyperkeratosis; vitamin A, dermatitis; B vitamins)

Cardiopulmonary

Idiopathic dilated cardiomyopathy

Autoimmune myocarditis

Cystic fibrosis

Fibrosing alveolitis

Sarcoidosis

Idiopathic pulmonary hemosiderosis

Extrinsic allergic alveolitis (bird fancier’s lung)

Recurrent pericarditis
Gastrointestinal

Crohn’s disease

Microscopic colitis

Pancreatic insufficiency

Ulcerative colitis

Eosinophilic esophagitis
Hematological

Anemia

Autoimmune hemolytic anemia

Hemorrhage

Howell-Jolly bodies

Thrombocytosis

Hyposplenism
Hepatic

Elevated liver biochemical tests

Primary biliary cirrhosis

Primary sclerosing cholangitis

Autoimmune hepatitis

Autoimmune cholangitis

(continued)
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Table 9.2 (continued)

Neurologic and Psychiatric
Ataxia
Behavioral abnormalities
Demyelinating central nervous system lesions
Peripheral neuropathy
Reproductive disorders
Delayed menarche
Recurrent miscarriage
Infertility
Impotence
Renal
IgA nephropathy
Musculoskeletal
Muscular atrophy and weakness
Osteoarthropathy
Polymyositis
Pathological fractures
Genetic disorders
Down syndrome
Turner syndrome
Williams syndrome
IgA deficiency
*Adapted from [11] and [77]

practice. At this time, there is no universally accepted threshold at which to test
patients for CD, and as such, it is incumbent upon health-care providers to recog-
nize both classical and nonclassical signs and symptoms of CD in addition to under-
standing the steps necessary to diagnose CD.

Serological Evaluation

Serological evaluation is the initial step in diagnosing CD and may be helpful in
monitoring adherence to a gluten-free diet [2, 20]. Antibody testing is the first step
in diagnosing patients with CD. Characteristics of commonly used serologies are
listed below and summarized in Table 9.3.

Antigliadin Antibody

The antigliadin antibody was the first serological test developed for the diagnosis of
CD in the early 1980s [22, 23]. The assay measures both IgG and circulating IgA
antigliadin antibodies. While the IgA antigliadin antibodies were found to have a
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Table 9.3 Sensitivity, specificity, and positive and negative predictive values of serologic tests for
untreated celiac disease®

Sensitivity Specificity Positive predictive Negative predictive
(reported (reported value (%), pretest value (%), pretest
Test range) (%) range) (%) probability of 5 % probability of 5 %
IgA AGA 85 (57-100) 90 (47-94) 18 99
1gG AGA 85 (42-100) 80 (50-94) 31 99
EMA 95 (86-100) 99 (97-100) 83 99
IgA anti-TTG® 98 (78-100) 98 (90-100) 72 99
1gG anti-TTG*¢ 70 (45-95) 95 (94-100) 42 99
IgA anti-DGP 88 (74-100) 95 (90-99) 44 99
IgG anti-DGP 80 (63-95) 98 (90-99) 68 99
1gA/1gG 97 (75-99) 95 (87-100) 51 99

anti-DGP
AGA, antigliadin antibody; DGP, deamidated gliadin peptide; EMA, endomysial antibody; 77G,
tissue transglutaminase
“Reprinted by permission from Macmillan Publishers Ltd: The American Journal of
Gastroenterology. Leffler DA, Schuppan D. Update on serologic testing in celiac disease, 105 (12),
copyright 2010
®Antihuman TTG-based assays only; older tests based on guinea pig antibodies have lower sensi-
tivity and specificity
“Sensitivity is significantly higher, about 90-95 %, in IgA-deficient populations but lower in the
overall celiac population

higher sensitivity and specificity as compared to its IgG subclass, the assay’s overall
sensitivity and specificity are dependent on manufactured-based arbitrary cutoff val-
ues [2, 22, 24-26]. Despite the variability seen among different commercial assays,
it has generally been thought that the sensitivity and specificity of both the IgG and
IgA antigliadin antibodies lie between 80 and 90 % with a positive predictive value
of less than 30 % in most populations [20, 24, 25]. Considering the low positive
predictive value and the development of superior antibody testing for CD, both IgG
and IgA antigliadin antibody testing are no longer recommended to diagnose CD.

Deamidated Gliadin Peptide Antibody

Deamidated gliadin peptide (DGP) represents the conversion of certain gluten pep-
tides to deamidated peptides via intestinal transglutaminase (TTG). The deamidated
peptides then activate the inflammatory T-cell response by binding to antigen-
presenting cells in patients with CD [27]. This results in an antibody response that
has a higher specificity for CD than antibodies to native gluten [28]. The combined
sensitivity and specificity for IgA and IgG anti-deamidated gliadin peptide are
above 80 % and above 95 %, respectively [22]. However, studies have shown that
IgA anti-TTG performs better and is less costly than the [gA-DGP [29]. Currently,
DGP antibody testing is recommended for use in I[gA-deficient patients to diagnose
CD and in the pediatric population.
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IgA Anti-endomysial Antibody

Endomysial antibody (EMA) testing was developed in the mid-1980s after the
development of antigliadin antibody testing. EMA testing is based on indirect
immunofluorescence, requires either monkey esophagus or human umbilical cord
tissue as a substrate, and uses TTG as the target antigen [2, 22]. This test introduces
interobserver and inter-site variability since one individual reads each sample under
the microscope and reports the test as either positive or negative at a given titer [22].
Despite these factors, the sensitivity of IgA anti-EMA can vary, i.e., on the level
of villous atrophy present, but is generally >90 % with a specificity of 97-100 %
[2, 22,30, 31].

IgA anti-EMA antibody testing is not currently recommended as the first-line
therapy due to the high cost, variability, and subsequent development of IgA anti-TTG.
In addition, studies have not shown a benefit to concurrently testing both anti-TTG
and IgA anti-EMA simultaneously, but the test can be used as a confirmatory test in
patients with borderline positive or possibly false-positive anti-TTG antibodies [31, 32].

Anti-tissue Transglutaminase Antibody

TTG was identified as a CD autoantigen in the late 1990s, [33] which allowed the
development of an enzyme-linked immunosorbent assay (ELISA) test using guinea
pig liver (first-generation assays), human red-cell derived, and human recombinant
TTG [20, 22, 23]. Not only did the development of an ELISA-based assay avoid the
time-consuming, expensive, and operator-dependent indirect immunofluorescence
testing done with anti-EMA testing, but the high sensitivity and specificity found
with the study are comparable to the anti-EMA testing currently available [22, 31,
34]. For these reasons, IgA anti-TTG is recommended as the initial test of choice for
CD. IgG anti-TTG is also available for commercial use; however, the sensitivity and
specificity of this test are wildly variable and are reserved for use in patients with
IgA deficiency [31].

A new anti-TTG point-of-care test using a drop of whole blood has recently been
developed. The test does bring ease to diagnosing CD but lacks the sensitivity and
specificity of the ELISA-based test and lacks a titer that can be followed throughout
patients’ clinical illness. At this time, the test is not recommended for diagnosis due
to possible false-negative results [35-37].

IgA Deficiency

Selective IgA deficiency is more prevalent among patients with CD versus non-CD
control patients (2 % vs. 0.2-0.5 %) [38—41]. With an increased prevalence, [gA-
based serological tests are more likely to be falsely negative in untreated CD among
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this patient population. Therefore, it is recommended to measure total serum IgA
levels along with IgA-based serologic tests [22]. Among patients who are IgA defi-
cient, a number of IgG-based serologic tests have been developed for CD diagnosis,
including IgG antigliadin antibody, IgG anti-TTG antibody, and IgG anti-DGP [2, 22].
Traditionally, the IgG antigliadin assay has been used for these patients but fre-
quently yields false-positive results. Therefore, using serum IgG anti-TTG assays or
IgG anti-DGP tests is preferable [2, 22, 42].

There are subsets of patients who have detectable but low levels of IgA, and it is
important to note that the accuracy of IgA-based tests is not thought to be signifi-
cantly compromised in this group of patients [22, 43].

Genetic Testing

Approximately, 40 % of all individuals in the USA are positive for either the HLA
class II heterodimer HLA-DQ2 (DQA1*05/DQB1*02) or HLA-DQ8 (DQA1*03/
DQB1*0302) [2], but nearly all patients with CD are either DQ2 (95 %) or DQ8
(5 %) positive [20, 44]. Due to the fact that nearly all patients with CD will either be
DQ2 or DQ8 positive, the absence of these loci provides an almost 100 % negative
predictive value for the diagnosis of CD [2]. Since the routine addition of genetic
testing to the standard serological evaluation described above does not increase diag-
nostic performance [45], genetic testing is not indicated in most initial evaluations of
CD. However, due to the high negative predictive value, genetic testing is useful in
excluding CD in cases where the diagnosis is unclear or among patients who are
already on a gluten-free diet, as the test is not affected by gluten exclusion.

Small Intestinal Biopsy

Although serological testing has high sensitivity and specificity for the diagnosis
of CD, is routinely available, and is noninvasive with minimal risks, small intesti-
nal biopsy remains the gold standard for diagnosis of CD [2, 20]. Duodenal biopsy
is routinely performed and recommended in patients after testing positive with a
serological marker for CD. In addition, patients with normal serological markers
but with signs and symptoms that are highly suspicious for CD should undergo
endoscopic evaluation since approximately 10 % of patients with CD may be sero-
negative [22].

The histologic findings of CD are described using the Marsh—Oberhuber classi-
fication (Table 9.4) [46]. The hallmarks of CD include increased intraepithelial lym-
phocytes (IELs), crypt hyperplasia, and villous atrophy [47-50]. Endoscopic
markers of villous atrophy have also been described, including a reduction in the
number of duodenal folds, scalloping, mucosal grooves, and a mosaic appearance of
the mucosa. However, the endoscopic appearance of small bowel has not been
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Table 9.4 Marsh—Oberhuber classification of celiac disease®

Marsh
class Type of lesion Villous architecture Crypts IELs
Marsh I Infiltrative Normal Normal >30/100 enterocytes
Marsh I Infiltrative— Normal Hyperplasia >30/100 enterocytes
hyperplastic
Marsh III
3A Flat destructive Mild villous atrophy ~ Hyperplasia >30/100 enterocytes
3B Flat destructive Moderate villous Hyperplasia >30/100 enterocytes
atrophy
3C Flat destructive Total villous atrophy ~ Hyperplasia >30/100 enterocytes
Marsh 4  Atrophic— Total villous atrophy ~ Hyperplasia >30/100 enterocytes

hypoplastic

IELs intraepithelial lymphocytes
*Adapted from [46]

shown to be sensitive or specific for the diagnosis of CD [2]. These findings have
also been noted to occur in patients with tropical sprue, HIV enteropathy, and HIV-
associated opportunistic infections, such as cytomegalovirus and Cryptosporidium
[51]. Furthermore, studies have shown that a normal endoscopic appearance does
not rule out CD. In one study of 129 patients with newly diagnosed CD, researchers
found that about one-third of patients had a completely normal endoscopic appear-
ance despite histological evidence of CD [52]. Therefore, diagnosing or excluding
CD on the basis of the appearance of a patient’s small bowel is not recommended.

Although progress has been made with serological markers for CD and the vary-
ing presentations of CD have been described, patients with signs and symptoms
consistent with CD do not always undergo duodenal biopsy during EGD. In a study
of the Clinical Outcomes Research Initiative (CORI), which is a national endo-
scopic database, almost 4,000 patients underwent EGD for diarrhea, iron deficiency,
anemia, and weight loss from 2000 to 2003 [53]. All of the patients had normal-
appearing duodenums, but a biopsy was performed in only 11 % of patients. When
the CORI database was revisited recently, the rate of duodenal biopsy from 2004 to
2009 for the same symptoms increased to 43 %, which is improved but still low [54].
In the same study, they found that male patients and elderly individuals were less
likely to receive a duodenal biopsy [54]. The improved but still low rate of duodenal
biopsy argues that a potential cause for the underdiagnosis of CD is related to a lack
of recognition of both the typical and atypical presentations of CD, the equal sero-
prevalence rates among men and women, the fact that CD can present at any age,
and the important role that duodenal biopsies play in its diagnosis [55, 56].

The location and number of biopsies taken during EGD plays an important role
in the accurate diagnosis of CD. Due to the patchy nature of villous atrophy and the
predilection to affect areas of the duodenum with varying degrees of severity, mul-
tiple biopsies of both the duodenal bulb and the distal duodenum maximize the
diagnostic yield [57, 58]. Traditionally, duodenal bulb biopsies had been avoided by
gastroenterologists due to the acid-induced damage, gastric metaplasia, Brunner
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gland hyperplasia, or the presence of lymphoid follicles that may serve as a poten-
tial confounding element in the histopathological assessment of the small bowel
[59]. However, a number of studies have shown that duodenal bulb biopsies can
sometimes be the only evidence of villous atrophy [2, 58, 59]. When biopsying the
duodenal bulb, the 9 or 12 o’clock position appears to have the highest diagnostic
yield [57].

The number of distal duodenal biopsies obtained during EGD affects its sensitiv-
ity for the diagnosis of CD. The sensitivity of biopsy for the diagnosis of CD
increases when four duodenal specimens are taken [60, 61]. Therefore, AGA rec-
ommendations state that four to six specimens should be submitted during duodenal
biopsy for optimal detection of CD [2]. However, despite the improved sensitivity
of diagnosing CD with at least four duodenal biopsies, clinical practice seems to be
lagging behind. In one study analyzing a national pathology database, 132,352
patients underwent duodenal biopsy from 2006 to 2009 [62]. Among these patients,
four or more specimens were submitted during duodenal biopsy in only 35 % of
patients. Older patients were less likely than younger patients to have an adequate
number of duodenal biopsies submitted. Even when the clinical indication was
labeled as suspected CD, adherence to the recommended number of duodenal biop-
sies occurred in only 38.5 % of submissions. Furthermore, this study found that
when fewer than four specimens were submitted for histological evaluation, the
proportion of patients diagnosed with CD was only 0.7 % as compared to 1.8 %
when four or more specimens were submitted. As a result of the number of studies
showing that the submission of four or more duodenal biopsies and biopsies of the
duodenal bulb improves the diagnosis of CD, we recommend that for adequate diag-
nosis of CD, at least four specimens be submitted, including a specimen from the
duodenal bulb.

Duodenal biopsy may be subject to misinterpretation by pathologists, which may
lead to false negatives and false positives. Review by a pathologist expert in the
diagnosis of CD is advised, especially in the case of subtle findings or discrepancy
between serologic and histologic results [63].

The Impact of Gluten-Free Diet on the Diagnosis of CD

The popularity of the gluten-free diet (GFD) has been increasing in the USA [64].
While previously difficult to find outside of specialty stores, gluten-free ingredients,
snacks, and meals have become more available in grocery stores and restaurants. As
aresult, patients may present to a medical provider already on a GFD but still seek-
ing a diagnosis for their symptoms.

Serological markers for CD normalize after 6—12 months of adherence to a GFD,
though this rate is variable. Histological changes that characterize CD can persist
despite normalization of serological markers. One study of 381 patients with biopsy-
proven CD found that the median time to mucosal healing was 3.8 years [65].
Furthermore, many patients with confirmed mucosal healing have IELs that per-
sisted despite normal crypt-to-villous ratio [66, 67]. While it is not recommended to
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begin a GFD prior to diagnostic evaluation, a patient with CD who is compliant with
a GFD might still have persistent histopathology consistent with CD. Despite this,
the AGA recommends that patients on a GFD at the time of biopsy undergo a gluten
challenge to prevent any impact the diet might have on the pathological interpreta-
tion [2]. While an 8-week challenge had previously been recommended, a shorter
challenge period may be adequate as illustrated in Appendix 8 [68]. Genetic testing
for DQ2 and DQS8, as described above, is another option in patients who are on a
GFD at the time of biopsy. Because of the almost 100 % negative predictive value,
a negative test, even on a GFD, completely rules out CD.

Diagnosis in Children

Once thought to be a disease of infants and young children, presenting after the
introduction of gluten, CD has been shown to now present at any age. Children with
CD often present with gastrointestinal symptoms including diarrhea, abdominal
pain, vomiting, constipation, abdominal distention, and failure to thrive [69]. Non-
gastrointestinal manifestations of CD in the pediatric population are quite extensive
but include idiopathic short stature, neurological and behavioral symptoms, dental
enamel defects, unexplained elevation in serum transaminases, and unexplained
iron deficiency. Furthermore, high-risk populations for CD among children are sim-
ilar to those in the adult population, including type 1 diabetes, Turner syndrome,
Williams syndrome, Down syndrome, and first-degree relatives of CD patients. Of
note, patients with Down syndrome appear to have a high risk of CD, since up to
16 % of these patients are affected [70].

Recommendations on whom to test and screen for CD differ in the pediatric
population as compared to adults, mostly in that screening for CD is recommended
in asymptomatic patients that belong to a high-risk pediatric population. The North
American Society for Pediatric Gastroenterology, Hepatology and Nutrition
(NASPGHAN) recommends that testing be done in patients with gastrointestinal
symptoms, non-gastrointestinal symptoms (including dermatitis herpetiformis,
short stature, and delayed puberty), and asymptomatic patients who reside in a high-
risk population. Testing of these asymptomatic patients is recommended to begin
around 3 years of age as long as the child has been on a gluten-containing diet for at
least 1 year prior to testing [69].

Serological Markers for Diagnosis of CD in Pediatric Patients

The initial test of choice for the diagnosis of CD in pediatric patients is IgA anti-
TTG and total serum IgA level [69]. In those patients with IgA deficiency, IgG anti-
TTG or IgG anti-DGP can be used [69]. However, even among patients with normal
total IgA levels, IgA anti-TTG and EMA antibodies are often negative in children
with CD who are younger than 2 years of age [20]. A series of studies have shown
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that anti-DGP antibodies will test positive despite normal TTG and EMA values
(and correlate to histological findings confirming CD on endoscopy) and that IgA
and IgG anti-DGP had a sensitivity of almost 100 % in pediatric patients less than 3
years old [71, 72]. As a result, DGP appears to be a reliable alternative to testing for
CD in very young children who might present with symptoms concerning for CD.

Intestinal Biopsy

Intestinal biopsy, which includes multiple distal duodenal biopsies and sampling of
the duodenal bulb, has been the gold standard for definitive diagnosis of CD in both
adults and children. Several recent studies have suggested that symptomatic patients
with TTG about ten times the upper limit of normal could be reliably diagnosed
with CD without EGD and histological confirmation [73-75]. As a result, The
European Society for Pediatric Gastroenterology, Hepatology, and Nutrition
(ESPGHAN) released a new set of recommendations for the diagnosis of CD delin-
eating two groups of patients with different diagnostic formulas. These recommen-
dations indicate that among children with symptoms suggestive of CD, an IgA
anti-TTG antibody level greater than ten times the upper limit of normal and a posi-
tive HLA haplotype can be sufficient to diagnose CD without a duodenal biopsy
[76]. However, asymptomatic patients at high risk of CD still need both positive
serology and histological findings on duodenal biopsy in order to diagnose CD [76].
While these are general guidelines to follow, they may reduce the amount of inva-
sive testing pediatric patients undergo during the diagnosis of CD. It is unclear
whether this practice will be widely adopted in Europe or North America.

Conclusion

The diagnosis of CD in both adults and children can be straightforward, as in the
cases of those who present with classical gastrointestinal symptoms, or protracted
due to the nonclassical or silent presentations that can often occur. The groundwork
for diagnosing CD lies in serological markers, followed by characteristic histologi-
cal changes on duodenal biopsy. Genetic testing can sometimes be useful due to its
high negative predictive value.
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Chapter 10
Nutrition in Celiac Disease

Suzanne Simpson and Tricia Thompson

According to the Academy of Nutrition and Dietetics (formerly the American
Dietetic Association) evidence analysis library, “medical nutrition therapy provided
by a registered dietitian is strongly recommended for individuals with celiac dis-
ease” [1]. Therefore, consultation with a dietitian/nutritionist that has expertise in
CD should be mandatory for all patients with CD at diagnosis as well as in follow-
up (Table 10.1). The gluten-free diet is currently the only treatment for CD, a genet-
ically based autoimmune disease with chronic inflammation of the small intestinal
mucosa. Individuals with CD have an immunologic reaction to the proteins in
wheat, rye, and barley. Patients with CD must be monitored closely by the dietitian
to assess the healthfulness of the gluten-free diet as well as to discuss motivation,
quality of life, symptom improvement, and barriers to compliance.

Nutrition assessment is the first step in the nutrition care process. During the
assessment, pertinent data are gathered and compared to normative values. A nutri-
tion diagnosis is determined and a nutrition care plan is developed and prescribed.
The nutrition intervention should include goals that are quantifiable, achievable,
time defined, and negotiated with the patient so as to improve dietary intake and
reduce risk factors. The assessment continues at each patient visit. A complete
nutrition assessment includes a review of dietary intake, anthropometric measures,
biochemical data, medical tests, and procedures (Table 10.2). Communication
with the referring physician/gastroenterologist is advisable for optimal patient
care. During the assessment, the dietitian may determine that a diagnosed patient
with gastrointestinal symptoms, not related to gluten intake, could be related to
another food intolerance or a medical issue that the physician must investigate.
Similarly, the dietitian may determine that a micronutrient deficiency or weight
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Table 10.1 When to refer patients with celiac disease to a dietitian

Initial assessment at diagnosis as well as two to three more visits within the first year of
diagnosis as well as annual visits thereafter

Suspicion of gluten ingestion (positive serologies after 1 year or more of being on a gluten-free
diet)

Food intolerances (lactose, fructose), food allergies

Constipation/diarrhea/reflux

Fluctuations in body mass index—weight gain or loss

Micronutrient deficiencies or toxicities

Gastroparesis

Hypercholesterolemia

Type 1 diabetes

Refractory celiac disease

Table 10.2 Nutrition assessment checklist

Obtain a complete dietary history—foods and beverages consumed at all meals and snacks,
including name brands

Ensure adequate calories, protein, micronutrient intake (the typical gluten-free diet can increase
the risk of calcium, iron, fiber, vitamin D, folate, niacin, zinc, vitamin B, deficiencies due to
lack of fortification of gluten-free packaged foods including breads, pastas)

Review intake of foods away from the home—restaurant frequency, fast food, take out, order in,
cafeteria, other people’s homes, social and work events

Travel—foods consumed, frequency of travel

Supplements—herbal remedies, over-the-counter diet aids

Vitamins and minerals—review name brands and check if gluten-free; compare and correct
micronutrients compared to recommended intake

Prescription medications—must be gluten-free

Cross-contamination prevention measures

Review past medical history, family history, symptoms, laboratory measures; review of all tests
and procedures

Anthropometrics—height, weight, BMI

Social support—family, work, peers

Quality of life—work, family, exercise, risk of depression

Activity level

Assess knowledge of gluten-free diet food labels—make sure client knows how to identify gluten
in an ingredient list, understands the meaning of nutrition food claims such as no gluten,
gluten-free, wheat-free, made in the same factory that processes wheat, low gluten

Readiness for change—assess patient willingness to change diet and patient’s goals for learning
and meeting with the dietitian

Family history—other family members with celiac disease; family members tested for celiac
disease

Potential nutrition diagnoses—follows a strict gluten-free diet, ingesting gluten inadvertently in
restaurants, ingesting gluten on purpose monthly, inadequate calcium/vitamin D intake,
inadequate fiber intake, risk of iron deficiency, constipation due to inadequate fiber intake,
excessive caloric intake resulting in weight gain, at risk of overweight
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loss is not caused by inadequate intake. Dietitians can also recommend the physi-
cian to screen for CD in patients that do not have a diagnosis but exhibit symptoms
or in those who have significant medical history or family history or unexplained
nutrient deficiencies.

Dietary Intake Assessment

Assessment of typical dietary intake in CD must be thorough. All food and bever-
ages consumed on weekdays and weekends should be reviewed including name
brands of products and frequency of food eaten away from the home (restaurants,
social events, other people’s homes, travel). It is helpful for the patient to complete
a food diary for the dietitian to review. Dietary restrictions such as food intoler-
ances, food allergies, religious observances, and self-imposed restrictions are
considered.

Patients should be queried about their compliance to a strict gluten-free diet and
the frequency of gluten ingestion (purposely or inadvertently). It is important to
assess patients’ knowledge and understanding of the diet by reviewing their label
reading principles, how they order foods in restaurants, and what cross-contamination
procedures are utilized in shared kitchens.

Patients may have obtained information about the gluten-free diet elsewhere, and
it is important to assess the source for its accuracy (internet, other nutritionists, books,
peers, magazines). Medications, vitamins, and dietary supplements must be reviewed
for their gluten status, their purpose, and whether they meet or exceed the Dietary
Reference Intake (brands are required). It is important to assess quality of life, social
history/social support, sufficiency of income, and ability to access gluten-free food.
Inquiry should be made as to who prepares food at home, particularly in a shared
kitchen. A review of gastrointestinal symptoms (such as type, frequency, and vol-
ume of bowel movements, abdominal pain, bloating, nausea or vomiting, delayed
gastric emptying, reflux, flatulence) is required. Compliance with a strict gluten-
free diet usually reduces gastrointestinal symptoms in CD [2—-13] and should always
be encouraged.

Anthropometric Assessment

Assess age, height, weight, body mass index, growth parameters in children, weight
history, physical activity, disordered eating, and/or diets (currently or in the past).
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Table 10.3 Laboratory measures recommended

S. Simpson and T. Thompson

Laboratory tests

Include

Frequency

Celiac disease
antibodies

Anemia profile

Vitamin profile

Mineral profile

Lipid profile

Electrolytes

Other

Renal profile

Anti-endomysial antibody
Anti-tissue transglutaminase

antibody

Deamidated gliadin protein

Serum IgA level
Hemoglobin
Hematocrit
MCV

Folate

Ferritin

Transferrin saturation

Vitamin B,
Vitamin By
Thiamin
Riboflavin

25-Hydroxy vitamin D

Vitamins A, E
Copper

Zinc
Magnesium
Calcium

LDL

HDL
Triglycerides
Total cholesterol
Sodium
Potassium
PTH

Albumin

ESR

BUN
Creatinine
GFR

One to two times a year post diagnosis

One to two times a year

Annually—if abnormal must be repeated

3 months after treatment

Annually

Annually—more frequently if abnormal

Annually

Annually

Annually

Biochemical Data, Medical Tests, and Procedure Assessment

Review all laboratory tests. If these are not accessible, a request should be made to
access such information. See Table 10.3 for a list of tests that should be accessed
and/or recommended.

Medical Procedures

All medical procedures must be reviewed including endoscopy report (classification
of Marsh scores, number, and location of segments biopsied), bone mineral density,
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Table 10.4 Nutrition education for the gluten-free diet

Label reading 101—review the list of ingredients that must be avoided, labeling laws, surprising
sources of gluten, cross-contamination procedures, nutrition claims (e.g., gluten-free,
wheat-free, low gluten, made in the same facility as wheat, no gluten ingredients), sources
of important nutrients such as calcium, vitamin D, iron, fiber

Provide recommendations for portions and variety of foods from all food groups

Heart-healthy recommendations to prevent high cholesterol

Recommend high fiber, as tolerated, to prevent weight gain and constipation

Review of gluten-free grains—>50 % of grains consumed should be gluten-free whole grains

Discuss risk of vitamin deficiencies

Encourage healthful gluten-free food choices

Discuss risks associated with ingesting gluten

Discuss vitamin supplementation as needed

Discuss use of supplements such as probiotics, over-the-counter remedies

Discuss family testing

Discuss restaurant eating, social situations, menu planning, recipes, grocery shopping

Coordinate care with other healthcare providers

Discuss other dietary restrictions within the confines of the gluten-free diet: lactose-free diet,
low-fructose diet, diabetes meal plan/carbohydrate counting, kosher diet, low-fat diet,
weight-control diet

Implement weight-centered guidelines as needed

breath tests (bacterial overgrowth, fructose intolerance, lactose intolerance), gastric
emptying study, surgeries, medical treatments, and colonoscopy. Review past medi-
cal history (e.g., gastrointestinal, immune, neurological, and psychological), other
health conditions, autoimmune diseases, family history of CD, allergies, body-
muscle stores, and fat stores. Inquire about appetite, current gastrointestinal symp-
toms, and symptoms prior to diagnosis of CD.

Physical

Assess appearance of hair, skin, nails, and body shape.

Nutrition Intervention and Education

The gluten-free diet is the medical and nutritional treatment for CD. A gluten-free
diet is discussed in a later section of this chapter. Gluten must be removed from the
diet completely and permanently. Table 10.4 includes a list of items that must be
included in the nutrition education for patients with CD. It is important to answer
questions the patient may have, establish a trustful rapport, and set goals with the
patient that can be addressed in follow-up.
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Table 10.5 Nutrition items to monitor in follow-up visits

Implementation of nutrition goals

Adherence to gluten-free living

Factors affecting quality of life

Medical status (e.g., gastrointestinal, immune, neurological, and psychological)

Social supports

Body mass index

Label reading principles

Restaurant habits and frequency

Diet history and gluten-free dietary pattern—specific focus on intake of nutrients at risk of
deficiency (iron, calcium, vitamin D, B vitamins, fiber, folate, niacin, zinc), intake compared
to recommendations (food pyramid), recommend not ingesting excessive sugar and fat from
prepared gluten-free foods, overall caloric intake

Vitamin intake

Medications and supplements

Antibody levels, potential exposure to cross-contamination, surprising sources of gluten in foods

Answer patient questions

Follow-up

CD is a lifelong systemic disease with a burdensome treatment that requires regular
follow-up visits with the expert dietitian and gastroenterologist; patients must be
monitored for compliance, symptoms, well-being, and medical issues. See
Table 10.5 for items that need to be monitored during follow-up visits.

If someone with CD is not treated with the gluten-free diet, there can be serious
consequences. The intake of gluten may result in gastrointestinal symptoms, malab-
sorption and micronutrient deficiencies, villous atrophy and the development of
neurological complications, fertility problems, reduced quality of life, intestinal
lymphoma, and reduced bone mineral density. The dietitian must assess compliance
in follow-up, particularly in patients with symptoms. If gluten exposure is deter-
mined not to be the cause of symptoms, other potential causes could be lactose,
fructose, and carbohydrate intolerances, bacterial overgrowth, refractory sprue,
related cancers, and other gastrointestinal diseases and conditions. These would
require investigation by a gastroenterologist.

Individuals with CD have been found to show improved quality of life after com-
pliance with a gluten-free dietary pattern for at least 1 year particularly if they had
symptoms prior to diagnosis [12, 14]. However, they may not attain the same level
of quality of life as the general population; this has been reported more frequently
by women than men and particularly in those that continue to have gastrointestinal
symptoms despite adherence to a gluten-free diet [15, 16].
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The Gluten-Free Diet

Currently, the only treatment for CD is a strict, lifelong gluten-free diet. A gluten-free
diet is defined as being free of all but miniscule amounts of protein from wheat,
barley, rye, and crossbred varieties of these grains, such as triticale. In the USA,
labeled gluten-free foods must contain less than 20 ppm of gluten from ingredients
and/or cross-contact with gluten. In place of gluten-containing cereal foods (breads,
pastas, breakfast cereals), foods containing corn, rice, millet teff, sorghum, wild
rice, oats, amaranth, buckwheat, and quinoa are used.

Labeled Gluten-Free Foods

There are an ever-increasing number of labeled gluten-free cereal foods available in
both natural foods stores and mainstream grocery stores. At the time of this writing,
the Food and Drug Administration (FDA) had not yet released the final rule for
labeling foods gluten-free. Under the FDA’s proposed rule, a food may not be
labeled gluten-free if any of the following applies [17]:

e The food contains an ingredient that is a prohibited grain. Prohibited grains
include wheat, barley, rye, and triticale (a cross between wheat and rye).

* The food contains an ingredient derived from a prohibited grain that has not been
processed to remove gluten. Examples of these types of ingredients include wheat
flour, hydrolyzed wheat protein, wheat germ, malt, and barley malt flavoring.

e The food contains an ingredient derived from a prohibited grain that has been
processed to remove gluten but use of the ingredient results in the final food
product containing 20 ppm or more gluten. Examples of these types of ingredi-
ents are wheat starch and modified food starch made from wheat.

e The food contains 20 ppm or more of gluten.

The definition of gluten-free in the USA differs slightly from the codex standard
for foods for special dietary use for persons intolerant to gluten [18]. Under this
standard, gluten-free foods are dietary foods that fit one of the two definitions below.

* Foods that are made only from ingredients that do not contain wheat, barley, rye,
oats,! or their crossbred varieties and with a gluten content not greater than
20 ppm.

* Foods made using one or more ingredients from wheat, barley, rye, oats, or their
crossbred varieties which have been specially processed to remove gluten and
with a gluten content not greater than 20 ppm.

''Under Codex, the use of oats uncontaminated with wheat, barley, and rye may be determined at a
national level. In the United States, oats are not considered a prohibited grain and may be included
in labeled gluten-free foods as long as the final food product contains less than 20 ppm of gluten
and the food meets the other criteria for gluten-free labeling.
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Reading Labels of Foods Not Labeled Gluten-Free

In the USA, gluten-free consumers are advised to trust the food label. If a food is
labeled gluten-free, the manufacturer has determined that the product meets the
criteria for labeling established by the FDA. For food not labeled gluten-free, the
consumer has to read the ingredients list and contains statement for six words. If any
of the following words are included on the food label, the food should be avoided:

1. “Wheat.” Under the FDA’s Food Allergen Labeling and Consumer Protection
Act (FALCPA), if an ingredient in a packaged food product regulated by the
FDA includes protein from wheat, the word “wheat” must be included on the
food label either in the ingredients list or Contains statement [19]. If the word
“wheat” is not included on the food label, none of the ingredients in the product
contain protein from wheat.

2. “Barley.”

“Rye.”

4. “Oats.” Only oats and products containing oats labeled gluten-free should be eaten
by individuals with CD [20]. While oats are considered inherently gluten-free,
they also are highly likely to be contaminated with wheat, barley, or rye [21, 22].

5. “Malt.” The single word “malt” in an ingredients list means “barley malt” [23].
If another source of malt is used, such as corn, the ingredients list will read “corn
malt.”

6. “Brewer’s yeast.” This type of yeast may be a product of the beer brewing pro-
cess (i.e., spent brewer’s yeast) [24]. As a result, it may be contaminated with
malt and grain.

O8]

Foods Regulated by the USDA

While the labeling of most food in the USA is under the jurisdiction of the FDA,
some foods are regulated by the United States Department of Agriculture (USDA).
These products are meat products, poultry products, egg products (defined as liquid,
dried, and frozen whole eggs, egg yolks, and egg whites with or without added
ingredients), and mixed food products containing in general more than 3 % raw
meat or 2 % or more cooked meat or poultry meat [25-27]. While the FDA has
mandatory allergen labeling under FALCPA, the USDA does not. Manufacturers
under the jurisdiction of the USDA are encouraged to voluntarily follow FALCPA-
like allergen labeling, and the USDA believes 80-90 % of product labels are in
voluntary compliance [25].

There are a few additional ingredients consumers must look for in the ingredients
lists of foods regulated by the USDA if the manufacturer is not voluntarily follow-
ing FALCPA-like allergen labeling. These ingredients (in addition to the ingredients
already listed above) should be avoided until the manufacturer is contacted and it is
confirmed that the source of the ingredient is not wheat.
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1. “Modified food starch.” Modified food starch in a food regulated by the USDA
may contain protein from wheat and “wheat” may not be included on the food
label if the manufacturer is not voluntarily complying with FALCPA-like aller-
gen labeling [28].

2. “Dextrin.” Dextrin in a food regulated by the USDA may contain protein from
wheat, and “wheat” may not be included on the food label if the manufacturer is
not voluntarily complying with FALCPA-like allergen labeling [28].

3. “Starch.” The single word “starch” in the ingredients list of a food product regu-
lated by the USDA may mean either “corn starch” or “wheat starch” [29]. If the
starch is derived from wheat and contains wheat protein, the word wheat may not
be included on the food label if the manufacturer is not voluntarily complying
with FALCPA-like allergen labeling [28]. Note: In foods regulated by the FDA,
the single word “starch” in the ingredients list means “cornstarch.”

For all of these ingredients—modified food starch, dextrin, and starch—the
source is most likely cornstarch if the ingredient is manufactured in the USA.
If the ingredient is manufactured outside the USA, there is a greater likelihood that
the source is wheat starch.

Beverages Regulated by the TTB

The Alcohol and Tobacco Tax and Trade Bureau (TTB) recently released an interim
policy on gluten content statements in the labeling and advertising of wines, dis-
tilled spirits, and malt beverages [30]. The TTB regulates almost all alcohol sold in
the USA. Exceptions include beer made without malted barley and hops and wines
containing less than 7 % alcohol by volume. These beverages are regulated by the
FDA and must comply with FDA labeling laws.

Under the TTB’s interim policy, a gluten-free claim cannot be included on product
labels if the alcohol is made with any amount of wheat, barley, rye, or crossbred variet-
ies of these grains. Manufacturers can include a gluten-free claim on product labels if
the beverage is made without gluten-containing grains, but manufacturers must ensure
that the raw materials, ingredients, production facilities, storage materials, and fin-
ished products are not cross-contaminated with gluten. Alcoholic beverages that may
qualify for a gluten-free claim include wine, rum, and vodka distilled from potatoes.

The TTB is allowing the statement “Processed (or treated or crafted) to remove
gluten” on product labels if the grains used or ingredients used in the beverage have
been processed to remove all or some of the gluten, but an explanatory statement
must also be included. For fermented products, the statement must read, “Product
fermented from grains containing gluten and processed (or treated or crafted) to
remove gluten. The gluten content of this product cannot be verified, and this prod-
uct may contain gluten.” For distilled products the statement must read, “This prod-
uct was distilled from grains containing gluten which removed some or all of the
gluten. The gluten content of this product cannot be verified, and this product may
contain gluten.”
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Cross-Contamination with Wheat, Barley, or Rye

Naturally gluten-free grains may become contaminated with gluten-containing
grain anywhere along the line from the field where they are grown (due to crop rota-
tion with wheat, barley, or rye or one of these grains being grown in a adjacent field)
to the plant where they are processed (due to shared harvesting, transporting, and/or
processing equipment). A study by Thompson et al. found that of 22 samples of
naturally gluten-free grains and flours sold in the USA, nine contained mean levels
of gluten ranging from 8.5 to 2,925.0 ppm of gluten [31]. Seven of these samples
contained mean levels of gluten at or above 20 ppm and would not be considered
gluten-free under the FDA’s proposed gluten-free labeling rule. To help decrease the
risk of cross-contamination, the Academy of Nutrition and Dietetics Celiac Disease
Toolkit recommends that individuals with CD buy naturally gluten-free grains and
flours that are labeled gluten-free [32]. It is also recommended that products that are
predominantly grain-based be labeled gluten-free [32]. A comparison of the gluten
content of labeled versus not labeled gluten-free millet, rice, soy, and sorghum
flours is provided in Table 10.6. The labeled gluten-free brands tested contained
lower amounts of gluten than the brands not labeled gluten-free [31, 33].

Inadvertent gluten intake through contamination must be considered if it is
believed that an individual is consuming gluten despite the appearance of a strict
gluten-free diet based on symptoms and/or follow-up serological testing. A regis-
tered dietitian well versed in CD must be consulted to help determine the source of
contamination. Food may be contaminated at point of purchase or become contami-
nated in the home. If a lot of eating is done outside the home (e.g., restaurant), then
this will have to be investigated too.

Nutritional Quality of the Gluten-Free Diet

The nutritional quality of the gluten-free diet depends upon the food choices of
consumers. According to the Academy of Nutrition and Dietetics Evidence Analysis
Library, “adherence to the gluten-free dietary pattern may result in a diet that is
high in fat and low in carbohydrates and fiber, as well as low in iron, folate, niacin,
vitamin B ,, calcium, phosphorus and zinc” [34]. There is also evidence that gluten-
free diets may contain inadequate amounts of thiamin [35]. As a result, the
Academy’s Evidence-Based Nutrition Practice Guideline for Celiac Disease rec-
ommends the consumption of whole and enriched gluten-free grains and products
[20]. The addition of a gluten-free age and gender-specific multivitamin and min-
eral supplement is advised if “usual food intake shows nutritional inadequacies that
cannot be alleviated through improved eating habits” [20].

There are several possible reasons for this macro- and micronutrient profile of
the gluten-free diet. Individuals with CD may not consume the recommended num-
ber of servings of grain foods. A study conducted by Thompson et al. found that
only 21 % of US adult female participants consumed the minimum recommended



10 Nutrition in Celiac Disease 133

Table 10.6 Gluten content

of labeled versus not labeled Flour Mean gluten content ppm®
gluten-free flours Labeled gluten-free
Millet 15.5
Rice <5
Sorghum <5¢
Soy <5¢
Not labeled gluten-free
Millet 305.0
Millet 327.0
Rice 8.5
Sorghum 234.0
Soy 2,925.0
Soy 92.0

aData from [31, 33]

"Flours not labeled gluten-free: one sample tested in
duplicate (mean of two extractions); flours labeled
gluten-free: three samples of same brand tested in
duplicate (six extractions)

°Five extractions tested <5 ppm gluten; one extraction
tested at 7 ppm gluten

dFive extractions tested <5 ppm gluten; one extraction
tested at 6 ppm gluten

number of grain food servings [36]. A retrospective review of diet histories of
patients with CD at a US celiac disease center conducted by Lee et al. found that
38 % of meals and snacks eaten by study participants did not contain a grain or
starch component [37]. Low overall grain consumption can result in diets that are
low in carbohydrates and fiber and proportionally higher in fat [38]. It also can
result in diets that are low in iron, folate, niacin, and zinc [38].

Many of the grain-based foods that individuals with CD eat may be higher in fat
than their gluten-containing counterparts. This is due to manufacturers adding
ingredients, including fat, to mimic the mouthfeel and texture of gluten. Increased
fat content of foods not generally thought to contain fat can result in diets that are
inadvertently high in fat.

Individuals with CD may consume grain foods made primarily from refined
gluten-free grains and starch, such as white rice, milled corn, rice starch, cornstarch,
and tapioca starch. A study conducted by Thompson found that of 268 gluten-free
breads, pastas, and breakfast cereals for sale in the USA and reviewed for ingredi-
ents, 73 % listed a refined grain or starch as the first ingredient [39]. Of these refined
grain foods, only 16 % were enriched or fortified with B vitamins and iron. Since
this study was conducted, there has been an increase in availability and use of alter-
native gluten-free whole grains and flours, including millet, teff, sorghum, wild rice,
amaranth, buckwheat, and quinoa. Regardless, too many gluten-free cereal products
are made that still list maize, starch, or white rice flour as the first ingredient.
Additionally, there has not been much of an increase in the numbers of manufactur-
ers enriching or fortifying refined gluten-free products. An overreliance on refined
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grain-based foods (versus whole grains) that are not enriched or fortified can result
in diets that are low in fiber, iron, folate, niacin, vitamin B ,, and zinc [38].

In addition, many individuals newly diagnosed with CD also are diagnosed with
secondary lactose intolerance. While this type of lactose intolerance generally
resolves as the small intestine heals, individuals may limit their intake of milk-based
products. This may result in decreased intakes of calcium, vitamin B,, and phos-
phorous [38].

To help ensure a healthy gluten-free diet, individuals with CD should be:

» Referred to a dietitian well versed in CD as soon as possible after diagnosis.
Dietitians can be found at http://www.eatright.org and http://www.glutenfreedi-
etitian.com/newsletter/dietitians-specializing-in-celiac-disease/.

* Encouraged to consume foods made from gluten-free whole grains (e.g., quinoa,
gluten-free oats, teff), especially those products that list a whole grain as the first
ingredient, and to choose whole grain products over those made with refined
gluten-free grains (e.g., white rice, milled corn, tapioca starch).

* Counseled to choose enriched or fortified refined grain foods over refined grain
foods that are not enriched. Consumers should be advised that they can deter-
mine whether a product is enriched or fortified by reading the ingredients list.
Added vitamins and minerals will be included in the list or immediately follow-
ing the list.

* Advised to use the Nutrition Facts panel to compare the fat and fiber content of
gluten-free grain foods and to choose products with more fiber and less fat when-
ever possible.

* Encouraged to eat or drink calcium-rich foods even if they are lactose intolerant,
such as calcium-fortified soy milk, calcium-fortified orange juice, and calcium-
processed plain tofu, as well as foods naturally containing calcium, such as leafy
greens and beans.

Weight Gain and the Gluten-Free Diet

Contrary to what is often reported in the media, a gluten-free diet is not a weight
loss plan. In fact, many individuals complain of weight gain after being diagnosed
with CD and starting a gluten-free diet. According to the Academy of Nutrition and
Dietetics Evidence Analysis Library, “A small number of studies in adults show a
trend toward weight gain after diagnosis; further research is needed in this area”
[34]. One reason why individuals with CD might gain weight after diagnosis is that
caloric intake requirements may decrease once the gluten-free diet is begun [36].
Prior to diagnosis, individuals may have experienced varying degrees of malabsorp-
tion. In order to maintain their weight or decrease the rate of weight loss, they may
have become used to eating a certain number of calories. Once a diagnosis is made,
a gluten-free diet is started, and the intestine heals. Therefore, fewer calories may be
needed to maintain weight. Individuals may have to adjust their caloric intake and
relearn appropriate portion control to prevent unwanted weight gain.
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Chapter 11
Dietary Supplements in Celiac Disease

Michelle Maria Pietzak

Why Are There Nutritional Deficiencies in Patients
with Celiac Disease?

Celiac disease (CD) is more than just an “allergy” or “sensitivity” to wheat and
gluten. It is a lifelong, permanent intolerance to the gliadin fraction of wheat protein
and its related alcohol-soluble proteins (prolamins) found in rye and barley. In
patients with the genetic susceptibility to CD, ingesting these proteins leads to an
autoimmune enteropathy that will self-perpetuate as long as these foods remain in
the diet. The good news is that, unlike most autoimmune conditions, removal of the
environmental trigger (gluten) from the diet of a biopsy-proven celiac results in
complete symptomatic and histologic resolution of the disease in the majority of
patients [1, 2].

Differentiating CD from wheat allergy, gluten sensitivity, and other autoimmune
gastrointestinal (GI) diseases (such as Crohn’s disease) can be challenging.
Likewise, CD can present at any age with “classic” GI features, such as diarrhea and
weight loss, or outside the GI tract with anemia, rashes, infertility, osteoporosis,
joint pain, short stature, delayed puberty, and even malignancy. It is common that
patients experience chronic ill health and nutritional deficiencies prior to the correct
diagnosis being made. These patients commonly incur high healthcare costs because
of the multiple subspecialists and tests performed on them prior to the confirmation
of CD [3].

The duodenum and proximal small bowel play an important role in the digestion
and absorption of many key nutrients, such as carbohydrates, protein, lipids, and iron.
The bulk flow of water occurs primarily through the porous junctions of the proximal

M.M. Pietzak, M.D. (I<)

Department of Pediatric Gastroenterology, University of Southern California Keck
School of Medicine, Intern’s and Resident’s Building Room 124, 2020 Zonal Avenue,
Los Angeles, CA, USA

e-mail: Pietzak @usc.edu

S.D. Rampertab and G.E. Mullin (eds.), Celiac Disease, Clinical Gastroenterology, 137
DOI 10.1007/978-1-4614-8560-5_11, © Springer Science+Business Media New York 2014



138 M.M. Pietzak

small intestinal epithelial cells. The distal part of the small bowel, the terminal ileum,
is preferentially responsible for the absorption of B, and bile acids. In a patient with
CD, depending upon the severity of intestinal damage, there may be varying amounts
of edema, atrophy, and loss of disaccharidases (in particular, lactase) within the vil-
lous structures. This can lead to malabsorption of the above nutrients, as well as
excessive osmotic load by undigested sugars, causing watery diarrhea.

The colon is an important salvage organ and is mainly responsible for the reab-
sorption of water. Also, indigestible fibers are broken down by enzymes in the
colonic bacteria, producing short-chain fatty acids (acetate, proprionate, and butyr-
ate), which are then efficiently absorbed by the colon. Some patients with CD will
also have a lymphocytic colitis if biopsies are taken during a colonoscopy. Patients
with CD-associated lymphocytic colitis may experience urgency and tenesmus in
addition to watery diarrhea.

Lifelong compliance with the gluten-free diet (GFD) is challenging, with fre-
quent temptations towards dietary transgressions, which will lead to further enter-
opathy and malabsorption. Adherence to the GFD is improved by patient education,
close supervision by an interested physician, and regular nutritional counseling by
aregistered dietician with expertise in CD [4]. Compliance can be improved, even
in adolescents, who are seen by a physician on a regular basis [5, 6]. One of the best
and least expensive markers for dietary compliance is assessment by a trained inter-
viewer (either a physician or dietician) due to the low cost, noninvasiveness, and a
strong correlation to intestinal damage [6]. Healthcare providers should encourage
the patient to join local chapters of national support organizations (see Appendix
1), which can aid in finding local resources such as supermarkets, food manufactur-
ers, literature, and restaurants that are familiar with the GFD [4]. It is important to
be familiar with the recommended dietary allowances of micronutrients of CD
patients who are at risk for deficiencies. Likewise, the practitioner caring for the
patient with CD should be able to recognize the signs of micronutrients deficiency,
be able to provide guidelines for corrective supplementation, and monitor safety of
therapy. We have provided the Food and Nutrition Board and the Institute of
Medicine’s Dietary Reference Intakes (DRI) for vitamins and elements in Appendix
10 and the DRI for Tolerable Upper Intake for vitamins and elements in Appendix 11
(http://www.iom.edu/About-IOM/Leadership-Staff/Boards/Food-and-Nutrition-
Board.aspx).

Anemia in CD: Iron, B,,, and Folic Acid Deficiencies

Background

A routine complete blood cell count may reveal many hematologic abnormalities in
an untreated patient with CD. Anemia, leukopenia, and thrombocytopenia have all
been reported. The anemia is usually microcytic and hypochromic, due to iron
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deficiency [7]. Iron is absorbed by villus enterocytes in the proximal duodenum [8].
A macrocytic anemia should warrant an investigation into deficiencies of B12
(cobalamin) and/or folic acid. A large study in a cohort of patients with newly diag-
nosed CD found anemia in 20 %, with iron deficiency in 33 % of men and 19 % of
women, folate deficiency in 12 % of the total, and B, deficiency in 5 % of the total
[9]. In addition to malabsorption, inflammation and poor dietary intake may explain
these deficiencies since the GFD in and of itself may be deficient in nutrients such
as folate. Since elevated ferritin and sedimentation rates were seen in some, these
authors hypothesized that inflammation may be responsible for this anemia of
chronic disease. In a 3-day GFD survey, only 44 % of the female respondents con-
sumed the daily recommended amounts of iron [10]. In addition, research done on
gluten-free cereals indicates that these products contain lower amounts of iron and
folic acid than their gluten-containing counterparts [11].

Symptoms

Common symptoms of anemia include pallor, fatigue, frontal headache, decreased
appetite, and shortness of breath on exertion. Iron deficiency, in particular, is associ-
ated with abdominal pain, disturbed sleep, sore red tongue, and brittle hair and nails.
Patients may demonstrate pica, which is a strong desire to eat nonfoods such as ice,
paint, dirt, and hair. Iron-deficiency anemia may also lead to problems with fertility
and maintenance of pregnancy. Profound B, deficiency may also manifest as mania,
impaired balance, depression, and peripheral neuropathy.

Diagnosis

A complete blood cell count with peripheral smear, mean corpuscular volume, and
other red cell indices is a routine screen for these anemias. The degree of iron defi-
ciency can be further delineated by serum iron, ferritin, percent saturation, and total
iron binding capacity. Since serum B, levels are not very sensitive for B, function,
a serum methylmalonic acid (MMA) level is recommended. Serum folic acid is eas-
ily measured in red blood cells.

Treatment

Dietary sources rich in iron include meats (beef, shrimp, turkey, and liver), seafood
(oysters, clams, and scallops), beans (lentils, chick peas, soybeans), dark green leafy
vegetables, and iron-fortified cereals. Iron supplements come in liquids, tablets, and
slow-release capsules. Dosages range from 1 to 5 mg/kg/day of iron for 3—6 months,
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depending upon the severity of the anemia. Foods rich in folic acid include green
leafy vegetables (spinach, lettuce, broccoli, asparagus), soybeans, salmon, bananas,
fortified cereals, and orange and tomato juice. Since folate is heat sensitive, it may
be inactivated in overcooked foods. Medications that may lower folic acid levels
include metformin, anti-inflammatory drugs (aspirin), and acid blockers (Pepcid,
Tagamet, Zantac). The typical dose of folate for megaloblastic anemia and malab-
sorption ranges from 250 to 1,000 pg per day. B, is found in high concentrations in
eggs, liver, beef, lamb, cheese, and seafood (clams, oysters, mussels, caviar, octo-
pus, crab, lobster, and bony fish). Supplementation of B, can be done via oral,
sublingual, intramuscular, intravenous, or nasal routes, depending upon the degree
of malabsorption. Doses range from 10 pg per day for prevention of anemia to
upwards of 1,000-2,000 pg in scheduled doses to treat severe anemia. Fortification
of folate to gluten-free dietary products should be strongly considered [12].

Deficiencies of the Fat-Soluble Vitamins (A, E, D, K) in CD

Background

The fat-soluble vitamins are solubilized into micelles in the intestinal lumen by bile
acids, which are then absorbed through the duodenal epithelium into the bloodstream
[13, 14]. Fat malabsorption may occur in CD due to intestinal damage, liver disease,
underlying pancreatic insufficiency, or drugs that bind to bile acids such as chole-
styramine [15]. The inability to properly digest and absorb fat can lead to deficien-
cies in vitamins A, E, D, and K, some of which have profound lifelong morbidities.
Requirements and recommended daily allowances for these and all vitamins and
minerals are dependent upon age, reproductive status, and underlying health condi-
tions and are provided in Appendix 10 and Appendix 11. The reader is also encour-
aged to refer to the intake recommendations for nutrients developed by the Food and
Nutrition Board at the Institute of Medicine of the National Academies (http://www.
iom.edu/About-IOM/Leadership-Staff/Boards/Food-and-Nutrition-Board.aspx) as
well as the NIH Office of Dietary Supplements (http://ods.od.nih.gov/).

Vitamin A (Retinol and Provitamin A Carotenoids)
Symptoms

Vitamin A is important for epithelial cell development in the eyes, heart, lungs, and
kidneys [16]. It also plays a role in the maintenance of the skin and mucous mem-
branes of the mouth, nose and sinuses, bone formation, reproduction, and collagen
synthesis and wound healing [17-19]. Deficiency often presents during periods of
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high nutritional demand, such as during pregnancy, lactation, infancy, and child-
hood. Vitamin A deficiency increases the risk of diarrhea; while chronic diarrhea
can also lead to excessive losses [13]. The most common symptoms are xerophthal-
mia and night blindness [20]. In fact, vitamin A deficiency is one of the leading
causes of blindness in children worldwide [21]. Vitamin A deficiency also increases
the severity and mortality risk of infections, especially with measles [13, 21]. Higher
intakes of carotenoids may be associated with lower risks of lung cancer, prostate
cancer, cataracts, and macular degeneration [22-24].

Diagnosis

Retinol and carotenoid levels can be measured in plasma; however, their value for
assessing marginal vitamin A status is limited, as they do not decline until hepatic
stores are almost depleted [25].

Treatment

Preformed vitamin A is found in animal sources, such as meat (especially liver),
dairy, and fish, as well as fruits, leafy green vegetables, orange and yellow vegeta-
bles, and tomato products [25]. In the USA, the top food sources of vitamin A are
dairy products, liver, fish, and fortified cereals, while the top sources of provitamin
A are carrots, broccoli, cantaloupe, and squash [22]. Dietary supplements are avail-
able as retinyl acetate or retinyl palmitate (preformed vitamin A), beta-carotene
(provitamin A), or a combination of the two. Caution must be used with preformed
vitamin A supplementation to avoid hypervitaminosis A, which has been associated
with pseudotumor cerebri, skin irritation, joint pain, fractures, coma, and even death
[13, 16, 26]. Fortification of GF foods with vitamin A should be considered [12].

Vitamin E (Alpha-Tocopherol)
Symptoms

Vitamin E is an antioxidant that protects cells from the damaging effects of free
radicals. It also plays a role in immune function and the inhibition of platelet aggre-
gation [22, 27]. Deficiency symptoms include peripheral neuropathy, ataxia, skele-
tal myopathy, retinopathy, and impairment of the immune response [22, 28]. Vitamin
E is being studied for the prevention of coronary heart disease, cataracts, age-related
macular degeneration, Alzheimer’s disease, and prostate, bladder, and colon can-
cers [22, 24, 29-33].
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Diagnosis

Alpha-tocopherol and beta-gamma-tocopherol are easily measured in serum. Early
manifestations of vitamin E deficiency include hyporeflexia, ataxia, limitations in
upward/outward gaze, and deficits in proprioception and vibratory sense. Late
symptoms of continued deficiency include severe ataxia, diffuse muscle weakness,
nystagmus, dysphagia, dysarthria, blindness, and dementia [34].

Treatment

The vitamin may be administered via oral, intramuscular, or parenteral routes.
Overdose, though rare, is associated with decreased platelet aggregation and possi-
ble increased risk for hemorrhagic stroke [35]. In the USA, most vitamin E in the
diet is in the form of gamma-tocopherol from vegetable oils (soybean, canola, corn),
although small amounts of alpha-tocopherol are found in nuts, tomato, kiwi, mango,
spinach, and broccoli [36].

Vitamin D
Symptoms

There is a long list of potential benefits with vitamin D, including improved bone
health and resistance to infections, cancer, and cardiovascular diseases. In children,
the classic diseases associated with deficiency are rickets and osteomalacia. Adults
may also manifest with bone pain, muscle weakness, dental disease, limited joint
mobility, osteopenia, and osteoporosis [37, 38]. Ongoing research is exploring the
impact of vitamin D on diabetes, multiple sclerosis, hypertension, and rheumatoid
arthritis [39-44].

Diagnosis

The best test to determine vitamin D status is serum 25-hydroxy vitamin D. Levels
less than <20 ng/mL (<50 mmol/L) are consistent with vitamin D deficiency, while
levels of 21-29 ng/mL (52.5-72.5 mmol/L) are considered consistent with vitamin
D insufficiency [45]. Serum parathyroid hormone levels are often elevated, indicat-
ing secondary hyperparathyroidism. Skeletal radiographs and bone density mea-
surements may reveal rickets, osteopenia, or osteoporosis (see subsequent section
“Issues in Bone Health in CD”).
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Treatment

There are a limited number of foods that naturally contain vitamin D. Some of the
best sources are fish liver oil and bony fish (salmon, tuna, mackerel, herring, sar-
dines) [37]. Small amounts are found in cheese, egg yolk, mushrooms, and beef
liver. The majority of vitamin D in the U.S. diet comes from fortified foods. These
include milk as well as some breakfast cereals, orange juice, yogurt, and margarine.
Of note, products made from milk, such as cheese and ice cream, are not generally
fortified in the United States [46]. Vitamin D supplements, which are readily avail-
able over the counter, can vary widely in their potencies [47], and thus caution
should be used to avoid overdose. Excessive vitamin D intake can be associated
with anorexia, arrhythmias and calcifications in the renal and cardiovascular sys-
tems [37]. Vitamin D is also made by the body as a result of exposure to the sun.

Vitamin K
Symptoms

This vitamin is absorbed mainly in the terminal ileum and is important for the syn-
thesis of vitamin K—dependent clotting factors, which are made in the liver [48]. It
is also important for the formation of the bone matrix. There are three types: phyl-
loquinone from plants, menaquinone from bacteria in the GI tract, and menadione,
which is synthetic and water soluble. Deficient patients have increased risk for
spontaneous bruising and bleeding as well as osteoporosis [49, 50].

Diagnosis

A significant amount of this vitamin in the human body is synthesized by bacteria
in the colon; therefore, overuse of broad-spectrum antibiotics can lead to deficiency.
Prothrombin time (PT) and prothrombin antigen assay readily detect deficiencies of
factor VII, a vitamin K-dependent factor with a very short half-life of only 30 min.
Although plasma vitamin K can be measured, checking a PT is less expensive and
more readily available.

Treatment

The vitamin K deficiency found in malabsortive GI disorders such as CD is easily
treated and monitored by the correction of the PT [51]. Oral VK-3, a menadione,
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is a synthetic, water-soluble form used to treat deficiency associated with GI
malabsorption. IV or IM preparations can be administered for more severe cases.
However, the IV form must be given very slowly as it can be associated with hyper-
sensitivity, anaphylaxis, shock, and cardiopulmonary arrest. This nutrient can be
found in green leafy vegetables and vegetable oils (soybean, cottonseed, olive,
canola) [52].

Malabsorption of Minerals and Trace Metals in CD: Zinc,
Selenium, Copper, Calcium, and Magnesium

High percentages of magnesium, calcium, and phosphorous deficiencies have been
reported in both adolescents and adults with CD [10, 53].

Zinc
Background

This trace element is absorbed throughout the small intestine by a number of trans-
porters and binding proteins located in the villus epithelial cells [54]. As zinc is
important for DNA synthesis, it plays a role in wound healing and maintenance of
the intestinal mucosa. It is a coenzyme for over 100 enzymes, some of which are
involved with the immune system, linear growth, hemoglobin synthesis, male fertil-
ity, and taste and smell. Deficiency of zinc has been reported in newly diagnosed
and severely malnourished adults and children with CD [55, 56]. GF breads may not
be routinely fortified with zinc.

Symptoms

Patients may complain of anorexia, fatigue, depression, diarrhea, and compromised
taste and smell discrimination. Physical exam may reveal hypothyroidism, short
stature, white spots in the nail beds, and various skin rashes (psoriasis and eczema).
As zinc is stored intracellularly, including in enterocytes, excessive amounts can be
lost through diarrhea.

Diagnosis
Serum levels of zinc, red blood cells, and alkaline phosphatase can all be used as

indices for zinc status [57]. Fractional absorption of oral or IV zinc isotopes can be
used as a research tool for measuring gut integrity [58].
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Treatment

Food products containing zinc include meats, fish, shellfish (especially oysters), and
nuts, beans, and seeds. The supplement is readily available over the counter as either
separate pills or in multivitamins. Zinc absorption is increased by red wine and
decreased by copper, iron, calcium, folic acid, and phytates from plants (corn, rice) [59].
Toxicity with zinc has been associated with nausea, and emesis is rare if more than
100 mg a day are ingested. Given the competition of cooper and zinc for binding
sites in the gut lining, zinc excess can cause copper deficiency.

Selenium

Background

Selenium is absorbed in the proximal small bowel. Severe GI malabsorptive disorders,
such as CD, may result in its depletion or deficiency [60]. This nutrient is important
for the function of muscle, the immune system, and thyroid hormone.

Symptoms

Although rare in the USA, three specific conditions have been reported with severe
selenium deficiency: Keshan disease (enlarged heart with poor function in children),
Kashin—-Beck disease (osteoarthropathy), and myxedematous endemic cretinism
(hypothyroidism with mental retardation) [61].

Diagnosis

CD patients deficient in selenium may complain of generalized fatigue and muscle
weakness. Physical exam and labwork may reveal low serum selenium levels,
hypertension, cardiomyopathy, elevated transaminases, autoimmune thyroid dis-
ease, and perhaps even psychiatric manifestations (schizophrenia) [62, 63].

Treatment

Selenium is found in high amounts in nuts (Brazil nuts), beans, organ meats (kid-
ney, liver), fish, shellfish, and mushrooms. GFD sources include products made
from corn and rice flour where the grains were grown in selenium-rich soil [64].
As opposed to zinc, selenium toxicity (selenosis) is relatively easy to develop,
with symptoms including diarrhea, fatigue, nerve damage, and brittle hair and
nails [65, 66].



146 M.M. Pietzak
Copper

Background

Copper deficiency can be seen in severe malabsorption states, but it is uncommonly
screened for in CD. One report describes five CD patients with neurologic complaints,
three of which also had hematological abnormalities due to copper deficiency [67].

Symptoms

The most common complaints of copper deficiency are neurologic and include
ataxia and sensory loss in the limbs which could be confusing in the CD patient who
may present with diverse neurological sequale [68]. Hypochromic anemia (despite
iron sufficiency), neutropenia, and thrombocytopenia may present as fatigue,
increased infections, and easy bruising and bleeding. Other findings include bone
and joint issues, osteoporosis, and changes in skin color [67].

Diagnosis

Serum copper and ceruloplasmin (the major copper carrying protein) can be used to
measure levels. A CBC with differential may show the above hematologic
abnormalities.

Treatment

Dietary copper comes from liver, shellfish, legumes, chocolate, nuts, and sun-dried
tomatoes. Oral copper sulfate is usually adequate to correct mild deficiencies seen
in malabsorption. Parenteral copper histidine can be given subcutaneously for
severe deficiency. Most copper in the blood is bound to proteins. Free copper is
toxic, and overdose results in nausea, vomiting, diarrhea, and even fatal kidney and
liver disease. Absorption is decreased by taking zinc and calcium. A hidden source
of zinc is denture creams which are frequently ingested by consumers in significant
and toxic quantities enough to cause serious sequale [69].

Calcium

Background

Calcium deficiency is common in untreated CD, as its ionized form is actively trans-
ported through the duodenum. Comorbid vitamin D deficiency, as described prior, also
decreases calcium absorption. A 3-day diet history showed that less than one-third of
females with CD consumed the daily-recommended amounts of calcium [10].
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Symptoms

Oral paresthesias are often the earliest symptom of hypocalcemia. Acutely low levels
of serum calcium are associated with muscle cramps and mental status changes (anx-
iety and insomnia). Severe hypocalcemia can be life threatening, and is associated
with bone pain, convulsions, arrhythmias, tetany, and numbness of the extremities.

Diagnosis

Measurements of total serum calcium, ionized calcium, albumin, magnesium, phos-
phorus, PTH, and vitamin D can be revealing for the etiology of hypocalcemia. On
physical exam, hyperactive tendon reflexes, Trousseau sign (carpal spasm with
inflation of the blood pressure cuff), and Chvostek’s sign (facial spasms with tap-
ping the cheek) may be elicited. Other physical findings can include petechiae, pur-
pura, and hand tetany. EKG may reveal intermittent prolongation of the QTc, which
puts the patient at risk for torsades de pointes, a specific type of ventricular fibrilla-
tion. Skeletal radiographs and bone density measurements may reveal rickets,
osteopenia, or osteoporosis (see subsequent section “Issues in Bone Health in CD”).

Treatment

Calcium-rich foods include dairy products (milk, yogurt, cheese, ice cream), dark-
green leafy vegetables (broccoli, spinach, bok choy), boney fish (salmon, sardines),
firm tofu, and those which are fortified (orange juice, soymilk, some juices). Vitamin
D helps with the absorption of calcium. Intestinal absorption of calcium is interfered
by the ingestion of soda, proton pump inhibitors, and diets high in fiber, phytic acid
(whole grains), and oxalic acid (green vegetables, berries, nuts, grains, and seeds)
[70-73]. Oral calcium citrate and calcium carbonate are available and are dosed by
sex, age, and severity of deficiency, along with vitamin D supplementation. For
severe, life-threatening, acute hypocalcemia, IV calcium gluconate and calcium
chloride can be used. Excessive calcium ingestion can interfere with the absorption
of iron, magnesium, and manganese. Hypercalcemia leads to nausea, vomiting, con-
stipation, delirium, kidney stones, and excessive calcification of the soft tissues [74].

Magnesium

Background

Hypomagnesima occurs commonly in CD due to both malabsorption and inade-
quate dietary intake from the GFD, which is naturally low in this mineral. Most
magnesium is absorbed, along with fat, in the jejunum. Multiple studies have shown
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inadequate dietary intake of magnesium in both newly diagnosed CD patients and
those who have been on the GFD for years [12, 75, 76].

Symptoms

Magnesium is important in all nerve conduction and muscle contraction, including
those in the heart and GI tract. Patients may complain of vague symptoms, includ-
ing anorexia, fatigue, vomiting, constipation, insomnia, anxiety, and depression.
Chronic deficiency contributes to hypertension, osteoporosis, impaired PTH secretion
(leading to hypocalcemia), hypertension, and myocardial ischemia and dysrhyth-
mias [77, 78].

Diagnosis

Serum magnesium, calcium, PTH, and fat-soluble vitamins may be measured con-
comitantly. In research studies, magnesium status has been examined by intrave-
nous Mg loading test, serum and erythrocyte magnesium concentrations, and
urinary excretion [75]. Bone density measurements may reveal osteoporosis (see
subsequent section “Issues in Bone Health in CD”).

Treatment

Foods that naturally contain magnesium include seafood, nuts, and beans. Patients
with CD should embrace GF dietary sources such as buckwheat, quinoa, amaranth,
and flours made from soy, corn, and brown rice. Oral supplements are available as
liquid, powder, and capsules and are dosed based upon sex and age. A parenteral
form can be used for severe deficiency. Hypermagnesemia can occur with supple-
ments, with symptoms such as diarrhea and lethargy. Drugs that inhibit magnesium
absorption include proton pump inhibitors, some antibiotics, diuretics, warfarin,
steroids, cyclosporin, and oral contraceptives. Fortification of GF foods with mag-
nesium should be considered [12, 79, 80].

Fiber

Background

Patients on the GFD often go “fiber-free” when they eat “gluten-free.” One study
reported that less than half of the females surveyed during a 3-day GFD history
consumed the daily-recommended amounts of fiber [10]. In addition, the dietary
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fiber content of GF cereals do not compare favorably to gluten-containing flours,
breads, and pastas made from whole wheat sources [11].

Symptoms

CD patients who do not get enough fiber in their diet will often complain of consti-
pation, nausea, fatigue, and irritable bowel syndrome-like symptoms. Since fiber
contributes to satiety, and non-fiber carbohydrates are more easily absorbed and
digested, weight gain may also be an issue. Studies show that a diet high in whole
grains is preventative for diabetes, hypertension, cancer, and hypercholesterolemia.

Diagnosis

Patients may appear bloated and distended, as well as have hemorrhoids, due to
constipation. A flat plate X-ray of the abdomen may reveal obstipation.

Treatment

It is recommended that adults consume at least 25 g of fiber per day. The two most
commonly prescribed fiber supplements include psyllium and inulin/fructo-
oligosaccharide containing compounds (prebiotics). Other sources include cellu-
lose, dextrins, guar gum, and acacia fibers. Gluten-free dietary sources of fiber
should be strongly encouraged as part of the GFD. Fruits, vegetables, and legumes
are excellent sources of fiber. Gluten-free sources include enriched, fortified, whole
grain gluten-free cereals and breads and pastas made from brown rice, bean flour,
corn, millet, nuts, quinoa, buckwheat, teff, tapioca, amaranth, flax, soybean, and
sorghum [11]. Unfortunately, products made from these inherently gluten-free
grains, seeds, and flours can become contaminated with wheat, barley, or rye any-
where from the field to the packaging plant, making them unsafe for those on a GFD
[81]. Improvements in gluten-free labeling, as per the “Food Allergen Labeling and
Consumer Protection Act of 2004 (Title II of Public Law 108-282)” will hopefully
address these issues with contamination [82].

It remains controversial whether or not oats should be eliminated from the GFD.
The prolamin of oats, avenin, only accounts for 5-15 % of the total seed protein.
This is in marked contrast to gliadin, which comprises about 50 % of the wheat
protein [83]. Since avenin does not elicit the same immune response as gliadin, it is
thought by some to be safe for patients with CD to ingest. Children with newly
diagnosed CD in a U.S. study were provided oats as part of the GFD and demon-
strated symptomatic and histologic resolution of the disease comparable to those
who were denied oats [84]. However, since oats are often crop rotated, harvested,
and milled with wheat, the risk for contamination with wheat gluten is potentially
somewhat greater than with other grains such as quinoa.
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Are Probiotics Useful in CD?

Background

The intestinal barrier plays an important role in various inflammatory diseases of
the GI tract, including CD. Alterations in the intestinal microbiota that are normally
involved in gut-associated lymphoid tissue (GALT) homeostasis may also play a
role in CD [85]. Probiotics have shown benefit in a number of disorders such as
ulcerative colitis, antibiotic-associated diarrhea, Clostridium difficle colitis, infec-
tious diarrheas, and the irritable bowel syndrome (IBS), but not specifically in CD
in humans to date. Basic science studies show that specific probiotics may have
preservative effects on the intestinal epithelial barrier in regard to increasing mucus,
defensins, and tight junction protein expression, and an inhibition of epithelial
apoptosis, proinflammatory cytokines, and pathogenic bacterial adhesion [86].

A combination of bacterial probiotic supplement, VSL#3, has shown ability to
decrease the toxicity of wheat flour by completely hydrolyzing the alpha2-gliadin-
derived epitopes 62—75 and 33-mer in vitro [87]. The probiotic yeast Saccharomyces
boulardii has been shown to hydrolyze the 28-kDa-gliadin fraction and improve
enteropathy and inflammation in gluten sensitive mice [88].Oral administration of
probiotic bacteria Lactobacillus casei induced a complete recovery of villus blunt-
ing and improved GALT homeostasis in a mouse model of gliadin-induced enter-
opathy [85]. As reviewed in Chap. 7, dysbiosis may be a key etiologic factor in the
pathobiology of CD.

Symptoms

Symptoms of IBS and dysbiosis such as small intestine bacterial overgrowth (SIBO)
commonly include gassiness, bloating, diarrhea, and abdominal distension.

Diagnosis

SIBO can be measured by breath hydrogen testing or via culture of jejunal aspirates
obtained during endoscopy.

Treatment

Probiotics can be ingested via foods and supplements. Fermented products contain-
ing live active cultures, such as yogurts with Bifidobacteria and Lactobacillus strains,
can alleviate IBS symptoms. Oral probiotic bacterial and yeast supplements in
sachets, liquids, and capsule form are commonly available that promote “GI health.”
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Issues for Bone Health in CD

Background

Low bone density is a common morbidity in CD, and it can lead to vertebral fractures,
kyphosis, hip fractures, and Colles fracture of the lower radius. One review
summarized the published literature to state that, at diagnosis, approximately one-
third of adult CD patients have osteoporosis, one-third have osteopenia, and
one-third have normal bone mineral density [89]. Although osteopenia can begin in
early childhood, prompt initiation of the GFD can halt progression, and may even
reverse bone loss and low height velocity in pediatric patients [90-92]. Severe
osteoporosis, however, from CD diagnosed late in life will not improve on the GFD
and puts the patient at increased risk of fracture over the general population [93].
The prevalence of CD among osteoporotic individuals has been reported as high as
17-fold higher than among nonosteoporotic individuals, justifying a recommenda-
tion to screen all those with low bone density for CD [94].

Diagnosis

Bone density should be measured in newly diagnosed CD, as numerous studies have
documented low bone density in both children and adults at the time of initial diag-
nosis. Plain bone radiographs may reveal osteopenia, but this is not a sensitive mea-
sure of bone density. Bone mineral density can be measured via dual-energy X-ray
absorptiometry (DXA, previously DEXA) or quantitative CT (QCT) of the spine
and femur. Abnormal scans should be repeated 1-2 years after initiation of the
GFD. Serum measurements of calcium, phosphorus, albumin, copper, and vitamins
A, D, and K (as outlined prior) and 24 h urine calcium can reveal specific nutrient
deficiencies [89]. Parathyroid hormone (PTH) may be high due to hypocalcemia
(secondary hyperparathyroidism) [95]. Serum alkaline phosphatase may be elevated
due to a high bone fraction.

Treatment

The most important treatment for CD-associated bone disease in both pediatrics and
adults is the GFD [96]. The GFD can improve bone mineral health even in post-
menopausal women and those with incomplete mucosal recovery [97]. Oral cal-
cium, magnesium, and vitamin D supplements may be prescribed. Impact sports and
weight-bearing exercises can also improve bone density. Moderation of alcohol and
caffeine, and cessation of smoking, also improves bone health. Supplemental antire-
sorptives, which prevent excessive bone remodeling (bisphosphonates, estrogen
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replacement, selective estrogen receptor modulators [raloxifene], and denosumab
(ahuman antibody that inactivates RANKL)), may be required in those at high fracture
risk despite the GFD such as postmenopausal women and older men [89, 98].

Special Issues for Women: Pregnancy and Fertility

CD is diagnosed at a higher rate in women than in men [99]; however, a large sero-
logic screening in the USA showed that the prevalence rates in both sexes are the
same [100].

Background

Women with CD have been reported older at menarche, younger at menopause,
having a lower mean number of children, and having more spontaneous miscar-
riages [101]. GFD in CD women reduced the relative risk of abortion ninefold,
reduced the number of low birth weight babies from 29 % to zero (p<0.05), and
increased duration of breast-feeding twofold [102].

Symptoms

Failure to follow a GFD during pregnancy can have effects on the fetus, including
increased risk for spina bifida and other neural tube defects due to poor folic acid
absorption [103]. The fatigue associated with iron-deficiency anemia can make
pregnancy and newborn care more difficult. Depression in CD can interfere with
maternal-child bonding. Duration of breast-feeding has been reported to be three
times shorter in untreated mothers with CD [102]. Low levels of maternal plasma
zinc are associated with toxemia, vaginitis, prolonged labor, and a history of previ-
ous stillbirth [57].

Diagnosis

Serology for CD should be performed in idiopathic infertility cases, as initiation
of a GFD during pregnancy can decrease the risk of spontaneous abortions and
low birth weight infants [102, 104]. Levels of the above vitamins and nutrients,
especially iron, folate and zinc, should be measured in the pregnant women with
CD [99, 102].
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Treatment

Women with known CD should follow a strict GFD during pregnancy and ensure
that iron, folic acid, zinc, calcium, B and D vitamins, and gluten-free sources of
fiber are included in the diet (or supplemented) in addition to routine prenatal vita-
mins. Supplementing magnesium and calcium may decrease the risk of preeclamp-
sia (high blood pressure, proteinuria, edema) [105]. In the GFD, the major source of
dietary folic acid is lost because fortified commercial cereals, breads, and pasta
products are excluded. Without supplementation during the child-bearing years,
women with CD might not receive enough dietary folate to maintain protective
levels against neural tube defects [106]. Fortification of gluten-free foods with
folate should be considered.

Nutritional Issues in Refractory Celiac Disease

Background

A minority of CD patients will continue to have GI symptoms and biopsy-proven
enteropathy, despite vigorous adherence to the GFD.

Symptoms

Patients with refractory celiac disease (RCD) have profound diarrhea and malab-
sorption, exhibiting many of the nutritional deficiencies described prior in this
chapter.

Diagnosis

Non-adherence to the GFD accounts for the majority of patients who are not bet-
ter on the GFD. In those unresponsive to the GFD, a thorough dietary history
should exclude inadvertent gluten ingestion; compliance should be assessed with
serum antibodies; workup including endoscopic evaluation should be performed
to exclude other causes of continued symptoms despite strict compliance with a
GFD [2, 107].


http://en.wikipedia.org/wiki/Hypertension#Hypertension

154 M.M. Pietzak

Treatment

In addition to the GFD, these patients often require immunosuppression with steroids,
azathioprine, cyclosporine, and methotrexate [107—112]. Oral or parenteral supple-
mentation with iron, copper, magnesium, folic acid, zinc, and albumin has been
used with some benefit. With proven osteopenia (and steroid use), vitamin D, cal-
cium, and biphosphonates have been utilized [113, 114]. A 4-week elemental
(amino acid-based) diet has been shown in one study to reduce inflammatory cyto-
kines and improve clinical symptoms, histology, and serum albumin in RCD [115].
If malabsorption and weight loss are severe, total parenteral nutrition may be
required [107].
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Chapter 12
Monitoring and Follow-Up of Patients
with Celiac Disease

Margot L. Herman, Imad Absah, Amy S. Oxentenko,
and Alberto Rubio-Tapia

Introduction

The only available treatment for celiac disease (CD) is a strict, lifelong gluten-free
diet, which requires avoidance of gluten-containing grains such as wheat, barley,
and rye. Although oats are generally safe in those with CD, cross-contamination can
lead to inadvertent gluten ingestion, so oats are often avoided for the first year after
the diagnosis of CD is made, with introduction thereafter if symptoms are con-
trolled. Patients need to be advised that many other products may contain gluten,
such as medications (including vitamin and mineral supplements), cosmetics, den-
tal products, adhesive glues (envelopes), communion wafers, and more. Research
has found in some patients as little as one-thirtieth of a loaf of bread can have
enough gluten to cause intestinal damage if consumed regularly [1, 2].

Given the lack of currently available pharmacologic treatments, some may per-
ceive the management of CD to be “out of the hands of the physician.” However,
this is far from the truth, as physicians play a pivotal role in the counseling of
patients with CD. Without such support, patients may have poor compliance with
treatment, which can lead to delayed intestinal healing, ongoing symptoms, and an
increased risk for associated diseases, including malignancy [3, 4]. The mortality
risk for undiagnosed or noncompliant CD patients appears to be increased com-
pared to the general population; however, when a gluten-free diet is followed, this
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risk may decrease, which can be an additional motivating factor for patients
beyond control of symptoms [5-7]. In the following chapter, we will discuss the
management of CD via a concerted multidisciplinary approach with attention given
to the medical, dietary, and psychosocial aspects of this complex disease in order to
avoid celiac-related complications.

Rationale for Follow-Up

CD is a chronic disease that is felt to be lifelong and as such requires long-term
follow-up. Although there are rare reports of patients who develop latency of their
CD and have resumed a gluten-containing diet, this is certainly the exception and
may put these individuals at risk of developing recurrent small bowel inflammation
and associated complications [8].

CD has protean manifestations. While the classic features of CD include malab-
sorption, diarrhea, weight loss, malnutrition, and delayed growth, there is a broad
spectrum of disease manifestations including iron-deficiency anemia, metabolic
bone disease, infertility, fatigue, dermatitis herpetiformis, and many more.
Symptomatically, the vast majority of patients with celiac disease who start a gluten-
free diet can see improvement in diarrhea within days after initiation, and most will
have complete resolution of diarrhea by 6 months into treatment, with a mean
improvement time of 4 weeks [7, 9]. Additionally, other gastrointestinal features of
CD (bloating, abdominal pain, fecal incontinence, weight loss) tend to improve at a
similar rate for most patients [9].

The gluten-free diet, albeit a challenge to ascribe to, is safe and effective in treat-
ing CD [10]. The situations where compliance with a gluten-free diet can be most
challenging include a change in social situation (going to college, moving in with
others, etc.), eating out at restaurants, grocery shopping, traveling, or when patients
are asymptomatic or detected through family screening. The availability of regular
follow-up with a multidisciplinary team that has specialized knowledge of a gluten-
free diet and is familiar with overcoming barriers to adherence is absolutely
necessary.

Despite an increasing awareness of CD in the community, it is concerning that
patients have such a variable rate of adherence to a gluten-free diet. In a 2009 sys-
tematic review, compliance with a gluten-free diet was found to be anywhere from
42 % to 91 % among CD patients, but typically lower rates of compliance were seen
when a gluten-free diet was defined more rigorously [1, 4]. Even more concerning
is recent literature that highlights that physicians are failing to assess CD patients
regarding compliance to a gluten-free diet, further impacting patients’ perception of
its importance. A 2012 retrospective assessment of medical care in a CD population
living in Olmsted County revealed that nearly one-third of patients followed longi-
tudinally had “celiac disease assessments” that did not document nor discuss
compliance to a gluten-free diet [11].

A lack of appropriate dietary counseling can lead to adverse consequences, given
a large portion of CD has been shown to have inadequate mucosal healing long after
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the disease has been diagnosed and despite ascribing to what they believe is an
appropriate diet, highlighting that inadequate education can lead to inadvertent
ingestion [7, 12]. Although mucosal healing may take several years to occur (espe-
cially in adults), it is a possible and desirable outcome. Noting the likelihood for
ongoing disease activity in a majority of the CD population, it is not entirely surpris-
ing that patients with CD appear to have a modestly increased risk of mortality
conferred by poor compliance to a gluten-free diet and ongoing intestinal inflamma-
tion [5-7].

There are diseases and conditions associated with CD such as autoimmune thy-
roid disease, type 1 diabetes, microscopic colitis, I[gA deficiency, infertility, autoim-
mune liver disease, neurologic conditions, and genetic syndromes (Down, Turner,
and Williams) [13—17]. It important for the clinician and patient to be aware of
these associations and to also realize that untreated CD with ongoing gluten expo-
sure and intestinal mucosal inflammation is likely to increase the severity of many
extraintestinal manifestations (such as iron deficiency anemia, metabolic bone dis-
ease, and many others). Adherence to a gluten-free diet is correlated with not only
improved health but also improved scores on standardized quality of life assess-
ments [14, 18, 19].

The need for regular follow-up to promote compliance and avoid complica-
tions in CD has been well established, and it is becoming increasingly clear that
many medical providers and patients may not be aware of current recommendations
[11, 20].

Current Expert Opinion and Medical Society
Recommendations

Despite multiple expert opinion papers and practice guidelines published on the
optimal long-term monitoring of patients with CD, it remains a controversial topic
due to disparate guidelines, scarce good-quality research (evidence-based recom-
mendations), and highly variable practices among clinicians [10, 11, 14, 21-28].
A systematic review synthesizing the multiple practice guidelines also exists, which
highlights the highly variable cost of care among guidelines [28]. Many guidelines
focus largely on the diagnosis of CD, where more objective data have been pre-
sented. Table 12.1 reviews the currently published recommendations for longitudi-
nal follow-up of patients with CD.

Essential Aspects of Follow-Up

The following recommendations reflect a synthesis of available guidelines and
expert opinions, and in instances where there was a paucity of evidence, the authors’
expert opinion and institutional practice were included. For a graphic representation
of these recommendations, please see Fig. 12.1.
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Fig. 12.1 Proposed CD management plan. 'TTG tissue transglutaminase, *DEXA dual-energy
X-ray absorptiometry, 2DGP deaminated gliadin peptide, EMA endomysial antibody, CBC com-
plete blood count, 7SH thyroid-stimulating hormone. Adapted from [61]

Overall Objectives

1. Encourage dietary compliance through increased education and accountability
2. Monitor for ongoing or recurrent symptoms
3. Prevention and early detection of celiac-associated diseases and conditions

Frequency of Follow-Up

Follow-up is important in encouraging dietary compliance; however, there is no solid
evidence to guide the optimal schedule for follow-up of patients with CD. A reason-
able approach to follow-up is a visit in 3—6 months, then annually from date of diag-
nosis. In one study, annual follow-up with serology (tissue transglutaminase
antibody) improved adherence to a gluten-free diet and led to seroconversion in 95 %
of patients over a period of 5 years [20]. Ideally, the patient’s primary care provider
should be knowledgeable about CD in order to evaluate their status at routine annual
visits, which are often used for other immunizations, growth assessments, screening,
and medication refills. The follow-up interval can be lengthened to every 2 years, but
only if patients are doing well on a gluten-free diet, have no ongoing symptoms,
negative celiac serologies, and no nutritional deficiencies.

Provider Type
The concept of a multidisciplinary approach to follow-up has been of interest in a

time when specialization and non-physician provider use has increased. Additionally,
it has become clear that many physicians, regardless of specialty, have limited
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knowledge of CD and do not adequately assess compliance to the gluten-free diet or
screen for disease-specific complications [11, 29]. Patient preference for follow-up
is also important in aiding in compliance, given a British survey of patients with CD
found that patients preferred that their annual follow-up was with a dietitian, with a
doctor available if necessary [30]. It is important to note that most of these patients
also felt that the annual review, associated with reassurance and blood testing, was
“very useful,” highlighting that the annual visit would require a physician to order
and review serologic assessments in most medical systems.

In another study, 698 Finnish patients who were newly diagnosed with CD were
surveyed to assess their experiences regarding the management of their disease.
Patients were more pleased when they obtained dietary counseling from dieticians,
and felt that the dietary counseling provided from physicians was not adequate or
felt rushed [31]. Thus, the most important factor in choosing a long-term provider is
selecting one with a knowledge and interest in caring for those with CD and finding
a dietician well versed in the disease. In our practice, follow-up is guided by a phy-
sician. Assessment of the diet by an expert dietician is highly encouraged.

Serology

Serology can be useful in confirming response and compliance to the gluten-free diet.
Adherence to a gluten-free diet is associated with a decrease in the absolute value of
baseline celiac serology levels [32, 33]. The most accepted serologic studies for fol-
lowing CD activity include IgA tissue trans-glutaminase (TTG), IgA or IgG deami-
nated gliadin peptide (DGP), or IgA endomysial antibody (EMA). In patients who are
known to be IgA deficient, an IgG-based serologic study (TTG or DGP) would be
needed for diagnosis and monitoring. In this role, the sensitivity of TTG and EMA
appear to be similar, with DGP being shown more recently to have some superiority
[34]. It is important to note that the sensitivity of these markers decreases for small to
moderate dietary transgressions, and so a normal value does not ensure full compli-
ance [34, 35]. Increasingly, data have indicated that patients with normalized serology
may continue to have ongoing intestinal inflammation and gluten contamination in
their diets [36]. While it is expected that a patient who follows a gluten-free diet will
have serologic normalization as early as 3 months after diagnosis, the converse is not
always true, in that a patient who continues to consume gluten may have falsely nor-
mal serology, and therefore serology should not be the solitary means to monitor for
treatment compliance [32]. There is no evidence to guide optimal frequency of sero-
logic monitoring in CD patients; however, most guidelines suggest a reasonable
approach would be annual serology, with consideration given to extending the interval
only after a patient has proven to be very stable and successful on the gluten-free diet.

Assessing Mucosal Recovery: Repeat Duodenal Biopsy

Mucosal recovery generally requires several years of strict gluten avoidance in
adults and is often patchy or incomplete [7, 12, 37, 38]. Duodenal biopsy is the gold
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standard for assessing mucosal healing. While it has been proposed that repeating
duodenal biopsy to confirm healing should be a regular measure in all CD patients
after 12 months on a gluten-free diet, the cost and invasive nature of endoscopic
biopsy must be considered, as well as the lack of solid evidence supporting this
practice. It is notable that adult celiac specialists often favor repeat intestinal biopsy
over pediatric celiac specialists, which may be due to a variety of factors; adults
often have delayed healing and are at increased risk for refractory CD and lympho-
proliferative disease if inflammation is persistent [39].

In patients with persistent or recurrent symptoms, detailed dietary review is indi-
cated, and if necessary, small bowel biopsy or other investigations should be
employed. If a patient has persistent symptoms, despite strictly following a gluten-
free diet, it is essential to repeat biopsy to look for evidence of refractory CD [40].

Capsule endoscopy is a new technique that can detect mucosal lesions that sug-
gest villous atrophy (fissures, loss of folds, cobblestone pattern, scalloping), but this
method has not been widely used or systematically evaluated as a method of clinical
follow-up and may be reserved for those presenting with refractory symptoms,
assuming there are no obstructing processes within the small bowel such as intus-
susception or malignancy [41]. Additionally, capsule endoscopy may be useful for
patients unwilling or unable to undergo upper endoscopy.

Use of Routine Laboratory Studies

The use of routine laboratory studies in following CD has also not been systemati-
cally studied, but should be used to confirm resolution of nutritional deficiencies or
abnormalities that were present at diagnosis. At diagnosis, it is recommended that
patients be assessed for anemia, malnutrition, vitamin or mineral deficiencies, liver
test abnormalities, and thyroid dysfunction [14, 42]. This can be done by checking
a complete blood count (with serum ferritin if anemia is present), vitamin B,,
folate, albumin, calcium, 25-hydroxyvitamin Ds, alkaline phosphatase, alanine ami-
notransferase, and thyroid stimulating hormone levels. If indicated based on clinical
symptoms or features of fat malabsorption, vitamin A and E levels could be checked,
and similarly, trace minerals as indicated by the clinical presentation (may include
zinc or copper). These should be followed until corrected and then periodically
thereafter if there are ongoing concerns. If there is delayed or no recovery from
baseline laboratory abnormalities, this may suggest gluten contamination in the
diet, refractory CD, or another underlying disorder.

Hyposplenism and Immunization

CD is commonly correlated with functional hyposplenia (33—76 % prevalence) and
increased risk of sepsis [43, 44]. Thus, immunization for encapsulated organisms in
celiac patients including Streptococcus pneumonia, Haemophilus influenza type B,
and Neisseria meningitides is recommended if not already immunized at time of
diagnosis.
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Screening for Associated Diseases
Decreased Bone Density

Patients with CD have an increased risk of low bone mineral density and an increased
risk of fracture [45]. There is evidence that bone demineralization will improve and
possibly reverse upon institution of a gluten-free diet after adequate time for recov-
ery [46, 47]. Thus, the most important preventive measure is gluten avoidance. The
2012 British Society for Gastroenterology recommends that only those patients
with CD who have additional risk factors (age, smoking, low BMI, persistent mal-
absorptive symptoms, etc.) undergo dual X-ray absorptiometry (DEXA) scan at
diagnosis. Others have recommended DEXA in all adult patients diagnosed with
CD, with repeat testing in subsequent years only if the baseline study was abnormal
or if other risk factors for metabolic bone disease are present (i.e., menopause) [2].
All patients with CD should have periodic assessment of risk and repeat DEXA
scanning if appropriate. Patients should have adequate dietary calcium and vitamin
D supplementation for their age, or based on laboratory or DEXA testing. Baseline
assessment of calcium, alkaline phosphatase, and 25-hydroxyvitamin D; levels
should be considered [45]. Antiresorptive agents should be considered in patients
with persistent or progressive bone loss in addition to continuing a gluten-free diet,
calcium, and vitamin D supplementation [48, 49].

Screening for Malignancy

The increased risk of malignancy in CD is attributable to non-Hodgkin lymphoma,
particularly enteropathy associated T-cell lymphoma (EATL). For patients who fol-
low a strict gluten-free diet and achieve mucosal healing, the risk of EATL is felt to
be on par with that of the general population [50]. Thus, regular follow-up to encour-
age compliance of a gluten-free diet is the best method for reducing risk of malig-
nancy. Aside from this, there is no evidence to support routine screening for
malignancy in celiac patients beyond what would be recommended for the general
population. However, if a patient has refractory symptoms, they must undergo fur-
ther evaluation to assess for lymphoproliferative changes of the small bowel [39].
Patients with CD have a higher risk of small bowel adenocarcinoma, nasopharyn-
geal carcinoma, and carcinoma of the esophagus, but these reports have not always
been fully validated in multiple geographic locations [51]. The presence of symp-
toms or signs suggestive of these malignancies should prompt immediate clinical
evaluation [2, 39].

Other Autoimmune Diseases
Many autoimmune diseases do appear to have increased prevalence among patients

with CD, which include type 1 diabetes melitus (DM), autoimmune thyroid dis-
ease, autoimmune liver disease, alopecia areata, and microscopic colitis [14].
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While no routine screening is required for these conditions, patients should have
thyroid testing and baseline liver biochemistries at time of diagnosis, and only
repeated later if a baseline study was abnormal or there are new clinical symptoms
or concerns.

Alarm Features

The following symptoms and signs should prompt further work-up to investigate the
potential complications and associated diseases involved in CD including enteropa-
thy associated T-cell lymphoma, ulcerative jejunitis, or refractory CD (types I
and II.)

* “B symptoms” (night sweats, fevers, weight loss)

» Increasing titers or persistently positive celiac serology
* New or persistent nutritional abnormalities

e New or persistent symptoms

Special Considerations for Children

Like in adults, the majority of children with CD are asymptomatic [52]. Clinical
features of CD in children differ by age. Intestinal symptoms are common in chil-
dren diagnosed within the first 2 years of life; failure to thrive, chronic diarrhea,
vomiting, and abdominal distention are present in most cases. Extraintestinal mani-
festations, without any accompanying digestive symptoms, are more common in
older children and adolescents. Short stature and iron deficiency anemia are the
most recognized non-digestive manifestation of CD in children [53, 54].

Rapid resolution of the clinical symptoms is usually noted within a few weeks
after starting the gluten-free diet. Most children are compliant with a gluten-free
diet, especially when diagnosed early in life. Asymptomatic older children and
adolescents may experience difficulties in modifying their lifestyles and being com-
pliant with a gluten-free diet [55].

When a child is diagnosed with CD, all immediate family members should be
screened with serologic testing. There are no clear guidelines on when to screen
younger siblings (infants). The current practice is to screen them between 2 and 3
years of age, sooner if symptomatic, and consider repeating at 3- to 5-year intervals
if asymptomatic until adulthood.

Children with positive serology and normal intestinal mucosa are referred to as
“potential celiac” patients, and unlike adults patients with latent CD, they have
never experienced intestinal villous atrophy [56]. There is no agreement on the
management of these patients, but they will be given the option of normal diet with
close observation and follow-up.
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Psycho-Social Support

Patients often struggle with attending social gatherings, which are frequently ori-
ented around food, much of which they will be unable to consume. This can leave
patients feeling frustrated, isolated, and depressed, not to mention perhaps under
more financial stress given the increased cost associated with a gluten-free diet pre-
scription. Patients with CD benefit from involvement in local celiac support groups
and societies; when involved, they are more likely to be compliant on a gluten-free
diet and cope better with the burden of disease [57].

Improvements on the Forefront for Celiac Disease
Management

Improving Compliance and Risk Stratification

More CD research has allowed for a better understanding of patient preferences and
unique risks. Certain patients with CD appear to be less likely to follow the gluten-
free diet, such as those diagnosed as adolescents, those without classic symptoms
and those asymptomatic individuals diagnosed through family screening programs
[58]. These groups should be targeted for future research and intervention. More
exploration is needed to identify genetically high-risk subgroups of CD populations
and tailor our management approach as well. This could allow for closer surveillance
in groups with higher risk of developing refractory CD or other complications. Drug
development is an area of active research that may become a reality in the near future.

Quality Improvement

A unique approach to assess compliance with validated questionnaires has been
explored and could have increased utilization and applicability within new elec-
tronic medical record systems [59, 60]. Use of medical care process models could
guide physicians to a standardized approach to the diagnosis and follow-up of
patients with CD and would provide a quick reference during an office visit to
improve the quality and cost-effectiveness of care.

Conclusion

An active livelong follow-up strategy is necessary in patients with CD to improve clini-
cal outcomes and patient satisfaction. Further research and refinement of guidelines are
likely to occur in the next few years and will help to further guide practitioners.
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Chapter 13
Special Considerations in Children and Young
Adults with Celiac Disease

Stefano Guandalini and Sona Young

Although celiac disease (CD) appears to have the same pattern of pathogenesis
across all ages, there are indeed special aspects of it that must be accounted for
when working with children and adolescents as compared to adults

Epidemiology

Studies have demonstrated that the prevalence of CD in children is similar to adult
populations at approximately 1 %, although it appears to be more prone to be influ-
enced by factors such as infant feeding practices, as demonstrated by the persis-
tently elevated prevalence of CD in 12-year-old children born in Sweden during the
“epidemics” of the early 1990s [1].

Pathogenesis

The pathogenesis is similar between adults and children. However, one difference is
in the degree of T-cell activation that occurs in response to gliadin and glutenin epi-
topes. In adults, there is a single region of alpha-gliadin that requires deamidation
and has been described as the dominant epitope to cause an immunologic response;
however, in children, T cells were reactive to multiple epitopes found in both gliadin
and glutenin. In addition, both deamidation-dependent and deamidation-independent
responses were seen in the pediatric population [2].
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CD is multifactorial and requires a combination of genetic and environmental
factors. A genetic component to CD is supported by its tendency to run in families.
Monozygotic twins show a high concordance rate as high as 86 %, while dizygotic
twins are around 20 % [3]. However, although genetic predisposition is present, the
fact that only about 4 % of genetically predisposed individuals develop celiac dis-
ease shows that there are also environmental risk factors to consider in the pediatric
population.

In fact, in addition to gluten as a necessary trigger, several other factors come
into play. These include the presence and duration of breast-feeding, timing and
amount of gluten at introduction, and infectious exposures. Breast-feeding is
thought to be protective against the development of CD, but it is not clear whether
this provides a permanent benefit or whether it simply delays and/or changes the
presentation [4]. A meta-analysis performed by Akobeng et al. included a total of
714 cases of CD and 1,255 controls, and found that children who were breast-fed at
the time of gluten introduction had a 52 % risk reduction for the development of CD
[5]. Other studies have also demonstrated that a longer duration of breast-feeding
does coincide with a decrease in the risk for CD [6-8]. The mechanism behind this
is unclear, but may be due to the protective nature of breast-feeding against gastro-
intestinal infections or to the fact that the complex immune milieu created in the gut
by breast milk at the time of gluten introduction favors the development of oral
tolerance against antigens such as gluten [9]. The transfer of small amounts of glu-
ten with gluten-specific IgA antibodies has been suggested as a possibility to affect
the immune system response in infants [10]. Furthermore, it was shown that infants
who were breast-fed had a higher percentage of peripheral CD4+CD25+ and lower
CD4+CD38+ T cells when compared to formula-fed infants, again suggesting that
breast milk may lead to the development of a more mature immune system.

The effect of timing of gluten introduction in CD was demonstrated for the first
time in the 1970s, when it was observed that the incidence of CD decreased from
1:2228 to 1:4168 after recommendations were changed to delay introducing gluten
until after 4 months of age. The amount of gluten that is introduced at the time of
weaning also plays a role, and evidence suggests that introducing gluten in small
amounts while breast-feeding may help to decrease risk of CD [1, 9, 11].

Infectious exposure has recently been shown to be an additional, important risk
factor: children who had three or more infectious episodes prior to the age of 6
months had an increased risk of developing CD before the age of 2 years [12].
Furthermore, rotavirus infection is thought to be an independent risk factor, as it
has been found to precipitate the induction of inflammatory anti-gluten responses
and the generation of TG2-specific antibodies [13, 14]. In general, gastrointestinal
infections cause tissue damage and inflammation, thus increasing the permeability
of the intestine and allowing for enhanced penetration and presentation of the
gluten peptides [15, 16]. Infections can also induce polyclonal lymphocyte activa-
tion, increase the immunogenicity of organ autoantigens secondary to inflamma-
tion, and lead to antigen mimicry molecular mechanisms. In antigen mimicry, the
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cross-reactivity between host epitopes and immunologically similar epitopes in
the infectious organism lead to an autoimmune response [17]. This antigen mim-
icry and increased immune activation and expression of IFN-alpha and IL-15 sec-
ondary to infection-mediated inflammation has been hypothesized as a possible
link between CD in patients with multiple infectious exposures [18].

Another question that may arise is whether vaccinations are associated with the
development of CD. A study done in Sweden found no association between early
vaccination and a patient’s risk for developing CD [19].

Clinical Presentation

The spectrum of symptoms with CD is quite heterogeneous and can manifest at any
age after gluten exposure. Compared to children, adults and adolescent are more
likely to have a longer duration of symptoms prior to the diagnosis of CD, whereas
younger children may be more likely to present with typical features of CD, such as
diarrhea, emesis, abdominal distension, and failure to thrive. In addition, more pro-
nounced histological features may be found in the younger children [20].

As the age of diagnosis increases, a greater proportion of children present with
atypical symptoms such as anemia and short stature [21, 22]. Up to 25 % may be
diagnosed based solely on targeted screening rather than symptoms [23]. Due to this
increased awareness and screening, many children are discovered before having
active CD and are found to have what is being termed potential CD. In this case, the
child has positive serology for CD and has the predisposing HLA genotype; how-
ever, the small intestine displays normal histology. Children may or may not have
symptoms and not all will go on to develop a gluten-sensitive enteropathy [15]. One
study found that over a 3-year period, 33 % developed villous atrophy, while the
majority did not [24]. Clearly, it is not known if those who were asymptomatic and
had a normal histology after 3 years will later manifest full-blown CD. In fact, the
issue of potential CD in children must still be considered an unsolved one.

A recent prospective investigation [25] in 96 children with a family risk of CD
and positive serology followed up for 2 years showed that 72 had overt CD, while
24 of them had potential CD. The stronger predictors of potential CD were lack of
symptoms, anti-TTG level lower than 11-fold the upper normal limit, age lower
than 24 months, and breast-feeding longer than 8 months. Eighty-six percent of
them, continuing a gluten-containing diet, became, however, antibody negative; 5 %
eventually developed overt CD, and 9 % had fluctuating antibody levels after 2
years. Thus, the prevalence of potential CD and the percentage of short-term loss of
CD-related-antibodies are high in infants at-family-risk for CD, suggesting a cau-
tious strategy in asymptomatic children with a positive celiac serology. Table 13.1
reports a schematic classification of the various presentations of CD.
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Table 13.1 Classification of celiac disease?

Serology Age most
(TTG and/or  often
Type EMA) affected Symptoms Pathology
“Typical” Positive Toddler, Abdominal pain, Marsh 2-3
young distention
child Diarrhea
Vomiting
Anorexia
Constipation
“Atypical” Positive Older child, Mostly extra-intestinal =~ Marsh 1-3
adult (see Table 13.2)
Silent Positive Adult None Marsh 1-3
Latent Positive or Adult None Marsh 0-1
negative Gastrointestinal (previous or future
Extra-intestinal gluten enteropathy)
Potential Positive Any age None Marsh 0-1
Gastrointestinal

Extra-intestinal
In all cases, genetic asset is HLA-DQ2 and/or DQS8

Extra-Intestinal Manifestations

Short Stature

A special consideration in the pediatric population as compared to adults is the
importance in achieving full growth potential. Short stature has been described as
the only presenting sign of CD in otherwise asymptomatic patients. Catch-up
growth may be observed within 6 months after initiation of a gluten-free diet but can
take up to 2 years [26]. There is also the possibility of an associated growth-hormone
deficiency, which should be considered in children who show no catch-up growth
on a gluten free diet despite conversion to negative serology [27].

Hematologic Abnormalities

Like in adults, the most common hematologic abnormality in children with CD is
iron-deficiency anemia (IDA), which can be seen in up to 35 % of patients at time
of diagnosis [28]. In fact, IDA refractory to oral iron supplements may be the sole
presenting symptom of CD. Other hematologic abnormalities may include throm-
bocytosis, thrombocytopenia, megaloblastic anemia from folate/vitamin B, defi-
ciency, leucopenia, functional hyposplenism, and selective IgA deficiency [29]. In
most cases, IDA regresses quite promptly after a strict gluten-free diet is instituted,
and iron supplements may be required only for a short time after diagnosis.



13 Special Considerations in Children and Young Adults with Celiac Disease 181
Bone Mineral Density

Many studies have shown differences in bone health between children with CD and
healthy children. These differences are corrected after following a strict gluten-free
diet, often within 1 year [30-32]. Long term, the efficacy of a gluten-free diet in
maintaining bone mass is supported by two studies that followed patients with CD
after being on a gluten-free diet for approximately 4 and 10 years, respectively. In
these patients, there was no significant difference in bone mineral density between
the two populations after treatment with a gluten-free diet. In addition, those patients
with good compliance demonstrated higher bone mineral content, bone density, and
bone content compared to those with poor compliance [33, 34].

Hepatitis

It has been known for many years that children with CD have a high prevalence of
liver disorders. Among them, an otherwise unexplained mild increase of serum
transaminases is the most common. Farre et al. observed that out of 114 children
diagnosed with CD, 37 patients (32 %) had elevated transaminases at the time of
diagnosis, and that this was the only manifestation of CD in 5 (4.3 %) of the patients.
Of note, 35 patients had follow-up, and all of them showed normalization of their
liver function tests (LFTs) on a gluten-free diet either before or by the time their
celiac serology also normalized [35]. A recent meta-analysis [36] on liver disease
and CD encompassing more than 2,000 children concluded that CD is associated
with elevated transaminases in about one-third of newly diagnosed children.
Cryptogenic persistent hypertransaminasemia may signal gluten-dependent non-
specific mild hepatitis (12.0 % of cases) or more rarely (6.3 %) severe CD-related
autoimmune hepatitis.

Oral Manifestations

A number of oral issues can be encountered more frequently in children and teenag-
ers with CD than in their adult counterpart. In fact, problems such as dental enamel
hypoplasia, aphthous ulcers, and delayed teeth eruption are common. Dental enamel
hypoplasia has been reported with prevalence ranging from 10 % to 97 % [37—40],
and appears to be more prevalent in children compared with adults with CD. This
defect, more common in patients with celiac disease compared to the general popu-
lation [41], is thought to be secondary to nutritional deficiencies and immune distur-
bances during this period of enamel formation in the first 7 years [42]. Other enamel
defects that can be associated to CD are enamel pitting, grooving, and partial or
complete loss of the enamel. Of note, dental enamel defects can be found in children
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in the absence of any other symptoms, as documented in a large epidemiological
study in Italian children [43], and are therefore a useful screening tool.

Oral aphthae can be present in children and to a lesser extent also in adults with
CD. However, oral ulcers are neither characteristic nor specific to CD since they can
also be found in some other chronic gastrointestinal inflammatory states such as
inflammatory bowel disease and Bechet’s disease. However, it should be noted that
these ulcers often regress once the patients are on a gluten-free diet [44].

Delayed tooth eruption has been reported in up to a quarter of patients with CD
[44]. This nonspecific sign is possibly related to malnutrition.

A recent study in Israel assessed oral health, bacterial colonization, and salivary
buffering capacity of children with CD at diagnosis and on a gluten-free diet [45]
and confirmed a higher prevalence of enamel hypoplasia (66 %) in celiac children,
while plaque index was significantly lower in the group of celiac children on gluten-
free diet, which correlated with a better oral health behavior.

Neurologic Manifestations

Although celiac disease has been associated with many neurologic manifestations
in the adult population, this is not as prominent in pediatrics. There has been some
evidence to support an increased prevalence of chronic headaches, hypotonia, learning
disabilities or ADHD, and developmental delay [46]. There has also been question
as to whether an association exists between celiac disease and autism; however,
there has been no evidence to support such an association [47, 48]. There is cur-
rently no indication to test asymptomatic children with autism for CD [49]. There
remains controversy around whether gluten itself can help exacerbate autistic fea-
tures, although a double-blinded, placebo controlled study done on a small sample
of patients indicated no statistically significant differences or findings [50, 51].

Diagnosis
Who to Screen

See Table 13.2. CD should be considered in the differential diagnosis of children
with persisting GI symptoms, including especially diarrhea, but also recurrent
abdominal pain, vomiting, and even constipation. It should also be a high diagnostic
priority for children presenting with failure to thrive. In addition, extra-intestinal
symptoms, such as dental enamel defects, short stature, delayed puberty, and refrac-
tory iron deficiency anemia should prompt the physician to test for celiac disease.
Less commonly, older children and teenagers would also present with dermatitis
herpetiformis or osteoporosis.
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Table 13.2 Children and Subjects with suggestive GI complaints

young adults who should be ¢ Chronic or recurrent diarrhea
screened for CD . .
« Failure to thrive

* Vomiting
* Anorexia
* Abdominal distention
* Recurrent abdominal pain
* Constipation
Subjects with extra-intestinal
manifestations
* Dental enamel dysplasia
* Short stature
 High transaminases
¢ Fe-deficient anemia (unexplained)
* Fatigue
* Arthritis
Subjects who may be asymptomatic but
are at increased risk of CD
* Autoimmune conditions
* Type 1 diabetes
* Autoimmune thyroiditis
* Autoimmune hepatitis
» First-degree relatives of celiac patients
* Down syndrome
e Turner syndrome
* Williams syndrome

Testing is also recommended for asymptomatic children who have conditions
associated with CD (type 1 diabetes mellitus, autoimmune thyroiditis, Down syn-
drome, Turner syndrome, Williams syndrome, and first-degree relatives of celiac
patients). It is recommended that testing of asymptomatic children who belong to
groups at risk begin around 3 years of age provided they have had an adequate
gluten-containing diet for a minimum of 1 year prior to testing [49].

How to Screen

The initial screening test of choice is the IgA antibody to tissue transglutaminase
(TTG). Although the IgA antibody to endomysium (EMA) is considered extremely
specific, it suffers from a somewhat lower sensitivity, so is not ideal for screening
purposes; in addition to being a direct immunofluroscence test, it is labor-intensive
and observer dependent and as such subject to both interpretation error and addi-
tional cost. The use of the antigliadin IgA and IgG tests is no longer recommended
due to their poor sensitivity and specificity. Table 13.3 outlines the accuracy of
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Table 13.3 Sensitivity and

specificity ranges for celiac Test Sensitivity (%) Specificity (%)
disease serology tests in IgA AGA  60.9-96 79.4-93.8
pediatric patients® IgA EMA  82.6-100 94.7-100
IgATTG 73.9-100 77.8-100
IgADGP 80.7-95.1 86.3-93.1
IgG DGP 80.1-98.6 86-96.9

*Adapted from [52]

diagnostic screening tests based on a meta-analysis evaluating evidence from 2004
to September 2009 [52]. All individuals with a positive TTG should then be referred
to a pediatric gastroenterologist for intestinal biopsy [49].

Endoscopy

The gold standard for diagnosis for CD is small bowel biopsy and histological
changes, which correlate with CD. It had been recommended that all children with
a positive TTG screen should undergo an upper endoscopy with biopsies to confirm
the diagnosis. However, recent guidelines from the European Society for Pediatric
Gastroenterology Hepatology and Nutrition (ESPGHAN) now state that a child
with a history consistent with CD, who has a TTG >10x above the upper limit of
normal a genetic test compatible with celiac disease and positive EMA testing, can
bypass the biopsies, as there is no differential diagnosis other than CD [53].

Peculiarity of the Diagnosis in Young Children

The diagnosis of CD in children <2 years old can present a diagnostic dilemma.
In this age group, they are more likely to have false negative serology, and the histo-
logical changes can be more commonly due to other causes such as cow’s milk-
sensitive enteropathy, post-enteric syndrome, Giardia infection, autoimmune
enteropathy, and common variable immune deficiency. For these reasons, previous
diagnostic criteria by ESPGHAN recommended repeating the biopsies before and
after a gluten challenge when these children were older. Recently, a study [54] uti-
lizing the old, native anti-gliadin antibodies (AGA) concluded that the second and
the third biopsies (before and after the gluten challenge) may also be avoided when
diagnosing CD in children younger than 2 years provided that the child, at the time
of presentation, has positive anti-endomysial antibodies and villous atrophy on the
initial small bowel biopsy. A gluten challenge should be still considered in all other
children younger than 2 years. There is also evidence to suggest that in this age
group, the anti-deamidated gliadin antibodies may have a higher sensitivity in com-
parison with both TTG and EMA [55].
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IgA Deficiency

A total IgA should be measured in all children at time that serology tests drawn.
If they are found to be IgA-deficient (i.e., a serum level of IgA lower than 20 mg/dL),
additional testing should be done with IgG-specific antibodies.

Genetic Testing

A child that initially tests negative for celiac disease can develop antibodies and
histological changes at any point in the future. This is especially important for
patients who have risk factors, such as a first-degree relative with celiac disease, or
an associated condition such as type 1 diabetes mellitus. For these patients, it may
be worthwhile to consider genetic testing, as either the HLA-DQ2 or HLA-DQS8
haplotype is necessary for the development of CD. Knowledge of the child’s hap-
lotype would allow for development of a clinically relevant genetic risk profile.
That is, if the genetic testing is negative, no further CD surveillance is needed.
However, if the child carries either one of these haplotypes, careful monitoring is
required [56].

Associated Conditions

Type 1 Diabetes Mellitus

CD has been associated with several other conditions. One of the most notable,
and especially relevant in children and young adults, is with type 1 diabetes mel-
litus (T1D). There have been multiple studies looking at the prevalence of CD in
T1D, and the value has ranged from 3 % to 16 % with a mean prevalence of 8 %
[57-60]. A multicenter study also showed a significant percentage of patients
(12.2 %) with T1D will have potential celiac disease; whether or not these patients
should also be put on a gluten-free diet is unclear, with some advising for keeping
them on a gluten-containing diet while closely monitoring both clinically and with
antibody testing [60, 61]. Current recommendations by the North American
Society for Pediatric Gastroenterology, Hepatology and Nutrition (NASPGHAN)
include screening all children with T1D for CD. This recommendation is sup-
ported by studies, which do show improvement in children with T1D and CD who
are put on a gluten-free diet in terms of clinical symptoms, body mass index, and
HbA1C [62-65]. However, for children with T1D who otherwise have no symptoms
attributable to celiac disease, there is little evidence to support that a gluten-free
diet will improve their diabetic control in the short term, and long-term effects are
unknown [49].
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Genetic Disorders

There is strong evidence for an association between Down syndrome and CD, and the
prevalence has been studied several times. One study showed a prevalence of 4.6 %;
69 % of these patients had a classical presentation, 11 % with asymptomatic, and
20 % with silent disease. In those patients with symptoms, the mean time to diagnosis
was 3.8 years [66]. A nationwide case-control study in Sweden done from 1973 to
2008 found that patients with Down syndrome had a sixfold increased risk of devel-
oping CD compared to the general population [67]. Likewise, females with Turner
syndrome have an increased propensity to develop autoimmune conditions such as
CD, thyroiditis, and type 1 diabetes mellitus [68]. The prevalence of CD ranges from
2.8 % t0 7.9 % in various studies [68—73]. Finally, the prevalence of CD in Williams
syndrome is thought to be comparable to that in Down syndrome and Turner syn-
drome. A study done in Italy found the prevalence of CD to be 9.5 % in patients with
Williams syndrome compared to 0.54 % of the healthy control group [74].

The current recommendation is to screen all asymptomatic children with Down,
Turner, or Williams syndrome for CD and to consider repeat testing at intervals.

Thyroid Disease

Autoimmune thyroid disease (ATD) can co-occur with CD. Studies have shown
prevalence rates ranging from 2.3 % to 7.8 % in children and adolescents diagnosed
with autoimmune thyroid disease [75, 76]. However, the reverse has not been shown
to be true; that is, it is not proven that children with CD are at increased risk for
developing ATD. One study looked at 545 pediatric patients diagnosed with CD and
who were following a gluten-free diet; the results showed no significant association
with the development of ATD [77]. In spite of the lack of overt autoimmune thyroid-
itis, however, celiac children show a higher prevalence of antithyroid antibodies.
Ansaldi et al. [78] found that 26.2 % of the patients with CD vs. 10 % of the control
group had such organ-specific autoantibodies. Of them, 69 % were following a
gluten-free diet [78]. The positive predictive value of the antithyroid antibodies in
children with CD is, however, low: Cassio et al. showed, in fact, that 74 % of the
patients with positive antibody titers remained euthyroid throughout follow-up
(8.9+4.0 years) [79]. Current recommendations are to screen all children with ATD
for CD, regardless of symptoms [49].

Hepatitis

An increased prevalence of CD has also been shown in patients with autoimmune
hepatitis (AIH). This may be because the two disorders share a combination of
genes coding for class II human leukocyte antigens. In one study, 47 patients with
AIH (6.4 %) were found to have positive serologies (TTG and EMA) and histological
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findings consistent with CD [80]. In the cohort of patients who have both AIH and CD,
a higher percentage achieves treatment-free sustained remission when compared to
those who have AIH without a co-existing diagnosis of CD, suggesting that the
gluten-free diet does have a long-term adjuvant benefit [81].

Treatment

The treatment for CD is lifelong adherence to a gluten-free diet. This requires com-
plete elimination of wheat, barley, and rye from the diet. Adherence to diet can be
difficult. Younger age at diagnosis, being currently a teenager, and current presence
of symptoms have been associated with non-compliance to the diet [82]. Of note, it
appears that if children were diagnosed with CD at <4 years of age, their subsequent
compliance with a gluten-free diet was significantly improved [83]. Noncompliant
patients were found to be less likely to have regular visits with their pediatric gastro-
enterologist, highlighting the importance of adequate follow-up and education [84].

Psychosocial Impact

Having CD can have a major impact on the psychosocial developmental aspects of
adolescents as well as social relationship with their peers. For example, dining out
with friends can be a difficult experience; although the availability of food choices
is certainly on the rise almost worldwide, lack of detailed knowledge about the food
preparation can cause concern for cross-contamination. This may also cause embar-
rassment about not being able to eat the same foods as their friends. Such experi-
ences may affect the rate of compliance with the diet during such social situations.
It is important to promote continued education of adolescents to foster compliance
with the diet in these types of social situations. Even then, knowledge of the risks
associated with noncompliance does not guarantee sustained compliance [85-87].
Another study found that dilemmas arose around food situations at work, during
purchases, when travelling, in relation to meals at home and meals outside the
home. Emotions, relationships, and the management of daily life were the three
main categories of conflict that emerged through the analysis. Specifically, isola-
tion, shame, fear of becoming contaminated by gluten, and worries about being a
bother were expressed by the participants [88].

It is also important to remember that strict compliance with a gluten-free diet can
be vital to obtaining optimal quality of life. Adolescents with poor compliance
report a lower quality of life, more physical problems, a higher burden of illness,
more family problems, and more problems in leisure time than adolescents who are
compliant with a gluten-free diet. These patients also reported a higher problem of
anticipation and higher feelings of “ill-being.” Therefore, psychosocial support
should be offered to those adolescents who are having a difficult time in adhering to
a gluten-free diet [89].
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Chapter 14
Novel and Experimental Therapies
on the Horizon

Ikram Nasr, Joachim Messing, and Paul J. Ciclitira

Introduction

Celiac disease (CD) is a chronic, systemic, autoimmune disorder in genetically
predisposed individuals in response to ingestion of toxic gluten. It affects approxi-
mately 1 % of the population in Europe and the United States. Gluten proteins
belong to the superfamily of prolamins that have diverged among cereals and are
unique to the subfamily of Pooideae that include wheat, barley, and rye. They can
trigger an autoimmune injury to the gut, skin, liver, joints, uterus, and other organs
[1]. Of the individuals with CD, 5-10 % may be sensitive to oats because some
people have small-intestinal T cells that react to oat avenins [2]. The resultant lesion
in the mucosa of the small intestine is villous atrophy with crypt hyperplasia and
intraepithelial lymphocytosis. Villous atrophy is identified on small bowel biopsy,
which is considered the gold standard for diagnosing this condition. False negative
small bowel histology can be expected due to patchy small bowel mucosal changes [1].
Untreated CD is associated with significant mortality. Undiagnosed CD is associ-
ated with a nearly fourfold increased risk of death [3].
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Novel Therapies for Celiac Disease

The mainstay of treatment for CD is lifelong avoidance of foods containing gluten.
CD, like type 1 diabetes, rheumatoid arthritis, and multiple sclerosis, has a chronic
nature where particular HLA alleles are overrepresented among the patients [4].
Most patients go into complete remission when they are put on a gluten-free diet,
and they relapse when gluten is reintroduced into the diet. CD is in this respect
unique among the chronic inflammatory HLA-associated diseases in that a critical
environmental factor has been identified [5].

Although GFD is an effective treatment for CD, it does have its limitations. This
is due to its cost, side effects including constipation and weight gain, and the diffi-
culty to maintain a strict GFD. This results in poor dietary compliance. In addition,
patients with high-level gluten sensitivity are affected by trace amounts of gluten in
foods that are declared gluten-free [6]. These limitations and the insight in the
pathogenesis have lead to development of new diagnostics and encouraged investi-
gating into possible novel treatments [7]. Potential therapies involve manipulating
the dietary gluten, rendering it less toxic, degrading the enzymes that process glu-
ten, decreasing intestinal permeability, blocking the gluten by inhibiting tissue
transglutaminase 2, inhibiting binding of gluten to HLA-DQ with the use of inhibi-
tory peptides, shifting the Thl to Th2 inflammatory response, proinflammatory
cytokine inhibitors, enhancing the immune system, inducing gluten tolerance, glu-
ten vaccines, or preventing or reversing mucosal damage in response to inflamma-
tion [8]. Despite the potential treatments that show positive results in theory or ex
vivo, the effectiveness, safety, drug delivery, and cost effectiveness of the treatment
in vivo need to be taken into account.

See Table 14.1 for a list of experimental therapy, mechanisms of actions, and
results.

Avoidance of Toxic Dietary Gluten

Consumption of Gluten with Low Immunogenicity

Selecting products that lack toxic gluten but remain palatable and retains the baking
qualities of wheat could be seen as an alternative to the commercially available
gluten-free products. Wheat and grains with low immunogenicity have been studied
in the management of CD. Certain wheat accessions contain low levels of T-cell
stimulatory molecules. By breeding wheat species with low or absent levels of
harmful gluten proteins, grains with low or no immunogenicity in celiac patients
can be produced. However, a major challenge is the alpha-gliadin gene family,
which varies in copy number among wheat cultivars and those that are expressed at
different levels (manuscript in preparation). Previously, it has been reported that the
immunodominant 33mer encoded by alpha-gliadin genes on wheat chromosome 6D
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Table 14.1 Experimental therapy, mechanisms of actions, results, and citation

Mechanisms of

Experimental therapy action Results Citation
1. Avoidance of toxic dietary gluten
1. Consumption of ~ Breeding wheat Can achieve products with [9-11]
gluten with low species with low low toxicity levels
immunogenicity or absent levels of Alpha-gliadin gene copy
harmful gluten is variable which
proteins makes avoiding toxic
Triticum monoccum peptides

and tetraploid

Triticum turgidum

pasta wheat
Wheat-free sorghum

products
2. Modified Gluten hydrolysis by Good but slow fermenta-  [12]
pretreated gluten lactobacilli tion and altered baking
outcome
Removing alpha- Reduced T-cell response.  [13]
gliadin from Compromised baking
Triticum aestivum quality
Removing omega- Lower immune response.
and gamma- Good baking qualities
gliadin and
LMW-GS foci
Genetically altering  Eliminated T-cell [14]
alpha2-gliadin response
2. Gluten detoxification
3. Oral enzyme therapy
1. Prolyl endopep- Degrade gluten ex Requires prolonged [15, 16]
tidases (PEP) vivo incubation. An
immune response
cannot be avoided
2. Cystatins Degradation of Good results but poor
immunogenic T baking quality

cells by cystatins
in germinating
wheat seeds

3. ALVO003-treated Combines both Reduced IFN-gamma [17]
wheat germinating ELISpot to gliadin. No
barley and PEP change in symptoms.
Phase Ila trial
4. Probiotics VSL#3 predigested ~ Reduction in zonulin [18]
gliadins release from intestinal

epithelial cells

Orally ingested IgG ~ Potentially good results. ~ [19]
Phase 1 clinical trials
expected

(continued)
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Table 14.1 (continued)
Mechanisms of
Experimental therapy action Results Citation
3. Inhibition of intestinal permeability
5. Larazotide Tight-junction Well tolerated. Intestinal ~ [20-22]
(AT-1001) regulatory peptide epithelial damage may

that inhibits the
opening of tight
junctions in
epithelial cells in
the small intestine

4. Tissue transglutaminase blockade

1. Cystamine

2. 2-[(2-oxopropyl)
thio]imidazolium
inhibitors
(L682777 or
R283)

5. Thl to Th2 shift
1. Decapeptide
from durum
wheat (sequence

QQPQDAVQPF)

6. HLA-DQ groove
blockade

Prevents T-cell
activation by
inhibition of
tissue transgluta-
minase 2 (TG2)
and subsequently
interfering with
gliadin binding to
HLA-DQ2/DQ8

The 10mer can
inhibit the
abnormal immune
response
triggered by
gliadin

Blocks immune
activation

Amino acid
substitution of
gliadin rendering
it unable to lie
within HLA
molecule

7. Proinflammatory cytokines inhibition

1.1L-10

10. Anti-IFN-
gamma

Suppresses Th1 cells
IL-10

IFN-gamma
blockade

still occur. Phase II
study

unknown

Downregulation of

IFN-gamma and
upregulation of IL-10
(immunomodulator)
and a shift from Thl
to Th2 response

Works ex vivo. No effect

in Crohn’s patients.
The advances in the
field of celiac disease
are limited due to the
low acceptability of
side effects from these
drugs

Prevents histologic

damage to healthy
mucosa in celiac
patients.
Disappointing results
in Crohn’s disease
phase I/11 trials

In vitro studies promising Pasternack R, Hils M,
Effects in vivo are

Zedira Company,
Darmstadt,
Germany,
personal
communication,
September 2009

[23-26]

[14, 27-30]

[31-33]

[34-37]

(continued)
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Table 14.1 (continued)
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Mechanisms of

Experimental therapy action Results Citation
11. IL-15 inhibitor  Inhibiting the Promising in celiac [38, 39]
inflammatory disease.
response to IL-15 HuMax-IL-15 has
acceptable side effects
in rheumatoid arthritis
12. Anti-TNF- Management of Small study group. Slow  [40, 41]
alpha refractory celiac mucosal recovery
disease
8. Induction of gluten tolerance
1. Intranasal Induction of immune Lowering T-cell [42—44]
administration of tolerance to proliferation and the
gliadin peptides gluten and immune response to
in transgenic prevents the gliadin
DQ8 mice immune-mediated The response may be
response to gluten variable in individual
patients
9. Gluten peptide Gluten vaccination Suppression of CD4 [45]
vaccine containing three T-cell proliferation
select immuno- and IL-2 and
genic 16mer IFN-gamma produc-
peptides derived tion and increased the
from alpha-glia- expression of T-reg by
din, omega-glia- splenic CD4 cells in
din, and hordein response to a gluten
and injected challenge
subcutaneously in
transgenic mice
10. Pathogenic CD4+  Gliadin-specific Trl ~ Numbers of Tr1 not [46]
Th cells inhibition cell clones enough to offer a
suppressed therapeutic option
proliferation of
pathogenic ThO
cells
11. Anti-adhesion therapy
1. Integrin-a4 Inhibit leukocyte Not studied in celiac [47-56]
antagonist: adhesion to disease. Some have
Natalizumab intestinal mucosa conflicting efficacy
Alemtuzumab and prevent the data. Large cohort
AJM300 migration of studies are required to
15. Integrin-adb7 leukocytes into conclude the potential
Vedolizumab inflamed tissue safety and efficacy of
(MLNO02) these drugs in celiac
Etrolizumab disease
Intestino-trophic ~ R-spondin 1 (Rspol) Stimulate growth of crypt
mitogens stimulates the cells in mouse models

growth of small
and large bowel
mucosa

of colitis and resort
intestinal architecture.
No human studies
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is absent in the diploid einkorn, also known as Triticum monoccum (gene AA), and
the tetraploid Triticum turgidum (gene AABB) pasta wheat [9]. On the other hand,
hexaploid wheat is needed for bread making. Still, there is a reduction in toxicity
observed in vitro with two varieties of bread wheat, one poor in alpha- and beta-
gliadins and the other poor in alpha-, beta-, gamma-, and omega-gliadins, which
have been tested [10]. Sorghum is a grain that is closely related to maize. Wheat-
free sorghum products are safe and palatable in individuals with CD [11].

Modified or Pretreated Gluten

Certain lactobacilli added to sourdough for fermentation hydrolyze the gluten pep-
tide and render them less immunotoxic. This process requires prolonged fermenta-
tion, resulting in alteration in the size of the dough, so less fermentation time and
mixing with 30 % fermented wheat flour was necessary for better baking results as
demonstrated in one study [12]. Patients were challenged for 2 days in this pilot
study so long-term safety of this method remains unknown.

Removing alpha-gliadin from Triticum aestivum (Chinese Spring) present in
chromosome 6 of D-genome (6DS) led to a significant reduction in T-cell stimula-
tory epitopes but compromised the baking quality of bread. Genetically deleting
omega-gliadin, gamma-gliadin, and LMW-GS loci from the short arm of chromo-
some | of the D-genome (1DS) produced a lowering of the immune response to
exposure to the wheat with the added benefit of retaining the baking qualities [13].
Another method of detoxifying gluten involves genetically altering the alpha2-
gliadin residue by replacing antigenic amino acids with alanine residue, leading to
elimination of the T-cell activity [14].

Gluten Detoxification

Oral Enzyme Therapy

Proline residues in some gliadin peptides are resistant to enzymatic degradations in
the digestive system leaving them available for abnormal immune response in celiac
patients. Enzymatic degradation of this gluten with prolyl endopeptidases (PEP)
prevents these peptides from reaching the lamina propria and allows the smaller
substrates to be processed by the intestinal brush border enzymes. Microorganisms
such as Flavobacterium meningosepticum, Sphingomonas capsulata, and
Mpyxococcus xanthus are able to cleave the immunodominant proline-rich regions
[6]. Pyle et al. demonstrated the benefit of PEP in a study when a 2-week gluten
challenge with PEP showed no evidence of malabsorption of celiac antibodies [15].
In another study, PEP was reported to require 3 h incubation with the protein in
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order to degrade it and prevent gluten-related toxicity. This concludes that the inges-
tion of PEP with diet is unlikely to avoid immune response to gluten [15].

In germinating wheat seeds, gliadin is under the control of intrinsic cystatins.
This protease can degrade immunogenic T cell, making it possible to create flour
based on germinating wheat safe for celiac individuals but with compromised bak-
ing quality.

ALVO003 is a mixture of two glutenases, an endoprotease that has the advantage
of combining both germinating barley and PEP. Tye-Din et al. tested ALV003-
treated wheat flour on celiac patients [17]. The group found no change in symptoms
experienced by patients but a reduced IFN-g ELISpot to gliadin in patients consum-
ing the treated flour compared to placebo controls. Further work will help to evalu-
ate the value of this, and a phase Ila trial is currently recruiting in Finland to assess
the safety and efficiency of ALV003 in a larger cohort of celiac patients
(NCT1255696).

Probiotics

De Angelis et al. showed that VSL#3 predigested gliadins caused a less pronounced
reorganization of the intracellular F-actin, which was mirrored by an attenuated effect
on intestinal mucosa permeability. The release of zonulin from intestinal epithelial
cells treated with gliadins was considerably lower when digested with VSL#3 [18].

Orally ingested IgG is highly resistant to gastric acidity, and approximately 50 %
of neutralizing activity survives when reaching the terminal ileum [19]. In view of
the low cost and ease of production of cow’s milk antibodies, large-scale production
of neutralizing gluten antibodies is potentially easy, safe to use, and cost effective.
A clinical phase I trial in the USA is expected [6].

Inhibition of Intestinal Permeability

An important factor contributing to the influx of gluten to the lamina propria is
increased intestinal permeability through open epithelial tight junctions. Gluten
activates zonulin signaling in tight junctions between epithelial cells of patients
with CD, leading to increased intestinal permeability to macromolecules. Larazotide
(AT-1001) is an oral tight-junction regulatory peptide that acts locally to inhibit the
opening of tight junctions in epithelial cells in the small intestine. The treatment
appears to be well tolerated, but it does not prevent small-intestinal epithelial dam-
age upon exposure to gluten [20, 21]. The primary end point of the phase II study
on AT1001 has not been reached, and conclusions from other phase I and II studies
on the clinical trial register have been performed and are not yet available
(NCT362856, NCT492960, NCT 620451, NCT 889473) [22].
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Tissue Transglutaminase Blockade

Tissue transglutaminase 2 (TG2) stimulates the process of gliadin binding to
HLA-DQ2/DQS8 leading to T-cell activation. TG2 inhibition could possibly prevent
the selective deamidation of gluten peptides and blocking the binding to the HLA
molecules and preventing or reversing the process of T-cell activation and cell dam-
age [5, 6].

Preclinical tests in vitro on small-intestinal samples from a celiac patient demon-
strated inhibition of TG2 by cystamine, a competitive inhibitor, and 2-[(2-oxopropyl)
thio]imidazolium inhibitors (L682777 or R283). The consequences of TG2 inhibi-
tors in vivo and the effect of inhibiting all transglutaminase action are unknown [6].
Pasternak et al. demonstrated that TG inhibitors based on a high-affinity thiol bind-
ing group displayed a very high specificity for TG2 in vitro, which is very promis-
ing [6] (Pasternack R, Hils M, Zedira Company, Darmstadt, Germany, personal
communication, September 2009).

Th1 to Th2 Shift

In CD, dietary gluten triggers Thl-type immune response leading to enteropathy.
A decapeptide (sequence QQPQDAVQPF) isolated from durum wheat prevents the
activation of peripheral lymphocytes in CD. This 10mer is isolated by affinity chro-
matography and gel filtration from alcohol-soluble protein fraction of durum wheat
[23, 24]. Silano et al. [25] demonstrated the antagonist effect of this decamer and its
ability to inhibit the abnormal immune response triggered by gliadin. The intestinal
T lymphocytes derived from eight children with CD were incubated with deami-
dated gliadin peptide alone and simultaneously with the 10mer. The results revealed
that the incubation of celiac intestinal T cells with deamidated gliadin peptides
resulted in a significant increase in cell proliferation and IFN-gamma release. The
10mer caused a downregulation of IFN-gamma and upregulation of IL-10, which
has an immunomodulatory role, leading to a shift from Thl to Th2 lymphocyte
response [26].

HLA-DQ Groove Blockade

Inhibitors of HLA-DQ2 that present gliadin peptides have been studied to prevent
the activation of the inflammatory cascade in CD following exposure to toxic glu-
ten. Attempts to block immune activation were investigated in other immune-
mediated conditions such as rheumatoid arthritis, multiple sclerosis, and type 1
diabetes mellitus. Part of the reason for the lack of success in these experiments was
achieving effective drug delivery [27, 28]. However, in CD the DQ?2 inhibitor will
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need to reach the small intestine directly via the oral route either before or with
gluten ingestion.

Amino acid substitution of gliadin can convert the epitope to an agonist or antag-
onist and affects in turn the inflammatory process [29]. Alanine amino acid substitu-
tion at key positions (3, 8, and 10) in the immunodominant peptide in residues
62-75 of a-2-gliadin in wheat abolishes the immunogenicity of the peptide when
tested against T-cell clones [14]. The neutral alanine amino acid present in the pep-
tide affected the capability of the peptide itself to lie within the cleft of the HLA-DQ
molecules. Anderson et al. substituted an alanine or lysine amino acid in the
immunodominant a-gliadin peptide sequence p57—73 QE65. The substitution to the
gliadin peptides could abolish their capacity to stimulate IFN-g production from
CD4 T cells and also have anti-inflammatory or protective effects in HLA-DQ2+
CD [30].

Proinflammatory Cytokines Inhibition

Various cytokine therapies are being developed for chronic inflammatory condi-
tions. The advances in the field of CD are limited due to the low acceptability of side
effects from these drugs.

IL-10 from regulatory T cells suppresses Thl cells and likely acts as a mildly
counter-regulatory cytokine [31]. IL-10 ex vivo suppresses gluten-dependent T-cell
activation in cultured celiac small-intestinal mucosa [32]. But another study tested
recombinant IL-10 in Crohn’s disease was discontinued due to lack of effect [33].

In CD, the main cytokine produced by the gliadin-specific T-cell clones is IFN-
gamma [34]. IFN-g blocking antibody can prevent histologic damage to healthy
mucosa in celiac patients [35]. Studies in Crohn’s disease revealed disappointing
results of phase I/II trials. The drop in Crohn’s disease activity index (CDAI) in a
small cohort did not reach statistical significance due to an unusually high drop in
CDALI in the placebo group [36]. Whereas Reinisch et al. found in a larger cohort of
Crohn’s disease patients, there was a significant decrease in CRP levels. However,
this failed to translate into a clinical response [37]. Such studies may encourage
research on testing anti-TNF in CD based on the studies undertaken so far in other
inflammatory conditions.

Interleukin-15 (IL-15) is a key proinflammatory, innate response cytokine that
plays an important role in several autoimmune diseases. IL-15 inhibitors could be
used as a promising therapeutic strategy in CD. Baslund et al. demonstrated that
HuMax-IL-15, which is a human IgG1 anti-IL-15 monoclonal antibody, had accept-
able side effects in rheumatoid arthritis [38]. Another study investigated the effects
of treatment with an IL-15 antagonist (CRB-15) that decreased the incidence and
severity of collagen-induced arthritis [39]. More studies need to be conducted to
observe the effects in CD in clinical practice.

Anti-TNF-a treatment has been instigated in studies on treatment of refractory
CD [40]. Reports demonstrate slow mucosal recovery following treatment with
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regular anti-TNF-a infusions at 8 weekly intervals [41], or a single dose TNF-a
followed by azathioprine maintenance [40]. These studies were on a small group
with selection bias so more studies need to be undertaken for accurate conclusions
to be drawn.

Induction of Gluten Tolerance

CD is an immune-mediated response to ingested gluten. Induction of immune toler-
ance to gluten, if successful, could prevent this process from occurring. Intranasal
administration of gliadin peptides in transgenic DQ8 mice resulted in lowering the
T-cell proliferative response to gliadin and dampening of the inflammatory cascade
[42-44]. However, there could be enormous variation in the response by individual
patients, making this approach less robust.

Gluten Peptide Vaccine

Another strategy used a gluten vaccination containing three select immunogenic
16mer peptides derived from alpha-gliadin, omega-gliadin, and hordein that account
for 60 % of the overall gluten T-cell response. The vaccination was given subcutane-
ously to gliadin-specific TCR/DQ2 transgenic mice. The result was a suppression of
CD4 T-cell proliferation and IL-2 and IFN-g production and increased the expression
of T-reg by splenic CD4 cells in response to a gluten challenge. Tye-Din et al. [45]
demonstrated that the same 16mer peptides are recognized by the majority of HLA-
DQ2-positive, gluten-positive peripheral blood T cells. A patented vaccine continuing
the 16mer has finished recruiting for a phase I clinical trial. HLA-DQ8, on the other
hand, has a different immunodominant epitope and will not respond to the vaccine.
In addition, as the innate immune system plays a role in activating the immune system,
celiac patients have different response to the same antigen stimulus [45].

Pathogenic CD4+ Th Cells Inhibition

Gliadin-specific type 1 regulatory T (Trl) cells are found in the intestinal mucosa of
individuals with CD. Gianfrani et al. [46] reported that gliadin-specific Trl cell
clones suppressed proliferation of pathogenic ThO cells. Methods to boost the num-
bers of Tr1 to offer a therapeutic measure need to be sought.
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Anti-adhesion Therapy

Chronic inflammatory diseases exhibit leukocyte migration and retention. Adhesion
molecules regulate the influx of leukocytes in normal and inflamed gut, local lym-
phocyte stimulation, and antigen presentation in intestinal mucosal cells.
MadCAM-1 is an adhesion molecule specific to the gut. In inflammatory bowel
disease (IBD), most of the adhesion molecules are upregulated in inflammatory
bowel disease [47]. Inhibiting leukocyte adhesion will prevent the migration of leu-
kocytes into inflamed tissue, which could be a promising treatment for CD. These
inhibitory molecules are being studied in IBD so far. There are two humanized
antibodies under evaluation for IBD. The first is INTEGRIN-a4 antagonist and
includes natalizumab, which is an antibody used in multiple sclerosis and IBD [48,
49], and alemtuzumab, which has been studied in the treatment of refractory CD
with conflicting efficacy data [50]. A trail in IBD patients failing anti-TNF-a treat-
mentreported improvement with natalizamab infusion (clinical trial NCT00801125).
However, Ananthakrishnan et al. [51] demonstrated that in patients with moderate
to severe CD failing two TNF-antagonists, using a third TNF-antagonist therapy
appears to be a cost-effective strategy compared to using natalizumab as a third-line
therapy without significantly compromising treatment efficacy. Natalizumab is
associated with 0.1 % risk of developing progressive multifocal leukoencephalopa-
thy (PML) [52].

AJM300, which is an orally active small molecule, also antagonizes
INTEGRIN-a4. Studies in a small cohort of Crohn’s disease patients demonstrated
reduction in CDALI but no difference compared to placebo [53].

The second humanized antibody targets the adhesion molecule INTEGRIN-a4b7
expressed by gut T cells. Molecules in this group include vedolizumab (MLNO02),
which demonstrated in phase II trials the capacity to induce remission in ulcerative
colitis [54, 55], and etrolizumab, which appears to be well tolerated in moderate to
severe ulcerative colitis, but phase II studies are warranted to observe clinical
improvement [56].

Overall, large cohort studies are required to conclude the potential safety and
efficacy of these drugs in CD.

Intestinotrophic Mitogens

Intestinotrophic mitogens prevent intestinal damage. R-spondin 1 (Rspol) is a novel
epithelial mitogen that stimulates the growth of small and large bowel mucosa.
Zhao et al. [57] demonstrated in mouse models of colitis that Rspol is able to stimu-
late the growth of crypt cells, which will hasten mucosal regeneration. This in turn
restores the intestinal architecture. The effect of Rspol in humans is unknown and
studies are yet to be conducted.
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Conclusion

While there have been a number of new approaches developed over the years to
prevent the onset of the disease in CD patients, they do not have reached a level that
would permit abolishing a gluten-free diet for them. Furthermore, most studies rely
on the use of synthetic peptides to analyze the immune response rather than intact
proteins to predict what is toxic or not. A new approach is therefore needed where
intact proteins can be tested in the future.

References

1. Rewers MJ. Epidemiology of celiac disease: what are the prevalence, incidence, and progres-
sion of celiac disease? Bethesda, MD: National Institutes of Health; 2004.

2. Lundin KE, Nilsen EM, Scott HG, Lgberg EM, Gjgen A, Bratlie J, et al. Oats induced villous
atrophy in celiac disease. Gut. 2003;52:1649-52.

3. Rubio-Tapia A, Kyle RA, Kaplan EL, Johnson DR, Page W, Erdtmann F, et al. Increased
prevalence and mortality in undiagnosed celiac disease.  Gastroenterology.
2009;137(1):88-93.

4. Thorsby E. Invited anniversary review: HLA associated diseases. Hum Immunol.

1997;53:1-11.

. Sollid LM. Molecular basis of celiac disease. Annu Rev Immunol. 2000;18:53-81.

6. Schuppan D, Junker Y, Barisani D. Celiac disease: from pathogenesis to novel therapies.
Gastroenterology. 2009;137:1912-33.

7. Sollid LM, Lundin KE. Diagnosis and treatment of celiac disease. Mucosal Immunol.
2009;2:3-7.

8. Lerner A. New therapeutic strategies for celiac disease. Autoimmun Rev. 2010;9(3):144-7.

9. Molberg O, Uhlen AK, Jensen T, Flaete NS, Fleckenstein B, Arentz-Hansen H, et al. Mapping
of gluten T-cell epitopes in the bread wheat ancestors: implications for celiac disease.
Gastroenterology. 2005;128(2):393—401.

10. Frisoni M, Corazza GR, Lafiandra D, De Ambrogio E, Filipponi C, Bonvicini F, et al. Wheat
deficient in gliadins: promising tool for treatment of celiac disease. Gut. 1995;36:375-8.

11. Ciacci C, Maiuri L, Caporaso N, Bucci C, Del Giudice L, Rita Massardo D, et al. Celiac dis-
ease: in vitro and in vivo safety and palatability of wheat-free sorghum food products. Clin
Nutr. 2007;26:799-805.

12. Di Cagno R, De Angelis M, Lavermicocca P, De Vincenzi M, Giovannini C, Faccia M, et al.
Proteolysis by sourdough lactic acid bacteria: effects on wheat flour protein fractions and glia-
din peptides involved in human cereal intolerance. Appl Environ Microbiol. 2002;68:623-33.

13. van den Broeck HC, van Herpen TW, Schuit C, Salentijn EM, Dekking L, Bosch D, et al.
Removing celiac disease-related gluten proteins from bread wheat while retaining technologi-
cal properties: a study with Chinese Spring deletion lines. BMC Plant Biol. 2009;9:41.

14. Ellis HJ, Pollock EL, Engel W, Fraser JS, Rosen-Bronson S, Wieser H, et al. Investigation of
the putative immunodominant T cell epitopes in celiac disease. Gut. 2003;52:212—17.

15. Pyle GC, Paaso B, Anderson BE, Allen DD, Marti T, Li Q, et al. Effect of pre-treatment of food
gluten with prolyl endopeptidase on gluten-induced malabsorption in celiac sprue. Cell Mol
Life Sci. 2007;64:345-55.

16. Matysiak-Budnik T, Candalh C, Cellier C, Dugave C, Namane A, Vidal-Martinez T, et al.
Limited efficiency of prolyl-endopeptidase in the detoxification of gliadin peptides in celiac
disease. Gastroenterology. 2005;129:786-96.

W



17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

Novel and Experimental Therapies on the Horizon 205

Tye-Din JA, Anderson RP, French RA, Brown GJ, Hodsman P, Siegel M, et al. The effects of
ALV003 pre-digestion of gluten on immune response and symptoms in celiac disease in vivo.
Clin Immunol. 2010;134:289-95.

De Angelis M, Rizzello CG, Fasano A, Clemente MG, De Simone C, Silano M, et al. VSL#3
probiotic preparation has the capacity to hydrolyse gliadin polypeptides responsible for celiac
sprue. Biochim Biophys Acta. 2006;1762:80-93.

Warny M, Fatimi A, Bostwick EF, Laine DC, Lebel F, LaMont JT, et al. Bovine immunoglobu-
lin concentrate-clostridium difficile retains C difficile toxin neutralizing activity after passage
through the human stomach and small intestine. Gut. 1999;44:212-17.

Paterson BM, Lammers KM, Arrienta MC, Fasano A, Meddings JB. The safety, tolerance,
pharmacokinetic and pharmacodynamic effects of single doses of AT-1001 in celiac disease
subjects: a proof of concept study. Aliment Pharmacol Ther. 2007;26:757-66.

Kelly CP, Green PH, Murray JA, et al. Intestinal permeability of larazotide acetate in celiac
disease: results of a phase IIB 6-week gluten-challenge clinical trial (abstr). Gastroenterology.
2009;136 Suppl 1:M2048.

Donnelly SC, Ellis HJ, Ciclitira PJ. Pharmacotherapy and management strategies for celiac
disease. Expert Opin Pharmacother. 2011;12(11):1731-44.

De Vincenzi M, Gasbarrini G, Silano V. A small peptide from durum wheat gliadin pre-
vents cell agglutination induced by prolamin-peptides toxic in celiac disease. Toxicology.
1997;120:207-13.

De Vincenzi M, Luchetti R, Giovannini C, Pogna NE, Saponaro C, Galterio G, et al. In vitro
toxicity testing of alcohol-soluble proteins from diploid wheat Triticum monococcum in celiac
disease. Biochem Toxicol. 1996;11:313-8.

Silano M, Di Benedetto R, Maialetti F, De Vincenzi A, Calcaterra R, Trecca A, et al.
A 10-residue peptide from durum wheat promotes a shift from a Th1-type response toward a
Th2-type response in celiac disease. Am J Clin Nutr. 2008;87(2):415-23.

Silano M, Di Benedetto R, Trecca A, Arrabito G, Leonardi F, De Vincenzi M. A decapeptide
from durum wheat prevents celiac peripheral blood lymphocytes from activation by gliadin
peptides. Pediatr Res. 2007;61:67-71.

Falcioni F, Ito K, Vidovic D, Belunis C, Campbell R, Berthel SJ, et al. Peptidomimetic com-
pounds that inhibit antigen presentation by autoimmune disease-associated class II major his-
tocompatibility molecules. Nat Biotechnol. 1999;17:562-7.

Ishioka GY, Adorini L, Guery JC, Gaeta FC, LaFond R, Alexander J, et al. Failure to demon-
strate long-lived MHC saturation both in vitro and in vivo. Implications for therapeutic poten-
tial of MHC-blocking peptides. J Immunol. 1994;152:4310-19.

Silano M, Vincentini O, Iapello A, Mancini E, De Vincenzi M. Antagonist peptides of the glia-
din T-cell stimulatory sequences: a therapeutic strategy for celiac disease. J Clin Gastroenterol.
2008:42(Suppl 3 Pt 2):S191-2.

Anderson RP, van Heel DA, Tye-Din JA, Jewell DP, Hill AV, et al. Antagonists and non toxic
variants of the dominant wheat gliadin T cell epitope in celiac disease. Gut. 2006;55:485-91.

Forsberg G, Hernell O, Melgar S, Israelsson A, Hammarstrom S, Hammarstrom ML.
Paradoxical coexpression of proinflammatory and down-regulatory cytokines in intestinal T
cells in childhood celiac disease. Gastroenterology. 2002;123:667-78.

Salvati VM, Mazzarella G, Gianfrani C, Levings MK, Stefanile R, De Giulio B, et al.
Recombinant human IL-10 suppresses gliadin dependant T-cell activation in ex vivo cultured
celiac intestinal mucosa. Gut. 2005;54:46-53.

Colombel JF, Rutgeerts P, Malchow H, Jacyna M, Nielsen OH, Rask-Madsen J, et al.
Interleukin-10 (Tenovil) in the prevention of postoperative recurrence of Crohn’s disease. Gut.
2001;49:42-6.

Nissen EM, Lundin KE, Krajci P, Scott H, Sollid LM, Brandtzaeg P. Gluten specific, HLA-DQ
restricted T cells from celiac mucosa produce cytokines with Th1 or ThO profile dominated by
interferon gamma. Gut. 1995;37:766-76.



206

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51

52.
53.

1. Nasr et al.

Przemioslo RT, Lundin KE, Sollid LM, Nelufer J, Ciclitira PJ. Histological changes in small
bowel mucosa induced by gliadin sensitive T lymphocytes can be blocked by anti-interferon
gamma antibody. Gut. 1995;36:874-9.

Hommes DW, Mikhajlova TL, Stoinov S, Stimac D, Vucelic B, Lonovics J, et al. Fontolizumab,
a humanised anti-interferon gamma antibody, demonstrates safety and clinical activity in
patients with moderate to severe Crohn’s disease. Gut. 2006;55:1131-7.

Reinisch W, de Villiers W, Bene L, Simon L, Racz I, Katz S, et al. Fontolizumab in moderate
to severe Crohn’s disease: a phase 2, randomized, double-blind, placebo-controlled, multiple-
dose study. Inflamm Bowel Dis. 2010;16:233-42.

Baslund B, Tvede N, Danneskiold-Samsoe B, Larsson P, Panayi G, Petersen J, et al. Targeting
interleukin-15 in patients with rheumatoid arthritis: a proof-of-concept study. Arthritis Rheum.
2005;52:2686-92.

Ferrari-Lacraz S, Zanelli E, Neuberg M, Donskoy E, Kim YS, Zheng XX, et al. Targeting
IL-15 receptor-bearing cells with an antagonist mutant IL-15/Fc protein prevents disease
development and progression in murine collagen-induced arthritis. J Immunol.
2004;173:5818-26.

Gillet HR, Arnot ID, Mclntyre M, Campbell S, Dahele A, Priest M, et al. Successful infliximab
treatment for steroid-refractory celiac disease: a case report. Gastroenterology.
2002;122:800-5.

Costantino G, della Torre A, Lo Presti MA, Caruso R, Mazzon E, Fries W. Treatment of life-
threatening type 1 refractory celiac disease with long-term infliximab. Dig Liver Dis.
2008;40:74-17.

Maurano F, Siciliano RA, De Giulio B, Luongo D, Mazzeo MF, Troncone R, et al. Intranasal
administration of one alpha gliadin can downregulate the immune response to whole gliadin in
mice. Scand J Immunol. 2001;53:290-5.

Rossi M, Maurano F, Caputo N, Auricchio S, Sette A, Capparelli R, et al. Intravenous or intra-
nasal administration of gliadin is able to down-regulate the specific immune response in mice.
Scand J Immunol. 1999;50:177-82.

Senger S, Luongo D, Maurano F, Mazzeo MF, Siciliano RA, Gianfrani C, et al. Intranasal
administration of a recombinant alpha-gliadin down-regulates the immune response to wheat
gliadin in DQ8 transgenic mice. Immunol Lett. 2003;88:127-34.

Tye-Din JA, Stewart JA, Dromey JA, Beissbarth T, van Heel DA, Tatham A, et al.
Comprehensive, quantitative mapping of T cell epitopes in gluten in celiac disease. Sci Transl
Med. 2010;2:41ra51.

Gianfranci C, Levings MK, Sartirana C, Mazzarella G, Barba G, Zanzi D, et al. Gliadin-
specific type 1 regulatory cells from the intestinal mucosa of treated celiac patients inhibit
pathogenic T cells. J Immunol. 2006;177:4178-86.

Van Assche G, Rutgeerts P. Antiadhesion molecule therapy in inflammatory bowel disease.
Inflamm Bowel Dis. 2002;8(4):291-300.

Arulanandam T. Biological characteristics of anti-alpha4 integrin monoclonal antibody (natal-
izumab) a selective adhesion molecule (SAM) inhibitor for the treatment of multiple sclerosis
and Crohn’s disease [SA23]. Inflamm Res. 2004;53:3.

Ghosh S, Panaccione R. Anti-adhesion molecule therapy for inflammatory bowel disease. Ther
Adv Gastroenterol. 2010;3:239-58.

Verbeek WH, Mulder CJ, Zweegman S. Alemtuzumab for refractory celiac disease. N Engl J
Med. 2006;355:1396-7.

Ananthakrishnan AN, Hur C, Korzenik JR. Certolizumab pegol compared to natalizumab in
patients with moderate to severe Crohn’s disease: results of a decision analysis. Dig Dis Sci.
2012 Feb;57(2):472-80.

Ransohoff RM. Natalizumab and PML. Nat Neurosci. 2005;8:1275.

Takazoe M, Watanabe M, Kawaguchi T, et al. Oral alpha-4 integrin inhibitor (AJM300) in
patients with active Crohn’s disease: a randomised double-blind, placebo-controlled trial.
Gastroenterology. 2009;136(Suppl):S1066.


http://www.ncbi.nlm.nih.gov/pubmed?term=Beissbarth%20T%5BAuthor%5D&cauthor=true&cauthor_uid=20650871
http://www.ncbi.nlm.nih.gov/pubmed?term=van%20Heel%20DA%5BAuthor%5D&cauthor=true&cauthor_uid=20650871
http://www.ncbi.nlm.nih.gov/pubmed?term=Tatham%20A%5BAuthor%5D&cauthor=true&cauthor_uid=20650871

14

54.

55.

56.

57.

Novel and Experimental Therapies on the Horizon 207

Behm BW, Bickston SJ. Humanized antibody to the alphadbeta7 integrin for induction of
remission in ulcerative colitis. Cochrane Database Syst Rev. 2009;1, CDO007571.
doi:10.1002/14651858.CD007571.

Feagan BG, Greenberg GR, Wild G, Fedorak RN, Paré P, McDonald JW, et al. Treatment of
ulcerative colitis with a humanized antibody to the alphad4beta7 integrin. N Engl J Med.
2005;352:2499-507.

Rutgeerts PJ, Fedorak RN, Hommes DW, Sturm A, Baumgart DC, Bressler B, et al. A ran-
domised phase I study of etrolizumab (rhuMAb p7) in moderate to severe ulcerative colitis.
Gut. 2012;61:918-32.

Zhao J, de Vera J, Narushima S, Beck EX, Palencia S, Shinkawa P, et al. R-spondinl, a novel
intestinotropic mitogen, ameliorates experimental colitis in mice. Gastroenterology.
2007;132:1331-43.


http://dx.doi.org/10.1002/14651858.CD007571

Chapter 15
Morbidity and Mortality Associated
with Celiac Disease

Nina Ruth Lewis and Geoffrey K.T. Holmes

Introduction

Previously regarded as a rare disorder, it is now appreciated that celiac disease (CD)
is a common healthcare problem affecting 1 % of the general population [1]. Recent
and population-based studies have provided more robust estimates of risks tradi-
tionally associated with clinically diagnosed CD. They have also begun to explore
morbidity and mortality associated with undetected CD. Some of these studies have
also demonstrated other morbidity factors and, indeed, some benefits from having
CD, such as reduced risk of breast cancer in female celiac patients [2—8] and lower
total cholesterol [1-9] in comparison to the general population.

Before the morbidity and mortality associated with CD can be described, the
limitations of the studies on which this review is based need to be acknowledged.
Firstly, the distinction between clinically diagnosed and undetected CD needs to be
reiterated. Despite the development of highly sensitive and specific serological tests
allowing noninvasive and large-scale screening of the general population to identify
individuals with CD [10, 11], an increased awareness of the condition, and an active
case-finding strategy adopted by some centers, there remains a substantial gap
between the number of adults with clinically diagnosed CD to those with unde-
tected CD (ratio of undetected CD to diagnosed disease is approximately 8:1 at
present in England [12, 13] and 3:1 in Finland [14, 15]). Other than a few population-
based screening studies [1, 16-20], reported morbidity and mortality associated
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Fig. 15.1 The celiac iceberg. For each patient with CD diagnosed on clinical grounds, there are
many others that remain undiagnosed, shown by the submerged part of the iceberg, because of an
atypical presentation, lack of symptoms, or the potential stage of the disease

with CD in the literature is based on clinically diagnosed disease that only accounts
for the minority or tip of the celiac iceberg [21] (Fig. 15.1). Population-based
screening studies are beginning to explore [1, 16-20], but it remains unknown
whether people with undetected CD lying below the waterline of the celiac iceberg
and accounting for the majority of cases of the condition share similar risks of mor-
bidity to that of clinically diagnosed CD. The population-based screening studies
[1, 16-20] are limited because of misclassification bias, relying on the performance
of the serological test to define undetected CD. They also lack information on
whether any of the participants were diagnosed on clinical grounds with CD and
therefore received treatment after serum was submitted for serological testing.
Secondly, because CD is so common, it follows that many diseases will occur in
association. For the purposes of this review, some of the morbidities will be regarded
as complications of CD. Others will be regarded as associations or simply as occur-
ring by chance.
Further limitations to the published studies include:

» Selection biases such as choice and nature of population studied, continued par-
ticipation in the study, and nonparticipation in the study
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e Information biases such as recall of events, collection of data by the study inves-
tigators, and measurement of outcomes of interest

* Ascertainment biases such as incidental detection of CD while undergoing tests
for another condition and vice versa

» Confounding such as absence of smoking data or treatment with adherence to a
gluten-free diet and CD morbidity

Are Celiac Pathogenic Factors Implicated in the Morbidity?

The mechanisms of the intestinal immune-mediated response in CD are not com-
pletely clear, but the pathogenesis is thought to involve a complex interplay of
immunological factors including tissue transglutaminase (TTG), intraepithelial
lymphocytes, cytotoxic T cells, adaptive and innate immune responses, and auto-
immunity [22-24]. Such pathogenic factors may predispose celiacs to developing
other conditions. Autoantibodies directed against tissue transglutaminase are pres-
ent in the liver and other extraintestinal tissues such as the thyroid in CD, raising
the possibility of a pathogenic role for the humoral-mediated immune responses in
the hepatocyte and thyroid injuries observed [25, 26]. Increased intestinal permea-
bility [27] resulting from the intestinal immune-mediated response to gluten may
facilitate the entrance of toxins, antigens, and proinflammatory mediators such as
interleukins and gamma interferon into the circulation with subsequent tissue
insult, which may be of importance in provoking autoimmune disorders and
lymphoma.

There may be a shared immunogenetic susceptibility to developing immune
dysregulation [28-31]. For example, IDDM1 candidate allelic loci identified for
type 1 diabetes located on chromosome 6q21 is found at the exact same position as
loci for CD (marker HLA-DQ?2) [32]. TTG is ubiquitously expressed and may be
critical in other autoimmune diseases, including type 1 diabetes, because it may be
expressed within islets [23]. Posttranslational modification of exogenous antigen
by an endogenous enzyme may be the link to antienzyme or anti-modified autoan-
tigen antibodies found in several autoimmune diseases such as antibodies to deam-
idated gliadin in CD [33], citrullinated antigens in rheumatoid arthritis [34, 35],
and GADG6S in type 1 diabetes [36]. Monoclonal intraepithelial lymphocytes are
implicated in the development of enteropathy-associated T-cell lymphoma and
ulcerative jejunitis [37].

Autoimmune Diseases

Recent studies have demonstrated an increased prevalence of CD in some autoim-
mune disorders including type 1 diabetes, thyroid, and liver disorders.
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Diabetes Mellitus

Type 1 diabetes mellitus is the most common and best researched association and
precedes the diagnosis of CD in about 90 % of patients [38]. Screening studies have
shown that the prevalence among children is about 4.5 % (26 studies) [39], but
higher figures of 12.3 % [40] and 10 % [41] have been reported. In adults the preva-
lence is approximately 3.5 % (eight studies) [38]. Before the age of 20 years, those
with established CD have a two- to threefold increased risk of developing type 1
diabetes [42]. It is not surprising that these disorders are associated because both are
linked not only to the major compatibility complex class II antigen DQ2 encoded by
the alleles DQA1*501 and DQB1%201 but also to the non-HLA loci RGSI,
IL18RAP, and TAGAP on chromosomes 1q31, 2q12, and 6q25, respectively [43].
In addition, it has been demonstrated that some children with diabetes have anti-
tissue transglutaminase antibodies in the small intestinal mucosa, suggesting that
these patients are sensitive to gluten [44]. These findings raise the intriguing possi-
bility that dietary antigens might be of etiological importance in both conditions.

In reports there is divergence in the number of patients with symptoms and signs
which probably reflects how carefully these were sought [38]. More recent studies
illustrate this point. Of 33 children with diabetes and CD, all interviewed by a doc-
tor, 28 (85 %) had symptoms or biochemical features of CD and in four, the symp-
toms were only recognized retrospectively after the introduction of a gluten-free
diet [40]. In other studies, 13 of 17 children (76 %) had gastrointestinal symptoms
[45] and 18 of 68 (26 %) had symptoms including growth retardation, weight loss,
failure to gain weight, and gastrointestinal problems [46]. There is evidence that
having a diagnosis of CD for longer than 10 years is a risk factor for diabetic reti-
nopathy in type 1 diabetes [47]. Patients with type 1 diabetes and CD have signifi-
cantly greater carotid intima-media thickness than either those with diabetes or CD
alone, and this could be of importance in accelerating cardiovascular disease [48].

Whether or not to screen patients with diabetes for CD remains controversial, but
a case can be made for a screening program when the high frequency of the associa-
tion is considered. In addition, patients may have symptoms, and a gluten-free diet
can improve health and prevent complications. There is support for screening chil-
dren and adolescents with type 1 diabetes [40, 41, 49], and in practice, screening is
being increasingly undertaken [50]. What the interval between screening tests
should be has been debated, but since diabetics are kept under annual review, screen-
ing is easily arranged. In one study most diagnoses of CD were made within 2-3
years, with a cumulative prevalence of 10 % at 5 years [41]. Adult patients, parents
or guardians of children, and, where possible, children themselves should be fully
involved at all stages of the screening, diagnostic, and treatment process and be
advised by sympathetic doctors and dietitians skilled in the gluten-free diet.

The commencement of a gluten-free diet results in improvement in health,
height, and weight and a reduction in hypoglycemic episodes in some series but not
all [40, 49, 51, 52]. Those who regard themselves as asymptomatic should be offered
a gluten-free diet because it may improve health, and if it does not, it is likely to be
abandoned by patients themselves.
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Thyroid Disease

Of 184 patients with CD attending an outpatient clinic in the Netherlands, based on
thyroid biochemistry, 3.8 % (95 % CI 1.8-7.6) had subclinical hypothyroidism,
12 % (95 % CI 8-16) had overt hypothyroidism, while 2 % (95 % CI 0.8-5.0) had
Graves’ disease. Conversely, 4.8 % (95 % CI 0.7-8.9) of outpatients with
Hashimoto’s thyroiditis were diagnosed with CD. In this study, the observed preva-
lence of thyroid disease was compared with that reported in American cohorts. The
prevalence of overt hypothyroidism was at least 10 times more common in celiacs
than in the general population, while Graves’ disease had approximately the same
frequency [53]. Thyroid disease occurred three times more commonly in adults with
newly diagnosed CD than controls drawn from such as medical and nursing staff,
blood donors, and patients attending for endoscopy [54]. Employing the Swedish
In-Patient Registry, CD was found to be associated with hypothyroidism (hazard
ratio [HR] 4.4 [95 % CI 3.4-5.6]), thyroiditis (HR 3.6 [95 % CI: 1.9-6.7]), and
hyperthyroidism (HR 2.9 [95 % CI 2.0-4.2]) [55]. The highest risk estimates for
thyroid disease were observed in children and have raised the question whether
children with CD should be screened for thyroid disease [56, 57]. Autoimmune
thyroiditis may arise when children are on a gluten-free diet, which suggests that
thyroid disturbance is independent of gluten [56]. However, gluten withdrawal in
adults may normalize thyroid tests in those with subclinical hypothyroidism [54].
There are implications for the treatment of hypothyroidism in those with untreated
CD in that increased doses of levothyroxine may be required to maintain the euthy-
roid state. Following the institution of a gluten-free diet when small bowel absorp-
tion becomes more efficient, a reduction in the dose may be required. The presence
of CD should be suspected if patients with hypothyroidism require greater than
expected doses of replacement therapy [58].

It is important to be aware of these associations because those with CD may have
symptoms such as weight loss, lethargy, and diarrhea attributed to CD in relapse
because of lax adherence to a gluten-free diet, rather than to the presence of thyroid
disease.

Liver Disease

A number of liver conditions have been reported to be associated with CD [59, 60].
Recent population-based data using the General Practice Research Database and
Swedish In-Patient Registry observed a fourfold increased risk of having an auto-
immune liver disease, HR 3.6 [95 % CI 1.5-9.0] for primary biliary cirrhosis, and
HR 4.5 [95 % CI 2.5-8.0] for primary sclerosing cholangitis in people with CD in
comparison to general population controls [61, 62]. In contrast to the reported
0.2 % prevalence of autoimmune liver disease in CD, the most common hepatic
injury to affect celiacs is of an isolated hypertransaminasemia, observed to affect
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10 % of adults newly diagnosed with CD in a recent population-based cohort [63].
The observed hypertransaminasemia has been coined “gluten” or “celiac hepatitis”
[64]. The hepatic injury is reputed to be characterized by absence of serum autoan-
tibodies (other than endomysial and tissue transglutaminase antibodies), elevated
transaminases, the presence of mild lobular and portal tract inflammation, and ste-
atosis that is reversible on treatment with a gluten-free diet [64]. With significant
reduction in transaminases and the transaminase result normalizing in 86 % of
those with an abnormal result at diagnosis of CD following a year of treatment with
a gluten-free diet, it suggests that investigations for liver disease should only be
initiated in those celiacs with persistent hypertransaminasemia despite gluten-free
diet or if otherwise indicated.

Other Autoimmune Diseases

A population-based study found an 11-fold increased risk (HR 11.4 [95 % CI 4.4—
29.6]) of Addison’s disease developing in those with CD, and conversely, those with
established Addison’s disease had a ninefold increased risk of developing CD (odds
ratio [OR] 8.6 [95 % CI 3.4-21.8]) [65]. A Swedish study revealed an increased risk
of uveitis (HR 1.32 [95 % CI 1.10-1.58]), which persisted 5 years after the diagno-
sis of CD (HR 1.31 [95 % CI 1.04—1.64]) [66] and may respond to a gluten-free diet.
A positive association between CD and immune thrombocytopenia has been
reported irrespective of which disorder came first [67].

The relationship between CD and psoriasis is well established. In one study a
threefold increase was observed in comparison with age- and sex-matched controls
(OR 2.7 [95 % CI 1.7-4.5]) [68]. In a more recent nationwide investigation from
Sweden, those with CD were at increased risk of developing psoriasis before (HR
1.72 [95 % CI 1.54-1.92]) and after (OR 1.91 [95 % CI 1.58-2.31]) the diagnosis
of CD. Children with CD were also at increased risk of developing psoriasis later in
life (HR 2.05 [95 % CI 1.62-2.60]) [69].

When systemic lupus erythematosus was defined as having at least two records
of the diagnosis in the Swedish Patient Register, a threefold increased risk among
individuals with CD was observed (HR 2.87 [95 % CI 1.97-4.17]) [70]. A study
reporting an increased risk of primary hyperparathyroidism in CD (HR 1.91 [95 %
CI 1.44-2.52]) had some weaknesses such as misclassification and lack of bio-
chemical information with regard to hyperparathyroidism as the authors accepted
[71]. The prevalence of rheumatoid arthritis was not increased in CD in a study that
had some limitations [72], but mortality from rheumatoid arthritis was elevated in a
Swedish cohort (SMR 7.3 [95 % CI 2.7-15.9]) [73]. Sjogren’s syndrome [74],
hypoparathyroidism [75], hypopituitarism [76], dermatomyositis [77], scleroderma
[78], alopecia areata [79], and myasthenia gravis [80] have all been described in
association with CD but only in small series or case reports.
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Vascular Diseases

Like in the general population, vascular disease is the most important single cause
of mortality in diagnosed CD, accounting for 39 % of all deaths [73]. However, the
possibility that CD might afford some protection from vascular disease mortality
was first raised by Whorwell and colleagues in 1976 who observed a reduced risk of
death from ischemic heart disease in men (but not women) with diagnosed CD [81]
and further supported by studies in Scotland [2] and Italy [82]. However, Peters,
using data from the Swedish In-Patient Registry, observed patients with diagnosed
CD (n=10,032) had 50 % increased mortality risk from ischemic heart disease
(standardized mortality ratio [SMR] 1.5 [95 % CI 1.3-1.8]) and 40 % increased
mortality risk from cerebrovascular disease (SMR 1.4 [95 % CI 1.1-1.9]) in com-
parison to the Swedish general population [73]. In contrast, there were no differ-
ences in rates of cardiovascular deaths in longitudinal cohorts of diagnosed celiacs
in Scotland [7] or in England [83] relative to the general population.

On examining risk of cardiovascular mortality in the presence of villous atrophy
within the Swedish In-Patient Registry celiac cohort, 19 % (HR 1.19 [95 % CI
1.11-1.28]) increased risk of death was observed compared to general population
controls [84]. Cardiovascular mortality rates were similar, however, in serology-
positive “undetected” CD and serology-negative controls in American [20] and
British [85] general population screening studies.

A Swedish hospital-based cohort study of 13,358 people with CD observed peo-
ple with CD were at increased risk of myocardial infarction (HR 1.27 [95 % CI
1.09-1.48]) and angina pectoris (HR 1.46 [95 % CI 1.25-1.70]) [86]. In an updated
analysis with over twice the original cohort size and longer follow-up period, the
risk of ischemic heart disease remained greater in people with CD relative to the
general population (HR 1.19 [95 % CI 1.11-1.28]) [87]. In contrast, no differences
were observed in the risk of neither myocardial infarction (HR 0.85 [95 % CI 0.63—
1.13]) nor stroke (HR 1.29 [95 % CI 0.98—1.70]) in people with treated CD in com-
parison to general population controls in a British population-based cohort study
[88]. Such differences in vascular morbidity and mortality risks may be due to dif-
ferences in smoking patterns and socioeconomic exposures between countries.

A total of 367 celiac patients identified by presence of positive celiac serology or
characteristic changes on small bowel histology had no increased risk of cardiovas-
cular disease events such as myocardial infarction (unadjusted HR 1.10 [95 % CI
0.62-1.92]) in comparison to 5,537 controls who had negative celiac serology [89].

Recent studies have found some evidence of a favorable vascular risk profile in
CD. Adults newly diagnosed with CD have lower total cholesterol levels than the
general population, with the reduction greater in men (21 %; —1.09 mmol/L [95 %
CI -0.97, —1.21]) than in women (9 %; —0.46 mmol/L [95 % CI —-0.24, —0.68]) [9].
While no increase in total cholesterol following a year’s treatment with a gluten-free
diet was observed, there was a significant increase in HDL cholesterol [9]. In a cross-
sectional population screening study, people with positive endomysial antibodies
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“undetected” CD had an 8 % (0.5 mmol/L) reduction in total cholesterol and a
2.4 mmHg lower diastolic blood pressure in comparison to antibody-negative con-
trols [1]. Adults with treated CD are reported to be less likely to have a diagnosis of
hypertension (OR 0.68 [95 % CI 0.60-0.76]) and have a lower reported antihyper-
tensive medication use in comparison to age- and sex-matched general population
controls [88]. Routine and systematic collection of smoking history is lacking in
most studies. CD appears to be associated with nonsmoking in small and selected
case—control studies although it is unclear whether this is a causal association [90—
92]. In contrast, smoking was more common in pregnant women with diagnosed CD
than those without CD using data combined from national birth registers and Swedish
In-Patient Registry [93].

In contrast, other studies have reported CD is associated with an adverse vascular
profile. Homocysteine concentrations were significantly higher in newly diagnosed
adult celiacs than in controls, though the concentrations were not longitudinally
assessed in these 35 celiacs to determine if there was any change with exposure to a
gluten-free diet [94]. Carotid intima-media thickness and high-sensitivity C-reactive
protein, a systemic marker of inflammation, were significantly higher in diagnosed
celiacs maintained on a gluten-free diet for at least 1 year compared to age- and sex-
matched controls [48].

Further work is warranted to explore the pathophysiological mechanisms
involved in the atherosclerosis process in CD or clarify if other processes particular
to people with CD change the vascular risk. We also need to explore whether there
is an altering, attenuating effect on the vascular risk profile by treatment with a
gluten-free diet to help support or refute general population screening for CD.

Though suggested by Fonager using the Danish National Registry [95], no asso-
ciation between CD and cardiomyopathy nor myocarditis or pericarditis was
observed in the Swedish hospital-based cohort of celiacs compared to controls [96].
In a further large Swedish population-based cohort study, patients with CD were at
a nonsignificantly increased risk of idiopathic cardiomyopathy (HR 1.73 [CI 95 %
1.00-3.00]) [97]. The two conditions may be linked through inflammation and auto-
immune mechanisms. The small increased risk of atrial fibrillation in CD (HR 1.34
[95 % CI 1.24—1.44]) [98] may also be associated with these mechanisms.

Malignancy

The association between lymphoma, other malignancies, and CD has been known
for 50 years [99]. Early studies were limited in their ability to provide precise esti-
mates of the malignancy risks because of deficiencies such as small sample size and
the selection of patients from specialist celiac centers. As a consequence the risks
were often overestimated. With the advent of larger population-based studies, mod-
est increased risks for lymphoma were found at around fivefold [3-5, 100-106].
The increased risk for small intestinal lymphoma 2 years after the diagnosis of CD
is about 40 times [5]. An analysis of 31 series of patients with gluten sensitivity
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diagnosed using serology with or without biopsy or where there was an entry in the
medical notes that the diagnosis had been made, gave a relative risk for non-Hodgkin
lymphoma of 4.42 [95 % CI 3.72-5.26] [107]. A recent meta-analysis has calcu-
lated the risk of any malignancy and lymphoid malignancy developing in CD [108].
Diagnosed and undiagnosed patients with CD were considered together, which
might be regarded as a shortcoming of the study [109]. There was no association
between CD and the risk of any malignancy (OR 1.07 [95 % CI 0.89-1.29]),
although the risk for non-Hodgkin lymphoma was as expected increased (OR 2.61
[95 % CI 2.04-3.33]). For T-cell non-Hodgkin lymphoma, the risk was high (OR
15.84[95 % CI7.85-31.94]). Others have also demonstrated no association between
CD and any malignancy [4, 5, 103, 104, 110-112]. Some of these studies have
importantly excluded the first 1-2 years of follow-up to minimize bias [4, 5, 104,
110]. It seems that the increased risk conferred by non-Hodgkin lymphoma is pos-
sibly balanced out by a reduction in the risk of some other cancers. Breast cancer,
the leading cause of cancer in women in the general population, appears to be less
common in those diagnosed with CD [2-8]. Reasons for this are unclear, though a
population-based survey of 7,416 women with CD suggests there are potentially
adverse as well as favorable breast cancer risk profile features in CD in comparison
with the general population [113]. With body mass index and height similar to the
general population this study [113] suggests that anthropomorphic exposures may
not be responsible [114]. Endometrial (HR 0.60 [95 % CI 0.41-0.86]) and ovarian
cancer (HR 0.89 [95 % CI 0.59-1.34]) are both reported as reduced in CD [8]. Data
on CD and the risk of lung cancer are contradictory with some studies showing a
negative [4, 111, 115] and some a positive association [5]. However, a recent large
Swedish study has shown a neutral risk [116].

It is important to note that lymphoproliferative malignancy is an uncommon
complication of CD when absolute numbers of tumors are considered. For example,
the risk beyond 1 year of the diagnosis of CD is about 1 in 1,200 person years [4].
In addition, approximately 20 small bowel lymphomas, 12 small bowel adenocarci-
nomas, and 12 esophageal carcinomas would be encountered each year in the whole
population of the United Kingdom [117]. Studies have shown that the overall risk of
cancer decreases over time and after 10—15 years ceases [3, 118]. This observation
may be linked to the protective effect of a gluten-free diet [119].

Enteropathy-associated T-cell lymphoma (EATL) is a type of lymphoma linked
to CD. With an annual incidence of 0.5—1.0 per million of the population in Western
countries, it is rare and accounts for about 5 % of all lymphomas [120] and 10-16 %
of all lymphomas of the gastrointestinal tract [121]. Recent studies have indicated
that EATL comprises two disorders EATL 1 and EATL 2 that are morphologically
and genetically distinct [122]. EATL 1 is typically found in Western countries, com-
prising about 80 % of cases and is strongly associated with CD, while EATL 2 is the
predominant type in Asia representing over 90 % of cases [120]. In one study, four
(27 %) of 15 patients with EATL 2 had a clinical history of CD [12], but none of 38
cases reported from Asia had a history of CD, and although in some mucosa adja-
cent to the tumors showed villous atrophy and crypt hyperplasia, this was not
regarded as indicative of CD [121]. It has to be conceded that the relationship of
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EATL 2 to CD is unclear. CD56 is more commonly found in EATL 2, 73 % [120]
and 91 % [121], than EATL 1, 30 % [120], and might be a useful marker.

Patients with either type have similar clinical features, and the prognosis is poor
with a median overall survival of 10 months. Having CD worsens the outlook. A
survey of small bowel malignancy in the United Kingdom showed a poor prognosis
for lymphoma associated with CD, with a survival of only 13 % at 30 months [117].
For those without CD, the corresponding figure was 52 %. The poor outlook in
those with CD is probably due to the adverse effects of malabsorption [117]. Urgent
new treatments are required. High-dose ifosfamide, etoposide, and epirubicin/meth-
otrexate followed by autologous stem cell transplantation improve outlook, but this
might reflect patients in better condition to tolerate this intensive regime [123].

Celiac disease is not only associated with EATL but with a wide variety of other
lymphomas. Of 56 non-Hodgkin lymphomas that occurred in CD, only 19 were
EATL, the majority being of non-intestinal B-cell and T-cell type. Sixteen NHL
were of B-cell lineage which more than doubled the risk (SIR 2.0 [95 % CI 1.3—
3.6]) [101]. Those with B-cell lymphomas have a better prognosis that their T-cell
counterparts [124].

Increased risks of oropharyngeal cancer; esophageal cancer; colon, liver, pancre-
atic, and small intestinal adenocarcinoma; and papillary cancer of the thyroid have
been demonstrated [3, 125, 126], but in contrast to lymphomas where there is evi-
dence that a gluten-free diet will reduce the risk [82, 119], for these malignancies,
there is no evidence at present that a gluten-free diet will reduce their occurrence. In
the British survey, of 175 adenocarcinomas of the small bowel encountered, 23
(13 %) were associated with CD. Overall survival at 30 months was 58 % and was
not affected by the presence of CD [117]. An increased risk for tumors in the right
and transverse colon occurs but not in the descending colon or rectum [3]. It is
tempting to speculate that in celiac patients, gluten residues may enter the proximal
colon and so provoke cancerous change. The increase in liver cancer might simply
reflect the presence of disorders associated with CD that are risk factors for liver
malignancy, e.g., primary biliary cirrhosis [3].

The development of EATL may be heralded by clinical relapse after a period of
good response to gluten-free diet although EATL and CD can be diagnosed at the
same time. In a subgroup of patients, there is progressive deterioration in the context
of a refractory form of CD. Of those with EATL, common presentations are intesti-
nal obstruction (49 %) and perforation (37 %), and a laparotomy is required to
establish the diagnosis in about three quarters of patients. Of patients with small
bowel adenocarcinoma, most present with intestinal obstruction (77 %) [117].

Malignancy in Undetected Celiac Disease

The increased risk of malignancy in CD has been the force calling for population
screening studies to be undertaken. However, the number of cancers arising is small.
This was evident from some early studies but often overlooked. For example, in a
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British survey of malignancy in CD involving about 20 centers interested in CD,
133 lymphomas, 19 adenocarcinomas of the small bowel, and 10 esophageal can-
cers were encountered [115]. The average number of tumors seen at each center was
low and equated to 6.7, 0.95, and 0.5, respectively. Emphasis was placed too often
on relative risks rather than absolute numbers of tumors.

Three European case—control studies of similar design have attempted to ascer-
tain the risk of non-Hodgkin lymphoma in undetected CD [100, 102, 127]. A total
of 2,397 patients with non-Hodgkin lymphoma were included with the presence of
CD in cases and controls determined by endomysial antibody testing. One of the
investigations was unable to find an increased risk [127], while another observed a
threefold increased risk confined to CD diagnosed clinically before the study but not
in CD detected by screening [102]. In the third study the risk was threefold but the
diagnosis of CD preceded the onset of non-Hodgkin lymphoma in four of the six
cases [100]. In a population-based Finnish cohort study of 8,000 people gathered
between 1978 and 1980 and observed for 20 years with reliance on the Finnish
Cancer Registry for the detection of cancers (99 % complete for incident cancers),
no increase in risk of malignancy was found in tissue transglutaminase-positive
cases (n=202; RR 0.91 [95 % CI 0.60-1.37]) or in endomysial antibody-positive
participants (n=73; RR 0.67 [95 % CI 0.28-1.61]) compared with serology-negative
controls [128]. Only three non-Hodgkin lymphomas were found, one each in the
groin and lower extremities, one in the tonsil, and one involving the skin. There
were no enteropathy-associated T-cell lymphomas. Other studies of undetected CD
have not shown any increase in cancer in undetected CD, (RR 0.73 [95 % CI 0.30—
1.77]) [18], (OR 1.29 [95 % CI 0.77-2.15]) [20], (HR 1.27 [95 % CI 0.57-2.85])
[85], and (HR 0.97 [95 % CI 0.44-2.14]) [106]. Since these studies show that the
risk of malignancy in undetected CD is not different to that observed in the general
population, the fear of malignancy should not be used as an argument for early
detection or screening for CD.

Refractory Celiac Disease

Nonresponsive CD is regarded as failure to respond to a strict gluten-free diet given
for 6-12 months and can be regarded as primary, the patient has never responded to
diet, or secondary, response is lost after an initial improvement with return of symp-
toms. Depending on study design and study population selected, the prevalence is
about 7-30 % [129, 130]. Most cases of nonresponsive CD are related to continuing
ingestion of gluten either deliberately or inadvertently, and this should be checked
by a skilled dietitian [131]. Serological tests and repeat small bowel biopsies will
help in the assessment. Having confirmed the index diagnosis of CD is correct and
established adherence to a gluten-free diet, other causes of deterioration need
excluding. These include conditions associated with CD such as overt intestinal
lymphoma, pancreatic insufficiency, small bowel bacterial overgrowth, microscopic
colitis, irritable bowel syndrome, inflammatory bowel disease, lactose intolerance,
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and thyroid dysfunction [129, 130]. Some of these are mentioned in this review and
amenable to treatment. There are a few rare conditions with villous atrophy not
related to CD such as common variable immunodeficiency and autoimmune
enteropathy.

Patients are described as having refractory CD (RCD) when symptoms and vil-
lous atrophy persist (primary) or recur (secondary) despite adherence to a strict
gluten-free diet and when other causes of nonresponse have been excluded. RCD
can be subdivided in types 1 and 2 [132]. In three recent European series, RCD 2
forms 54 % [133], 28 % [134], and 75 % [135] of the total group. These different
frequencies might represent differences in patient selection and methods used to
determine the type.

Type 1 has a phenotypically normal T-cell population on duodenal histology and
carries a good prognosis. Steroids and azathioprine are effective and the 5-year
survival is over 90 %. In type 2 RCD there is an aberrant intraepithelial T-cell popu-
lation that carries intracytoplasmic but not surface CD3, usually lacks CD8, and has
clonal rearrangements of the T-cell receptor-y gene. It thus resembles a low-grade
lymphoma. Prognosis for those with type 2 RCD is poor, with no satisfactory treat-
ments [136]. Transition to EATL is common [132—135]. The 5-year survival in type
1 was 96 % but in type 2 was 58 %, falling to 8 % in 26 (52 %) patients who devel-
oped EATL [133]. EATL can arise directly from aberrant intraepithelial T-cell lym-
phocytes or after passing through a stage of refractory CD that manifests as chronic
ulcerative jejunoileitis.

The prevalence of RCD is unknown. High figures from specialist referral centers
are unrepresentative of the diagnosis at large. Recently more representative data
have been provided. Of 528 patients with CD actually diagnosed at an American
referral center, only 8 (1.5 %) had RCD and of these 8, 5 (0.9 %) had type 1 RCD, 2
(0.4 %) had type 2 RCD, and in one the status was unknown [137]. Among 204
celiacs residing in Olmsted County, Minnesota, USA, identified over a 56-year
period, only two developed type 1 RCD and one type 2 RCD [138]. These results
accord with those from our center which show that only 5 (0.7 %) of 713 non-
referred patients with CD had type 2 RCD. These results indicate that RCD is rare.
It has been speculated that RCD might be more common and more severe in Europe
than the USA, but only studies using agreed diagnostic criteria will clarify this [139].

For clinicians the challenge is to identify these entities and distinguish them from
poor adherence to a gluten-free diet. Recent weight loss is a predictor of RCD [130],
and severe malnutrition, malabsorption, and hypoalbuminemia are typical present-
ing features [140]. Tests that can be carried out include endoscopy and enteroscopy
to assess the small bowel mucosa and biopsy suspicious areas and imaging tech-
niques such as barium follow-through, MRI, CT, PET, and capsule endoscopy to
look for bowel ulcerations, lymphoma, and other malignancy. The phenotype of
intraepithelial lymphocytes in the small intestinal mucosa should be determined by
immunohistochemistry and/or flow cytometry and clonal T-cell receptor rearrange-
ments assessed [135, 138, 139, 141].
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Metabolic Bone Disease and Fracture

Meta-analysis of published studies suggests that there is a modest increase in the
risk of fracture in CD (any fracture relative risk 1.38 [95 % CI 1.14-1.68]) [142].
Although osteoporosis is just one of many factors predisposing to fracture, it is
appreciated that the risk of sustaining an osteoporotic fracture doubles with each
standard deviation decrease in bone mineral density (BMD) [143]. For example, a
50-year-old woman with T-score —2 at the femoral neck has 9.2 % 10-year proba-
bility of sustaining a hip, vertebral, or wrist fracture in comparison to the 5.9 %
probability in a woman of the same age with T-score —1. Though osteoporosis can
be reliably assessed by measurement of BMD using noninvasive dual-energy X-ray
absorptiometry (DEXA), the real issue is identifying which celiacs are at particular
risk of reduced BMD and thus rationalizing referrals for DEXA screening. Meta-
analysis of published studies suggests there is a moderate reduction of BMD in
untreated CD with weighted mean T-scores at the lumbar spine and hip of —1.7 and
—1.4 (osteopenia defined as T-score —1 to —2.4) [142]. Observational studies have
suggested that a gluten-free diet improves BMD in people with symptomatic CD.
For example, Valdimarsson observed a median 3 % (interquartile range 1-7)
increase in BMD at the lumbar spine in 62 celiacs following 12 months treatment
with a gluten-free diet [144], whereas McFarlane observed a 6.6 % [95 % CI 3.1—
10.1] absolute increase in the lumbar spine over an identical time period of treat-
ment in 21 celiacs [145]. A systematic review of those risk factors for fracture in
the general population which are probably related to a low BMD identified high
risk factors (relative risk or odds ratio of >2.0) such as age over 70 years, previous
osteoporotic fracture, weight loss greater than 10 %, and low body weight as
reflected by body mass index (<20 kg/m? or weight <40 kg) [146]. DEXA screen-
ing for osteoporosis should therefore be offered to untreated celiacs with these
features, to those celiacs with persisting symptoms despite adherence with at least
a year’s treatment with a gluten-free diet, and those celiacs with poor adherence to
a gluten-free diet [142].

Studies observing prevalence of osteomalacia in newly diagnosed CD involved
patients that had particular reasons for measuring different elements of bone profile
so are likely to be limited by ascertainment. Elevated alkaline phosphatase is a use-
ful biochemical test to screen for osteomalacia in celiacs as it is in the general popu-
lation [63, 147, 148]. Elevated alkaline phosphatase is also independently associated
with clinical features of malabsorption in adults newly diagnosed with CD [63].
The observed reduction in alkaline phosphatase with treatment of CD [144, 149,
150] supports the importance of gluten withdrawal to help treat any underlying
osteomalacia [144, 149, 150]. Normalization of an isolated elevated alkaline phos-
phatase with treatment of CD may also remove the need for further invasive inves-
tigations such as a bone biopsy.
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Neurological and Psychiatric Disorders

The true prevalence of these complications of CD is unknown because of variable
definitions of the disorders that have been used and that results have often been
based on small groups of patients from specialist referral centers which skews the
figures [151]. Furthermore, it is not certain which results, if any, are specific for CD.
In a large population-based study from Sweden using the In-Patient Registry exam-
ining the risk of neurological disease in 14,000 celiacs and 70,000 age- and sex-
matched controls, celiacs were only at increased risk of polyneuropathy (HR 3.4
[95 % CI 2.3-5.1]) [152]. However, even here, ascertainment bias probably influ-
enced the results because the cohort was assembled on the basis of admitted patients.
Retrospective data from the celiac clinic in Derby, United Kingdom, which is not a
referral center, found 160 neurological and 103 psychiatric problems among 620
patients (some had more than one disorder) [153]. The most common three condi-
tions were depression, epilepsy, and migraine.

Depression

It might be expected that those with a chronic debilitating condition, especially if
the diagnosis is delayed and the treatment is a restrictive diet that limits social inter-
action [154], will lead to depression. Depression in CD can be severe to the point
where patients may attempt and succeed in suicide [7, 155]. However, whether
depression is more common among celiac patients is disputed, with some finding a
positive association and some not. Most investigations have included only small
numbers of patients, but a large population-based cohort study from Sweden using
the In-Patient Registry observed an increased risk of depression after the diagnosis
of CD was made (HR 1.8 [95 % CI 1.6-2.2]) [156]. Those with a history of prior
depression were at increased risk of a subsequent diagnosis of CD (OR 2.3 [95 %
CI 2.0-2.81]), and it was suggested that this may be due to screening for CD among
those with mood disorders. An American study of 600 patients with CD, 200 with
irritable bowel syndrome, and 200 healthy controls found the prevalence of depres-
sion similar in all three groups at 17.2 %, 18.5 %, and 16 %, respectively [157].
A significant increase in depression in celiac patients with coexistent type 1 diabetes
was found at 37 %, compared to 16 % with CD alone. It appears that having two
chronic diseases is sufficient to tip the balance in favor of depression. However,
even these large studies had methodological problems. For example, in the American
investigation, psychiatric records could not be accessed, while in the Swedish one,
celiac patients with mood disorders were identified through a hospital-based regis-
ter, raising the possibility that these were more severely affected than average
patients. A recent meta-analysis has shown that depression is more common in CD
than in healthy adults but anxiety levels are similar [158]. Patients with CD are
prone to sleep disorders that are related to depression, anxiety, and fatigue [159].
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A gluten-free diet improves depression and anxiety in some but not all cases
[158, 160, 161]. Vitamin B supplementation as well as a gluten-free diet is recom-
mended to improve mood [162]. Impaired availability of tryptophan may be impor-
tant in depressive and behavioral disorders in CD [160].

Epilepsy

Whether patients with CD have an increased risk of epilepsy is still not clear,
because some studies have shown an association [163] and others have not [164,
165]. The association, even if it exists, is likely to be weak. A combination of CD,
bilateral occipital calcifications, and epilepsy has been reported mainly from Italy
[166]. In some of these patients, a gluten-free diet may control the seizures [166,
167]. A link between gluten sensitivity and temporal lobe epilepsy with hippocam-
pal sclerosis has been shown [168].

Migraine

Migraine may occur in CD and improve or is cured by a gluten-free diet [169, 170].

Other Neurological Conditions

Many other conditions are encountered in patients with CD but only rarely even in
large celiac clinics [153]. These include spinocerebellar and cerebellar disorders,
peripheral neuropathy, myelopathy, brainstem encephalitis, and chronic progres-
sive leukoencephalopathy. Whether there is a link between schizophrenia and CD
has been debated over the last 50 years. Two more recent surveys found an
increased risk [171] and no risk [172], so this issue remains controversial.
Dementia and cognitive impairment occur in CD [173, 174], but only 13 patients
with the onset of cognitive decline within 2 years of the symptomatic onset or a
severe exacerbation of CD could be identified over a 35-year period from the
Mayo Clinic (MN, USA) [175]. Although in some patients cognitive decline and
gastrointestinal symptoms occurred simultaneously and a gluten-free diet halted
or improved cognitive impairment, the strength of this association merits further
study. There is no firm link between autism and CD. The association between CD
and multiple sclerosis has not been convincingly demonstrated, but a recent study
of 72 cases found CD to be present in eight although only mild abnormalities were
present in the duodenal mucosa [176]. Gluten-free diet may stabilize those with
sensory ganglionopathy [177].
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It has to be concluded that a neurological or psychiatric disorder specific for CD
has not been identified. Most are likely to be chance associations, apart from per-
haps some forms of epilepsy and neuropathy.

Malabsorption does not satisfactorily explain how these disorders arise because
vitamin supplementation is rarely helpful and hypovitaminosis is not always pres-
ent. Moreover, no neurological abnormalities may occur in the presence of severe
vitamin deficiency. While heredity, infection, toxins, altered immunity, vasculitis,
and a direct neurotoxic effect of gluten have been implicated in causing these, there
is still much to be unraveled.

The effect of a gluten-free diet in these patients ranges from reversal of dysfunc-
tion, as seen in some patients with epilepsy and cerebral calcifications, to stabiliza-
tion of the illness, as may occur in cognitive decline, to making little or no difference.
Vitamin deficiencies should be corrected, and this may benefit some patients with
cerebellar ataxia (vitamin E) and depression (pyridoxine). Steroids and immuno-
suppression in general are of no value.

Gluten Ataxia and Neuropathy

In 1996 gluten sensitivity was reported in patients with neurological disorders of
unknown cause based on the presence of serum antigliadin antibodies; the majority
of patients had ataxia or peripheral neuropathy [178]. The terms gluten ataxia and
gluten neuropathy were coined to describe these entities. Duodenal biopsy showed
CD to be present in only one third of patients [179, 180]. Supporting evidence for
gluten ataxia continues to accumulate, such as the association with HLA-DQ2 and
DQS, the presence of circulating Purkinje cell antibodies, and the presence of anti-
tissue transglutaminase antibody in the gut and brain [180]. In addition, 60 % of
patients have evidence of cerebellar atrophy on MRI scanning [180]. Proton MR
spectroscopy may be abnormal indicating atrophy or abnormal cerebellar function
not necessarily associated with cell death [181]. Of importance is the observation
that these conditions may be improved by gluten-free diet [180].

The reason why some patients develop neurological problems could revolve
around a newly identified tissue transglutaminase, transglutaminase 6 [182]. This
work extends the concept of gluten sensitivity beyond the bowel (CD) and skin
(dermatitis herpetiformis) to involve the nervous system [183].

Reproductive Problems

Previous studies have raised concern about reduced fertility and increased adverse
pregnancy-related outcomes in women with CD [184]. Some authors have accepted
that infertility is a complication of CD [185-187]. Reported associations between
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CD and miscarriage have also added to the concern, though most of the studies have
used small, selected populations and have been limited in their ability to adjust for
potential confounders [184, 188—193]. However, a population-based cohort study
using the General Practice Research Database observed that although rates of mis-
carriage were significantly higher in women with CD in comparison to the general
population (rate ratio 1.31 [95 % CI 1.06—-1.61]), there was no difference in risk of
stillbirth, nor was there any difference in fertility rates in women with CD (n=1,521)
compared to general population controls (fertility rate ratio 1.01 [95 % CI 0.90-
1.14]) [194]. Age-specific rates showed that female celiacs had lower fertility when
younger but higher fertility when older when compared to general population con-
trols [194]. Fertility rate ratios of incident and prevalent female celiacs were similar
to the overall analysis, and there was no difference between the prevalent and inci-
dent groups [194]. It was speculated that together with the increase in cesarean
section risk among celiacs, the age shift in fertility could be reflective of socioeco-
nomic advantages in women with CD [194]. A recent population-based cohort
study based on 7,416 female celiacs provided further evidence that female celiacs
have no difference in fertility in comparison to general population controls [195].
Others have also found that overall there is no association between CD and fertility
[196, 197]. There was also no difference in the proportion of celiacs with one or
more live births (87.8 % vs. 87.6 %; p-value = 0.82) or the number of stillbirths
(19.05 stillbirths reported per 1,000 total number of reported live births and still-
births) compared with the general population [198]. Women with untreated CD are
at greater risk of delivering small babies than those without CD [198].

Hyposplenism

Since splenic macrophages have a major role in phagocytosing bacteria and the
spleen is the principal producer of antibodies, hyposplenic (functional or anatomic)
persons have an increased susceptibility to serious infections caused by encapsu-
lated bacteria and other pathogens such as pneumococcal septicemia [199, 200].
Hyposplenism, which may be a complication of chronic folate deficiency, the result
of excessive loss of lymphocytes through the damaged gastrointestinal tract or
related to the mucosal lesion [201], is a well-documented complication of CD in
historical case series [202-213]. Hyposplenism appears to be much less common in
children with CD [203, 208, 209, 212] with duration of exposure to gluten, a signifi-
cant factor for the prevalence and severity of the hyposplenism [204]. Adherence to
a gluten-free diet was associated with a decrease in pitted red cells suggesting
hyposplenism may be reversible [202], but this observation is not supported by
other investigators [213]. Higher pitted red cell counts were also observed in those
with more severe duodenal histology [209] or with complicated CD such as jejuno-
ileitis [206].
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Risk of Infection in Celiac Disease

Using the Swedish In-Patient Registry linked to death registration data, a population-
based cohort study observed people with CD (n=10,032) had a sevenfold increased
risk of death from septicemia (SMR 7.1 [95 % CI 1.9-18.2]) and threefold increased
risk of death from infection (SMR 2.9 [95 % CI 1.5-3.0]) and pneumonia (SMR 2.9
[95 % CI 2.1-3.8]) in comparison to general population controls [73]. Using the
same In-Patient Registry, a recent population-based cohort study observed people
with CD (n=15,325) had a twofold increased risk of infection (HR 1.6 [95 % CI
1.2-1.9]) and a fourfold increased risk of pneumococcal infection (HR 2.5 [95 % CI
1.2-5.1]) [214]. However, no increased risk of infection from meningococcus was
observed. There was no difference in risk estimates for sepsis between celiacs diag-
nosed in childhood as opposed to in adulthood [214].

Although studies link overwhelming infection with hyposplenism in the general
population [199, 200] and that large population-based studies describe increased
risk of mortality and morbidity from infection in people with CD, the risk of infec-
tion in people with CD and hyposplenism is not known nor is the prevalence of
hyposplenism in contemporary CD. Since 1992, a 23-valent pneumococcal polysac-
charide vaccination (PPV) has been recommended in the United Kingdom by the
Department of Health as part of the national immunization program for individuals
at risk in the general population, including those with hyposplenia and CD. Despite
this recommendation to vaccinate celiacs against pneumococcus being reinforced
by primary care groups, recent primary care data suggests only the minority of
British celiacs have received pneumococcal vaccination [215]. Annual influenza
vaccination is also appropriate as this reduces the frequency of secondary bacterial
infection.

Inflammatory Bowel Disease

Ulcerative colitis and Crohn’s disease affect patients with CD, but the strength of the
association is disputed. Among a group of 455 cases, ulcerative colitis affected five
(prevalence ratio 3.56 [95 % CI 1.48-8.56]) and Crohn’s disease, five (8.49 [95 %
CI 3.53-20.42]) [216]. The prevalence of inflammatory bowel disease comprising
five patients with ulcerative colitis and five with lymphocytic colitis was ten times
higher in the celiac group (10 of 305; 3.3 %) than in the control group (2 of 601;
0.33 %) [217]. If only ulcerative colitis were considered, the result still remained
higher (OR 4.99 [95 % CI 1.0-25.9]). The prevalence of CD in inflammatory bowel
disease did not differ from the control group. No cases of Crohn’s disease were
identified among the celiac patients and in 90 % of instances CD was diagnosed
first. A multicenter study found no increased risk of CD in inflammatory bowel
disease but when an association does occur ulcerative colitis is more common than
Crohn’s disease [218]. Microscopic colitis is more common in CD with a prevalence
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in one series of 44 out of 1,009 patients (4.3 %) [219]. The results of such studies
are affected by referral bias, the different study populations, and criteria for diagnos-
ing the conditions. While the links may be nonexistent or weak, these additional
diagnoses need to be considered in patients with CD who do not show the expected
responses to a gluten-free diet or unaccountably deteriorate, particularly with regard
to bowel disturbance because specific treatments will be required to restore good
health.

Other Gastrointestinal Disorders

Symptoms such as abdominal bloating, diarrhea, and constipation are common to
the irritable bowel syndrome and CD, so the two conditions are easily confused. A
meta-analysis of five case—control studies employing biopsy diagnosis of CD found
a fourfold increase among patients with irritable bowel syndrome meeting the Rome
II criteria (34 of 952) compared with controls (12 of 1,798) (OR 4.34 [95 % CI
1.78-10.6]) [220]. This supports a search for CD among irritable bowel patients
who may be benefited by a gluten-free diet. However, this strategy has been chal-
lenged by a recent American study that found a similar prevalence of CD in non-
constipated irritable bowel syndrome compared to controls [221]. On the evidence
some will choose to screen all patients or be more selective, targeting those where
the diagnosis of CD seems likely (e.g., those with a family history of CD, anemia,
osteoporosis, or a linked associated disease such as diabetes) [221]. The incidence
of eosinophilic esophagitis appears to be increased in CD [222]. Intussusception
affects adults with CD and may occur at the site of an adenocarcinoma of the small
bowel [223]. Children may also be affected [224].

CD is associated with an increased risk of pancreatitis as shown by studies using
the Swedish In-Patient Registry. The risk of any pancreatitis developing within 5
years of the diagnosis of CD is almost threefold (HR 2.76 [95 % CI 2.36-3.22])
[225]. CD and noncirrhotic intrahepatic hypertension may occur together but the
reasons are unknown [59].

Enamel defects and recurrent aphthous ulcers are observed in CD but prevalence
figures vary widely [226]. Enamel hypoplasia had the same frequency in celiac
patients and controls [226], but a higher prevalence in patients has been reported
[227, 228]. Conversely, CD was found to be more common in those with enamel
defects [229]. Recurrent aphthous ulcers occur more commonly in CD in some
series [226, 228], but not all [230]. CD occurs more commonly in those with aph-
thous ulcers than in the general population with a threefold increase although small
bowel histological changes may be mild [231]. A gluten-free diet may be curative
[232]. Clinicians need to be aware of these manifestations which include glossitis
and angular stomatitis and that they may be the only manifestation of CD. It is dif-
ficult to account for the differing prevalences of these conditions, but differences in
food consumption by the groups under study may be one explanation. Autoimmune
mechanisms may play a part, but not apparently, malabsorption [233].
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Pulmonary Disorders

Patients with CD in a nationwide cohort study from Sweden were found to be at a
small increased risk of chronic obstructive pulmonary disease before diagnosis of
CD (HR 1.22 [95 % CI 1.02-1.46]) which was also evident 5 years after diagnosis
(HR 1.17 [95 % CI 1.00-1.37]) [234]. Why this should be is not clear but may be
linked to malabsorption and malnutrition [234]. The risk of asthma is increased in
CD (HR 1.61 [95 % CI 1.50-1.72]) and persists 5 years after the celiac diagnosis
[235]. The risk is also evident before the diagnosis of CD. Shared genetics may play
a part in this association. Diffuse lung disease occurs in CD including fibrosing
alveolitis, bird fancier’s lung, and farmer’s lung, but the strength of these associa-
tions is not clear.

Miscellaneous Disorders

In a Scandinavian cohort of patients with cystic fibrosis, the prevalence of CD was
three times greater (1.2 %, 1:83) than the general prevalence of CD in Norway and
Sweden [236]. A study from Poland also found an increased prevalence of cystic
fibrosis compared to healthy controls [237]. Both these studies can be criticized: the
first on the grounds that the prevalence figures for CD in the general population
were low and the second that screened school children were used to make the com-
parison. Patients with biopsy-verified CD have a twofold risk of tuberculosis (HR
2.0 [95 % CI 1.3-3.0]), and there is also an increased risk before the diagnosis of
CD [238]. Ascertainment bias was evident because the risk of tuberculosis was
highest in the first year of follow-up. Children with CD were not at increased risk,
and the risk disappeared 5 years after the diagnosis of CD. The number of patients
developing tuberculosis was low. Vitamin D deficiency might explain this associa-
tion [238]. An increased risk of venous thromboembolism among adult celiac
patients may occur [239]. However, no overall risk was found in a Danish study (OR
1.0 [95 % CI 0.8—1.4]) which corrected for risk factors such as medications and
several comorbidities [240]. An increased risk of developing urinary stones has
been found in CD before and after the celiac diagnosis [241]. When the first year of
follow-up was excluded, the HR was 1.25 [95 % CI 1.10-1.43]. Hyperoxaluria has
been proposed as a causative factor and a gluten-free diet may be beneficial [242].
A threefold increased risk of end-stage renal disease has been found in CD (HR 2.87
[95 % CI 2.22-3.71]), although the underlying mechanism is unknown [243]. The
risk persists after 5 years of follow-up. Endometriosis may be associated with prior
CD possibly due to ongoing inflammation, persisting for more than 5 years after the
celiac diagnosis (HR 1.33 [95 % CI 1.00-1.79]) [244]. CD has been linked to sar-
coid perhaps through common haplotypes [245-247].
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Genetic Disorders

The prevalence of CD is increased in some genetic disorders. Approximately 5 % of
children with Down syndrome were affected [248], while 6 of 63 children with
Williams syndrome had CD compared with 1 in 184 of the student population [249].
The prevalence in Turner syndrome is 5-8 % [250, 251]. Gastrointestinal symptoms
and short stature are often present in patients with these syndromes, and if associ-
ated CD is a contributing factor, they may benefit from a gluten-free diet. Screening
these groups is recommended [249, 251] and the determination of HLA-DQ2 and
HLA-DQS to exclude those who do not require screening because of the absence of
these markers of CD [248].

Dermatitis Herpetiformis

Dermatitis herpetiformis forms part of the same spectrum of gluten-enteropathy
disorders as CD [252]. Although most people with dermatitis herpetiformis have a
gluten-sensitive enteropathy, this is usually asymptomatic with primary manifesta-
tions usually cutaneous [253, 254]. Earlier hospital-based case series observed peo-
ple with dermatitis herpetiformis were at increased risk of mortality and malignancy
such as lymphoma in keeping with those observations in people with CD [111,
255-259]. However, these studies were limited, based on small numbers of patients
typically identified from a hospital specialist clinic and therefore unlikely to be
representative of dermatitis herpetiformis in the population. A recent, large
population-based study observed people with dermatitis herpetiformis were at no
excess risk of death (all-cause mortality hazard ratio 0.93 [95 % CI 0.70-1.23]),
malignancy (any malignancy hazard ratio 1.0 [95 % CI 0.73—1.49]), or indeed lym-
phoma (hazard ratio 1.6 [95 % CI 0.44, 6.06]) in comparison to the general popula-
tion [260]. No increase in risk of cancer in people with dermatitis herpetiformis was
also observed using data from the Swedish In-Patient Registry [3]. With no excess
fracture risk also observed in people with dermatitis herpetiformis (any fracture
hazard ratio 1.10 [95 % CI 0.77-1.52]) compared with the general population,
screening and surveillance of people with dermatitis herpetiformis for decreased
bone mineral density seems unwarranted [260].

Mortality in Undetected Celiac Disease

Recent general population screening studies have reported mortality in undetected
celiac disease. Though the prevalence of CD in these investigations is approxi-
mately 1 %, they are somewhat restricted by the small absolute numbers of celiac
serology-positive individuals with limited power. In a British population of adults
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aged 45 years or older and in an American population of adults aged 50 years or
older with undetected CD, no increase in mortality rate was observed [20, 85].
Including younger ages of celiacs, similar findings were observed in another British
cohort [16] and a Finnish screening study [18] of no excess risk. Using the Swedish
In-Patient Registry, adults with positive celiac serology, though normal duodenal
histology, had no increased mortality rates compared with the general population
[84]. In contrast, a screening study from Germany reported an increased age-
adjusted hazard ratio of 2.53 [95 % CI 1.50—4.25] compared with the general popu-
lation. With the 1.89 % prevalence of CD in men, concern was raised as to whether
there were false positive serological results such as due to liver disease in the cohort
[17]. An American study reported a fourfold increase in risk of death in undetected
CD though the cohort is unlikely to be representative of contemporary populations
with the serum samples taken from Air Force recruits in the 1950s [19].

Mortality in Diagnosed Celiac Disease

In an analysis of ten studies that have addressed mortality in diagnosed CD [261],
mortality rates varied from 1.26 in a Finnish report [111] to 3.8 in patients from
ITtaly with a diagnostic delay of 10 years or more after the onset of symptoms [82].
It is unsurprising to find different rates because of the different populations studied.
One investigation found the degree of compliance with a gluten-free diet correlates
with mortality as do the severity of the clinical presentation and the length of time
from onset of symptoms to the diagnosis of CD [82]. Most studies found that the
increased risk decreases over time after the celiac diagnosis, but in those diagnosed
in childhood, the increased risk may persist for 25 years or more [7]. A recent meta-
analysis showed an increased risk for all-cause mortality in CD (OR 1.24 [95 % CI
1.19-1.30]) which, it was suggested, may be partly explained by an increased risk
of cardiovascular mortality [108]. In a study of 1,092 celiac patients from a single
center, all-cause mortality was increased (SMR 1.37 [95 % CI 1.19-2.13]) [83]. Of
interest, mortality had not materially altered over the follow-up period of this study,
which covered the pre-and post-serology era. Most excess deaths were from malig-
nancy, digestive disease, and respiratory disease.

Conclusion

Diabetes mellitus was among the earliest disorders to be described in association
with CD. The first recorded case in a child appeared in 1925 [262], while the earliest
example in an adult was reported in 1956 [263]. Since these early descriptions, the
number of recognized comorbidities has mushroomed as evident from this review.
It is incumbent on those who care for celiac patients to be aware of these associa-
tions so that patients receive optimum management.



15 Morbidity and Mortality Associated with Celiac Disease 231

References

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

. West J, Logan RF, Hill PG, Lloyd A, Lewis S, Hubbard R, et al. Seroprevalence, correlates,

and characteristics of undetected coeliac disease in England. Gut. 2003;52(7):960-5.

. Logan RF, Rifkind EA, Turner ID, Ferguson A. Mortality in CD. Gastroenterology.

1989;97(2):265-71.

. Askling J, Linet M, Gridley G, Halstensen TS, Ekstrom K, Ekbom A. Cancer incidence in a

population-based cohort of individuals hospitalized with CD or dermatitis herpetiformis.
Gastroenterology. 2002;123(5):1428-35.

. WestJ, Logan RF, Smith CJ, Hubbard RB, Card TR. Malignancy and mortality in people with

coeliac disease: population based cohort study. BMJ. 2004;329(7468):716-9.

. Card TR, West J, Holmes GK. Risk of malignancy in diagnosed coeliac disease: a 24-year

prospective, population-based, cohort study. Aliment Pharmacol Ther. 2004;20(7):769-75.

. Silano M, Volta U, Mecchia AM, Dessi M, Di Benedetto R, De Vincenzi M. Delayed diagno-

sis of coeliac disease increases cancer risk. BMC Gastroenterol. 2007;7:8.

. Solaymani-Dodaran M, West J, Logan RF. Long-term mortality in people with CD diagnosed

in childhood compared with adulthood: a population-based cohort study. Am J Gastroenterol.
2007;102(4):864-70.

. Ludvigsson JF, West J, Ekbom A, Stephansson O. Reduced risk of breast, endometrial and

ovarian cancer in women with CD. Int J Cancer. 2012;131(3):E244-50.

. Lewis NR, Sanders DS, Logan RF, Fleming KM, Hubbard RB, West J. Cholesterol profile in

people with newly diagnosed coeliac disease: a comparison with the general population and
changes following treatment. Br J Nutr. 2009;102(4):509-13.

Lewis NR, Scott BB. Systematic review: the use of serology to exclude or diagnose coeliac
disease (a comparison of the endomysial and tissue transglutaminase antibody tests). Aliment
Pharmacol Ther. 2006;24(1):47-54.

Lewis NR, Scott BB. Meta-analysis: deamidated gliadin peptide antibody and tissue transglu-
taminase antibody compared as screening tests for coeliac disease. Aliment Pharmacol Ther.
2010;31(1):73-81.

Holmes GKT. To determine the incidence and prevalence of adult coeliac disease in Derby
City. Gut 2009;58(Suppl 2):A409.

Hurley 1J, Lee B, Turner JK, Beale A, Jenkins HR, Swift GL. Incidence and presentation of
reported coeliac disease in Cardiff and the Vale of Glamorgan: the next 10 years. Eur J
Gastroenterol Hepatol. 2012;24(5):482-6.

Lohi S, Mustalahti K, Kaukinen K, Laurila K, Collin P, Rissanen H, et al. Increasing preva-
lence of coeliac disease over time. Aliment Pharmacol Ther. 2007;26(9):1217-25.

Collin P, Huhtala H, Virta L, Kekkonen L, Reunala T. Diagnosis of CD in clinical practice:
physician’s alertness to the condition essential. J Clin Gastroenterol. 2007;41(2):152—-6.
Johnston SD, Watson RG, McMillan SA, Sloan J, Love AH. Coeliac disease detected by
screening is not silent—simply unrecognized. QIM. 1998;91(12):853-60.

Metzger MH, Heier M, Maki M, Bravi E, Schneider A, Lowel H, et al. Mortality excess in
individuals with elevated IgA anti-transglutaminase antibodies: the KORA/MONICA
Augsburg cohort study 1989-1998. Eur J Epidemiol. 2006;21(5):359-65.

Lohi S, Maki M, Rissanen H, Knekt P, Reunanen A, Kaukinen K. Prognosis of unrecognized
coeliac disease as regards mortality: a population-based cohort study. Ann Med.
2009;41(7):508-15.

Rubio-Tapia A, Kyle RA, Kaplan EL, Johnson DR, Page W, Erdtmann F, et al. Increased
prevalence and mortality in undiagnosed CD. Gastroenterology. 2009;137(1):88-93.
Godfrey JD, Brantner TL, Brinjikji W, Christensen KN, Brogan DL, Van Dyke CT, et al.
Morbidity and mortality among older individuals with undiagnosed CD. Gastroenterology.
2010;139(3):763-9.

Feighery C. Fortnightly review: coeliac disease. BMJ. 1999;319(7204):236-9.

Sollid LM. Molecular basis of CD. Annu Rev Immunol. 2000;18:53-81.



232

23

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

N.R. Lewis and G.K.T. Holmes

. Sollid LM, Jabri B. CD and transglutaminase 2: a model for posttranslational modification of
antigens and HLA association in the pathogenesis of autoimmune disorders. Curr Opin
Immunol. 2011;23(6):732-8.

Qiao SW, Iversen R, Raki M, Sollid LM. The adaptive immune response in CD. Semin
Immunopathol. 2012;34(4):523-40.

Korponay-Szabo IR, Halttunen T, Szalai Z, Laurila K, Kiraly R, Kovacs JB, et al. In vivo
targeting of intestinal and extraintestinal transglutaminase 2 by coeliac autoantibodies. Gut.
2004;53(5):641-8.

Naiyer AJ, Shah J, Hernandez L, Kim SY, Ciaccio EJ, Cheng J, et al. Tissue transglutaminase
antibodies in individuals with CD bind to thyroid follicles and extracellular matrix and may
contribute to thyroid dysfunction. Thyroid. 2008;18(11):1171-8.

van Elburg RM, Uil JJ, Mulder CJ, Heymans HS. Intestinal permeability in patients with
coeliac disease and relatives of patients with coeliac disease. Gut. 1993;34(3):354-7.
Trynka G, Wijmenga C, van Heel DA. A genetic perspective on coeliac disease. Trends Mol
Med. 2010;16(11):537-50.

Zhernakova A, van Diemen CC, Wijmenga C. Detecting shared pathogenesis from the shared
genetics of immune-related diseases. Nat Rev Genet. 2009;10(1):43-55.

Xavier RJ, Rioux JD. Genome-wide association studies: a new window into immune-
mediated diseases. Nat Rev Immunol. 2008;8(8):631-43.

Fernando MM, Stevens CR, Walsh EC, De Jager PL, Goyette P, Plenge RM, et al. Defining
the role of the MHC in autoimmunity: a review and pooled analysis. PLoS Genet.
2008;4(4):e1000024.

Zhong F, McCombs CC, Olson JM, Elston RC, Stevens FM, McCarthy CF, et al. An autoso-
mal screen for genes that predispose to CD in the western counties of Ireland. Nat Genet.
1996;14(3):329-33.

Osman AA, Gunnel T, Dietl A, Uhlig HH, Amin M, Fleckenstein B, et al. B cell epitopes of
gliadin. Clin Exp Immunol. 2000;121(2):248-54.

Girbal-Neuhauser E, Durieux JJ, Arnaud M, Dalbon P, Sebbag M, Vincent C, et al. The epit-
opes targeted by the rheumatoid arthritis-associated antifilaggrin autoantibodies are post-
translationally generated on various sites of (pro)filaggrin by deimination of arginine residues.
J Immunol. 1999;162(1):585-94.

Schellekens GA, de Jong BA, van den Hoogen FH, van de Putte LB, van Venrooij W1J.
Citrulline is an essential constituent of antigenic determinants recognized by rheumatoid
arthritis-specific autoantibodies. J Clin Invest. 1998;101(1):273-81.

Dunne JL, Overbergh L, Purcell AW, Mathieu C. Posttranslational modifications of proteins
in type 1 diabetes: the next step in finding the cure? Diabetes. 2012;61(8):1907-14.
Ashton-Key M, Diss TC, Pan L, Du MQ, Isaacson PG. Molecular analysis of T-cell clonality
in ulcerative jejunitis and enteropathy-associated T-cell lymphoma. Am J Pathol.
1997;151(2):493-8.

Holmes GK. Coeliac disease and Type 1 diabetes mellitus - the case for screening. Diabet
Med. 2001;18(3):169-77.

Holmes GK. Screening for coeliac disease in type 1 diabetes. Arch Dis Child.
2002;87(6):495-8.

Hansen D, Brock-Jacobsen B, Lund E, Bjorn C, Hansen LP, Nielsen C, et al. Clinical benefit
of a gluten-free diet in type 1 diabetic children with screening-detected CD: a population-
based screening study with 2 years’ follow-up. Diabetes Care. 2006;29(11):2452-6.

Larsson K, Carlsson A, Cederwall E, Jonsson B, Neiderud J, Lernmark A, et al. Annual
screening detects CD in children with type 1 diabetes. Pediatr Diabetes. 2008;9(4 Pt
2):354-9.

Ludvigsson JF, Ludvigsson J, Ekbom A, Montgomery SM. CD and risk of subsequent type 1
diabetes: a general population cohort study of children and adolescents. Diabetes Care.
2006;29(11):2483-8.

Smyth DJ, Plagnol V, Walker NM, Cooper JD, Downes K, Yang JH, et al. Shared and distinct
genetic variants in type 1 diabetes and CD. N Engl J Med. 2008;359(26):2767-77.



15

44.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Morbidity and Mortality Associated with Celiac Disease 233

Maglio M, Florian F, Vecchiet M, Auricchio R, Paparo F, Spadaro R, et al. Majority of chil-
dren with type 1 diabetes produce and deposit anti-tissue transglutaminase antibodies in the
small intestine. Diabetes. 2009;58(7):1578-84.

Narula P, Porter L, Langton J, Rao V, Davies P, Cummins C, et al. Gastrointestinal symptoms
in children with type 1 diabetes screened for CD. Pediatrics. 2009;124(3):e489-95.

Taler I, Phillip M, Lebenthal Y, de Vries L, Shamir R, Shalitin S. Growth and metabolic con-
trol in patients with type 1 diabetes and CD: a longitudinal observational case-control study.
Pediatr Diabetes. 2012;13(8):597-606.

Mollazadegan K, Kugelberg M, Montgomery SM, Sanders DS, Ludvigsson J, Ludvigsson JF.
A population-based study of the risk of diabetic retinopathy in patients with type 1 diabetes
and CD. Diabetes Care. 2012;36(2):316-21.

Pitocco D, Giubilato S, Martini F, Zaccardi F, Pazzano V, Manto A, et al. Combined athero-
genic effects of CD and type 1 diabetes mellitus. Atherosclerosis. 2011;217(2):531-5.

Goh C, Banerjee K. Prevalence of coeliac disease in children and adolescents with type 1
diabetes mellitus in a clinic based population. Postgrad Med J. 2007;83(976):132-6.
Frohlich-Reiterer EE, Hofer S, Kaspers S, Herbst A, Kordonouri O, Schwarz HP, et al.
Screening frequency for CD and autoimmune thyroiditis in children and adolescents with
type 1 diabetes mellitus—data from a German/Austrian multicenter survey. Pediatr Diabetes.
2008;9(6):546-53.

Narula P, Porter L, Langton J, Rao V, Davies P, Cummins C, et al. Gastrointestinal symptoms
in children with type 1 diabetes screened for CD. Pediatrics. 2009;124(3):e489-95.

Taler I, Phillip M, Lebenthal Y, de Vries L, Shamir R, Shalitin S. Growth and metabolic con-
trol in patients with type 1 diabetes and CD: a longitudinal observational case-control study.
Pediatr Diabetes. 2012;13(8):597-606.

Hadithi M, de Boer H, Meijer JW, Willekens F, Kerckhaert JA, Heijmans R, et al. Coeliac
disease in Dutch patients with Hashimoto’s thyroiditis and vice versa. World J Gastroenterol.
2007;13(11):1715-22.

Sategna-Guidetti C, Volta U, Ciacci C, Usai P, Carlino A, De Franceschi L, et al. Prevalence
of thyroid disorders in untreated adult CD patients and effect of gluten withdrawal: an Italian
multicenter study. Am J Gastroenterol. 2001;96(3):751-7.

Elfstrom P, Montgomery SM, Kampe O, Ekbom A, Ludvigsson JF. Risk of thyroid disease in
individuals with CD. J Clin Endocrinol Metab. 2008;93(10):3915-21.

Meloni A, Mandas C, Jores RD, Congia M. Prevalence of autoimmune thyroiditis in children
with CD and effect of gluten withdrawal. J Pediatr. 2009;155(1):51-5, 55 el.

Sari S, Yesilkaya E, Egritas O, Bideci A, Dalgic B. Prevalence of CD in Turkish children with
autoimmune thyroiditis. Dig Dis Sci. 2009;54(4):830-2.

Collins D, Wilcox R, Nathan M, Zubarik R. CD and hypothyroidism. Am J Med.
2012;125(3):278-82.

Eapen CE, Nightingale P, Hubscher SG, Lane PJ, Plant T, Velissaris D, et al. Non-cirrhotic
intrahepatic portal hypertension: associated gut diseases and prognostic factors. Dig Dis Sci.
2011;56(1):227-35.

Mounajjed T, Oxentenko A, Shmidt E, Smyrk T. The liver in CD: clinical manifestations,
histologic features, and response to gluten-free diet in 30 patients. Am J Clin Pathol.
2011;136(1):128-37.

Ludvigsson JF, Elfstrom P, Broome U, Ekbom A, Montgomery SM. CD and risk of liver
disease: a general population-based study. Clin Gastroenterol Hepatol. 2007;5(1):63-9 el.
Lawson A, West J, Aithal GP, Logan RF. Autoimmune cholestatic liver disease in people with
coeliac disease: a population-based study of their association. Aliment Pharmacol Ther.
2005;21(4):401-5.

Lewis NR, Sanders D, Teahon K, Logan RFA, Fleming KM, West J. Prevalence and conse-
quence of hypertransaminaseaemia in incident coeliac disease; how common is it and does it
matter? Gut. 2009;58(Suppl 1):A6.

Maggiore G, Caprai S. The liver in CD. J Pediatr Gastroenterol Nutr. 2003;37(2):117-9.



234

65

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

71.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

N.R. Lewis and G.K.T. Holmes

. Elfstrom P, Montgomery SM, Kampe O, Ekbom A, Ludvigsson JF. Risk of primary adrenal
insufficiency in patients with CD. J Clin Endocrinol Metab. 2007;92(9):3595-8.
Mollazadegan K, Kugelberg M, Tallstedt L, Ludvigsson JF. Increased risk of uveitis in coe-
liac disease: a nationwide cohort study. Br J Ophthalmol. 2012;96(6):857-61.

Olen O, Montgomery SM, Elinder G, Ekbom A, Ludvigsson JF. Increased risk of immune
thrombocytopenic purpura among inpatients with coeliac disease. Scand J Gastroenterol.
2008;43(4):416-22.

Birkenfeld S, Dreiher J, Weitzman D, Cohen AD. Coeliac disease associated with psoriasis.
Br J Dermatol. 2009;161(6):1331-4.

Ludvigsson JF, Lindelof B, Zingone F, Ciacci C. Psoriasis in a nationwide cohort study of
patients with CD. J Invest Dermatol. 2011;131(10):2010-6.

Ludvigsson JF, Rubio-Tapia A, Chowdhary V, Murray JA, Simard JF. Increased risk of sys-
temic lupus erythematosus in 29,000 patients with biopsy-verified CD. J Rheumatol.
2012;39(10):1964-70.

Ludvigsson JF, Kampe O, Lebwohl B, Green PH, Silverberg SJ, Ekbom A. Primary hyper-
parathyroidism and CD: a population-based cohort study. J Clin Endocrinol Metab.
2012;97(3):897-904.

Neuhausen SL, Steele L, Ryan S, Mousavi M, Pinto M, Osann KE, et al. Co-occurrence of
CD and other autoimmune diseases in celiacs and their first-degree relatives. J Autoimmun.
2008;31(2):160-5.

Peters U, Askling J, Gridley G, Ekbom A, Linet M. Causes of death in patients with CD in a
population-based Swedish cohort. Arch Intern Med. 2003;163(13):1566-72.

Patinen P, Aine L, Collin P, Hietanen J, Korpela M, Enckell G, et al. Oral findings in coeliac
disease and Sjogren’s syndrome. Oral Dis. 2004;10(6):330—4.

Kohler S, Wass JA. Hypoparathyroidism and coeliac disease: a potentially dangerous combi-
nation. J R Soc Med. 2009;102(8):311-4.

Collin P, Hakanen M, Salmi J, Maki M, Kaukinen K. Autoimmune hypopituitarism in patients
with coeliac disease: symptoms confusingly similar. Scand J Gastroenterol.
2001;36(5):558-60.

Song MS, Farber D, Bitton A, Jass J, Singer M, Karpati G. Dermatomyositis associated with
CD: response to a gluten-free diet. Can J Gastroenterol. 2006;20(6):433-5.

Gomez-Puerta JA, Gil V, Cervera R, Miquel R, Jimenez S, Ramos-Casals M, et al. Coeliac
disease associated with systemic sclerosis. Ann Rheum Dis. 2004;63(1):104-5.

Corazza GR, Andreani ML, Venturo N, Bernardi M, Tosti A, Gasbarrini G. CD and alopecia
areata: report of a new association. Gastroenterology. 1995;109(4):1333-7.

Freeman HJ, Gillett HR, Gillett PM, Oger J. Adult CD with acetylcholine receptor antibody
positive myasthenia gravis. World J Gastroenterol. 2009;15(38):4741-4.

Whorwell PJ, Alderson MR, Foster KJ, Wright R. Death from ischaemic heart-disease and
malignancy in adult patients with coeliac disease. Lancet. 1976;2(7977):113-4.

Corrao G, Corazza GR, Bagnardi V, Brusco G, Ciacci C, Cottone M, et al. Mortality in
patients with coeliac disease and their relatives: a cohort study. Lancet.
2001;358(9279):356-61.

Grainge MJ, West J, Card TR, Holmes GK. Causes of death in people with CD spanning the
pre- and post-serology era: a population-based cohort study from Derby, UK. Am J
Gastroenterol. 2011;106(5):933-9.

Ludvigsson JF, Montgomery SM, Ekbom A, Brandt L, Granath F. Small-intestinal histopa-
thology and mortality risk in CD. JAMA. 2009;302(11):1171-8.

Canavan C, Logan RF, Khaw KT, West J. No difference in mortality in undetected coeliac
disease compared with the general population: a UK cohort study. Aliment Pharmacol Ther.
2011;34(8):1012-9.

Ludvigsson JF, de Faire U, Ekbom A, Montgomery SM. Vascular disease in a population-
based cohort of individuals hospitalised with coeliac disease. Heart. 2007;93(9):1111-5.
Ludvigsson JF, James S, Askling J, Stenestrand U, Ingelsson E. Nationwide cohort study of
risk of ischemic heart disease in patients with CD. Circulation. 2011;123(5):483-90.



15

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

Morbidity and Mortality Associated with Celiac Disease 235

West J, Logan RF, Card TR, Smith C, Hubbard R. Risk of vascular disease in adults with
diagnosed coeliac disease: a population-based study. Aliment Pharmacol Ther.
2004;20(1):73-9.

Wei L, Spiers E, Reynolds N, Walsh S, Fahey T, MacDonald TM. The association between
coeliac disease and cardiovascular disease. Aliment Pharmacol Ther. 2008;27(6):514-9.
Austin AS, Logan RF, Thomason K, Holmes GK. Cigarette smoking and adult coeliac dis-
ease. Scand J Gastroenterol. 2002;37(8):978-82.

Patel AH, Loftus Jr EV, Murray JA, Harmsen WS, Zinsmeister AR, Sandborn WJ. Cigarette
smoking and celiac sprue: a case-control study. Am J Gastroenterol. 2001;96(8):2388-91.
Snook JA, Dwyer L, Lee-Elliott C, Khan S, Wheeler DW, Nicholas DS. Adult coeliac disease
and cigarette smoking. Gut. 1996;39(1):60-2.

Ludvigsson JF, Montgomery SM, Ekbom A. Smoking and CD: a population-based cohort
study. Clin Gastroenterol Hepatol. 2005;3(9):869-74.

Dickey W, Ward M, Whittle CR, Kelly MT, Pentieva K, Horigan G, et al. Homocysteine and
related B-vitamin status in coeliac disease: effects of gluten exclusion and histological recov-
ery. Scand J Gastroenterol. 2008;43(6):682-8.

Fonager K, Sorensen HT, Norgard B, Thulstrup AM. Cardiomyopathy in Danish patients
with coeliac disease. Lancet. 1999;354(9189):1561.

Elfstrom P, Hamsten A, Montgomery SM, Ekbom A, Ludvigsson JF. Cardiomyopathy, peri-
carditis and myocarditis in a population-based cohort of inpatients with coeliac disease. J
Intern Med. 2007;262(5):545-54.

Emilsson L, Andersson B, Elfstrom P, Green PH, Ludvigsson JF. Risk of idiopathic dilated
cardiomyopathy in 29,000 patients with CD. J] Am Heart Assoc. 2012;1(3):e001594.
Emilsson L, Smith JG, West J, Melander O, Ludvigsson JF. Increased risk of atrial fibrillation
in patients with coeliac disease: a nationwide cohort study. Eur Heart 1.
2011;32(19):2430-7.

Catassi C, Bearzi I, Holmes GK. Association of CD and intestinal lymphomas and other
cancers. Gastroenterology. 2005;128(4 Suppl 1):S79-86.

Catassi C, Fabiani E, Corrao G, Barbato M, De Renzo A, Carella AM, et al. Risk of non-
Hodgkin lymphoma in CD. JAMA. 2002;287(11):1413-9.

Smedby KE, Akerman M, Hildebrand H, Glimelius B, Ekbom A, Askling J. Malignant lym-
phomas in coeliac disease: evidence of increased risks for lymphoma types other than
enteropathy-type T cell lymphoma. Gut. 2005;54(1):54-9.

Mearin ML, Catassi C, Brousse N, Brand R, Collin P, Fabiani E, et al. European multi-center
study on coeliac disease and non-Hodgkin lymphoma. Eur J Gastroenterol Hepatol.
2006;18(2):187-94.

Anderson LA, McMillan SA, Watson RG, Monaghan P, Gavin AT, Fox C, et al. Malignancy
and mortality in a population-based cohort of patients with coeliac disease or “gluten sensi-
tivity”. World J Gastroenterol. 2007;13(1):146-51.

Goldacre MJ, Wotton CJ, Yeates D, Seagroatt V, Jewell D. Cancer in patients with ulcerative
colitis, Crohn’s disease and coeliac disease: record linkage study. Eur J Gastroenterol
Hepatol. 2008;20(4):297-304.

Gao 'Y, Kristinsson SY, Goldin LR, Bjorkholm M, Caporaso NE, Landgren O. Increased risk
for non-Hodgkin lymphoma in individuals with CD and a potential familial association.
Gastroenterology. 2009;136(1):91-8.

Elfstrom P, Granath F, Ekstrom Smedby K, Montgomery SM, Askling J, Ekbom A, et al. Risk
of lymphoproliferative malignancy in relation to small intestinal histopathology among
patients with CD. J Natl Cancer Inst. 2011;103(5):436—44.

Kane EV, Newton R, Roman E. Non-Hodgkin lymphoma and gluten-sensitive enteropathy:
estimate of risk using meta-analyses. Cancer Causes Control. 2011;22(10):1435-44.

Tio M, Cox MR, Eslick GD. Meta-analysis: coeliac disease and the risk of all-cause mortal-
ity, any malignancy and lymphoid malignancy. Aliment Pharmacol Ther. 2012;35(5):
540-51.



236

109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

N.R. Lewis and G.K.T. Holmes

Ludvigsson JF. Commentary: coeliac disease, mortality and malignancy. Aliment Pharmacol
Ther. 2012;35(7):839—-40. discussion 40-2.

Elfstrom P, Granath F, Ye W, Ludvigsson JF. Low risk of gastrointestinal cancer among
patients with CD, inflammation, or latent CD. Clin Gastroenterol Hepatol. 2012;10(1):30-6.
Viljamaa M, Kaukinen K, Pukkala E, Hervonen K, Reunala T, Collin P. Malignancies and
mortality in patients with coeliac disease and dermatitis herpetiformis: 30-year population-
based study. Dig Liver Dis. 2006;38(6):374-80.

Green PH, Fleischauer AT, Bhagat G, Goyal R, Jabri B, Neugut Al. Risk of malignancy in
patients with CD. Am J Med. 2003;115(3):191-5.

Lewis NR, Logan R, Sanders D, Holmes. G, West J. Reproductive and hormonal factors for
breast cancer among women with coeliac disease; a population-based questionnaire study.
Gut. 2009;58(Suppl 2):A413.

Michels KB, Ekbom A. Caloric restriction and incidence of breast cancer. JAMA.
2004;291(10):1226-30.

Swinson CM, Slavin G, Coles EC, Booth CC. Coeliac disease and malignancy. Lancet.
1983;1(8316):111-5.

Ludvigsson JF, West J, Hubbard R, Card T. Neutral risk of lung cancer in adults with CD -
nationwide cohort study. Lung Cancer. 2012;78(3):179-84.

Howdle PD, Jalal PK, Holmes GK, Houlston RS. Primary small-bowel malignancy in the UK
and its association with coeliac disease. QJIM. 2003;96(5):345-53.

Grainge MJ, West J, Solaymani-Dodaran M, Card TR, Logan RF. The long-term risk of
malignancy following a diagnosis of coeliac disease or dermatitis herpetiformis: a cohort
study. Aliment Pharmacol Ther. 2012;35(6):730-9.

Holmes GK, Prior P, Lane MR, Pope D, Allan RN. Malignancy in coeliac disease—effect of a
gluten-free diet. Gut. 1989;30(3):333-8.

Delabie J, Holte H, Vose JM, Ullrich F, Jaffe ES, Savage KJ, et al. Enteropathy-associated
T-cell lymphoma: clinical and histological findings from the international peripheral T-cell
lymphoma project. Blood. 2011;118(1):148-55.

Tse E, Gill H, Loong F, Kim SJ, Ng SB, Tang T, et al. Type II enteropathy-associated T-cell
lymphoma: a multicenter analysis from the Asia Lymphoma Study Group. Am J Hematol.
2012;87(7):663-8.

Deleeuw RIJ, Zettl A, Klinker E, Haralambieva E, Trottier M, Chari R, et al. Whole-genome
analysis and HLA genotyping of enteropathy-type T-cell lymphoma reveals 2 distinct lym-
phoma subtypes. Gastroenterology. 2007;132(5):1902-11.

Sieniawski M, Angamuthu N, Boyd K, Chasty R, Davies J, Forsyth P, et al. Evaluation of
enteropathy-associated T-cell lymphoma comparing standard therapies with a novel regimen
including autologous stem cell transplantation. Blood. 2010;115(18):3664—-70.
Halfdanarson TR, Rubio-Tapia A, Ristow KM, Habermann TM, Murray JA, Inwards DJ.
Patients with CD and B-cell lymphoma have a better prognosis than those with T-cell lym-
phoma. Clin Gastroenterol Hepatol. 2010;8(12):1042-7.

Landgren AM, Landgren O, Gridley G, Dores GM, Linet MS, Morton LM. Autoimmune
disease and subsequent risk of developing alimentary tract cancers among 4.5 million US
male veterans. Cancer. 2011;117(6):1163-71.

Volta U, Vincentini O, Silano M. Papillary cancer of thyroid in CD. J Clin Gastroenterol.
2011;45(5):e44-6.

Farre C, Domingo-Domenech E, Font R, Marques T, Fernandez de Sevilla A, Alvaro T, et al.
CD and lymphoma risk: a multicentric case—control study in Spain. Dig Dis Sci.
2004;49(3):408-12.

Lohi S, Maki M, Montonen J, Knekt P, Pukkala E, Reunanen A, et al. Malignancies in cases
with screening-identified evidence of coeliac disease: a long-term population-based cohort
study. Gut. 2009;58(5):643-7.

Fine KD, Meyer RL, Lee EL. The prevalence and causes of chronic diarrhea in patients with
celiac sprue treated with a gluten-free diet. Gastroenterology. 1997;112(6):1830-8.



15

130.

131.

132.

133.

134.

135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

149.

150.

Morbidity and Mortality Associated with Celiac Disease 237

Leffler DA, Dennis M, Hyett B, Kelly E, Schuppan D, Kelly CP. Etiologies and predictors of
diagnosis in nonresponsive CD. Clin Gastroenterol Hepatol. 2007;5(4):445-50.

Dickey W, Hughes DF, McMillan SA. Disappearance of endomysial antibodies in treated CD
does not indicate histological recovery. Am J Gastroenterol. 2000;95(3):712—4.

Cellier C, Delabesse E, Helmer C, Patey N, Matuchansky C, Jabri B, et al. Refractory sprue,
coeliac disease, and enteropathy-associated T-cell lymphoma. French Coeliac Disease Study
Group. Lancet. 2000;356(9225):203-8.

Al-Toma A, Verbeek WH, Hadithi M, von Blomberg BM, Mulder CJ. Survival in refractory
coeliac disease and enteropathy-associated T-cell lymphoma: retrospective evaluation of
single-center experience. Gut. 2007;56(10):1373-8.

Daum S, Ipczynski R, Schumann M, Wahnschaffe U, Zeitz M, Ullrich R. High rates of com-
plications and substantial mortality in both types of refractory sprue. Eur J Gastroenterol
Hepatol. 2009;21(1):66-70.

Malamut G, Afchain P, Verkarre V, Lecomte T, Amiot A, Damotte D, et al. Presentation and
long-term follow-up of refractory CD: comparison of type 1 with type 11. Gastroenterology.
2009;136(1):81-90.

Malamut G, Meresse B, Cellier C, Cerf-Bensussan N. Refractory CD: from bench to bedside.
Semin Immunopathol. 2012;34(4):601-13.

Roshan B, Leffler DA, Jamma S, Dennis M, Sheth S, Falchuk K, et al. The incidence and
clinical spectrum of refractory CD in a North American referral center. Am J Gastroenterol.
2011;106(5):923-8.

Rubio-Tapia A, Murray JA. Classification and management of refractory coeliac disease. Gut.
2010;59(4):547-57.

Malamut G, Cellier C. Is refractory CD more severe in old Europe? Am J Gastroenterol.
2011;106(5):929-32.

Meijer JW, Mulder CJ, Goerres MG, et al. Coeliac disease and (extra) intestinal T-cell lym-
phoma. Scand J Gastroenterol. 2004;S241:78-84.

Verbeek WH, Goerres MS, von Blomberg BM, Oudejans JJ, Scholten PE, Hadithi M, et al.
Flow cytometric determination of aberrant intra-epithelial lymphocytes predicts T-cell lym-
phoma development more accurately than T-cell clonality analysis in refractory CD. Clin
Immunol. 2008;126(1):48-56.

Lewis NR, Scott BB. Guidelines on osteoporosis in coeliac disease and inflammatory bowel
disease. Glasgow: British Society of Gastroenterology; 2006.

Kanis JA, Johnell O, Oden A, Dawson A, De Laet C, Jonsson B. Ten year probabilities of
osteoporotic fractures according to BMD and diagnostic thresholds. Osteoporos Int.
2001;12(12):989-95.

Valdimarsson T, Lofman O, Toss G, Strom M. Reversal of osteopenia with diet in adult
coeliac disease. Gut. 1996;38(3):322-7.

McFarlane XA, Bhalla AK, Robertson DA. Effect of a gluten-free diet on osteopenia in adults
with newly diagnosed coeliac disease. Gut. 1996;39(2):180—4.

Espallargues M, Sampietro-Colom L, Estrada MD, Sola M, del Rio L, Setoain J, et al.
Identifying bone-mass-related risk factors for fracture to guide bone densitometry measure-
ments: a systematic review of the literature. Osteoporos Int. 2001;12(10):811-22.
Hodkinson HM, McPherson CK. Alkaline phosphatase in a geriatric inpatient population.
Age Ageing. 1973;2(1):28-33.

Peach H, Compston JE, Vedi S, Horton LW. Value of plasma calcium, phosphate, and alkaline
phosphatase measurements in the diagnosis of histological osteomalacia. J Clin Pathol.
1982;35(6):625-30.

Kemppainen T, Kroger H, Janatuinen E, Arnala I, Lamberg-Allardt C, Karkkainen M, et al.
Bone recovery after a gluten-free diet: a 5-year follow-up study. Bone. 1999;25(3):355-60.
Sategna-Guidetti C, Grosso SB, Grosso S, Mengozzi G, Aimo G, Zaccaria T, et al. The effects
of 1-year gluten withdrawal on bone mass, bone metabolism and nutritional status in newly-
diagnosed adult coeliac disease patients. Aliment Pharmacol Ther. 2000;14(1):
35-43.



238

151.

152.

153.

154.

155.

156.

157.

158.

159.

160.

161.

162.

163.

164.

165.

166.

167.

168.

169.

170.

171.

N.R. Lewis and G.K.T. Holmes

Holmes GKT. Neurological and psychiatric complications in coeliac disease. In: Epilepsy
and other neurological disorders in coeliac disease, Chap. 34. Sydney: John Libbey;
p. 251-64.

Ludvigsson JF, Olsson T, Ekbom A, Montgomery SM. A population-based study of coeliac
disease, neurodegenerative and neuroinflammatory diseases. Aliment Pharmacol Ther.
2007;25(11):1317-27.

Pengiran Tengah DS, Wills AJ, Holmes GKT. Neurological complications of coeliac disease.
Postgrad Med J. 2002;78(921):393-8.

Addolorato G, Mirijello A, D’ Angelo C, Leggio L, Ferrulli A, Vonghia L, et al. Social phobia
in coeliac disease. Scand J Gastroenterol. 2008;43(4):410-5.

Ludvigsson JF, Sellgren C, Runeson B, Langstrom N, Lichtenstein P. Increased suicide risk
in coeliac disease—a Swedish nationwide cohort study. Dig Liver Dis. 2011;43(8):616-22.
Ludvigsson JF, Reutfors J, Osby U, Ekbom A, Montgomery SM. Coeliac disease and risk of
mood disorders—a general population-based cohort study. J Affect Disord.
2007;99(1-3):117-26.

Garud S, Leffler D, Dennis M, Edwards-George J, Saryan D, Sheth S, et al. Interaction
between psychiatric and autoimmune disorders in coeliac disease patients in the Northeastern
United States. Aliment Pharmacol Ther. 2009;29(8):898-905.

Smith DF, Gerdes LU. Meta-analysis on anxiety and depression in adult CD. Acta Psychiatr
Scand. 2012;125(3):189-93.

Zingone F, Siniscalchi M, Capone P, Tortora R, Andreozzi P, Capone E, et al. The quality of
sleep in patients with coeliac disease. Aliment Pharmacol Ther. 2010;32(8):1031-6.
Pynnonen PA, Isometsa ET, Verkasalo MA, Kahkonen SA, Sipila I, Savilahti E, et al. Gluten-
free diet may alleviate depressive and behavioural symptoms in adolescents with coeliac
disease: a prospective follow-up case-series study. BMC Psychiatry. 2005;5:14.

Roos S, Karner A, Hallert C. Psychological well-being of adult coeliac patients treated for 10
years. Dig Liver Dis. 2006;38(3):177-80.

Hallert C, Svensson M, Tholstrup J, Hultberg B. Clinical trial: B vitamins improve health in
patients with coeliac disease living on a gluten-free diet. Aliment Pharmacol Ther.
2009;29(8):811-6.

Cronin CC, Jackson LM, Feighery C, Shanahan F, Abuzakouk M, Ryder DQ, et al. Coeliac
disease and epilepsy. QIM. 1998;91(4):303-8.

Pengiran Tengah DS, Holmes GK, Wills AJ. The prevalence of epilepsy in patients with CD.
Epilepsia. 2004;45(10):1291-3.

Ranua J, Luoma K, Auvinen A, Maki M, Haapala AM, Peltola J, et al. CD-related antibodies
in an epilepsy cohort and matched reference population. Epilepsy Behav. 2005;6(3):388-92.
Gobbi G, Bouquet F, Greco L, Lambertini A, Tassinari CA, Ventura A, et al. Coeliac disease,
epilepsy, and cerebral calcifications. The Italian Working Group on Coeliac Disease and
Epilepsy. Lancet. 1992;340(8817):439-43.

Johnson AM, Dale RC, Wienholt L, Hadjivassiliou M, Aeschlimann D, Lawson JA. Coeliac
disease, epilepsy, and cerebral calcifications: association with TG6 autoantibodies. Dev Med
Child Neurol. 2012;55(1):90-3.

Peltola M, Kaukinen K, Dastidar P, Haimila K, Partanen J, Haapala AM, et al. Hippocampal
sclerosis in refractory temporal lobe epilepsy is associated with gluten sensitivity. J Neurol
Neurosurg Psychiatry. 2009;80(6):626-30.

Gabrielli M, Cremonini F, Fiore G, Addolorato G, Padalino C, Candelli M, et al. Association
between migraine and CD: results from a preliminary case-control and therapeutic study. Am
J Gastroenterol. 2003;98(3):625-9.

Zelnik N, Pacht A, Obeid R, Lerner A. Range of neurologic disorders in patients with CD.
Pediatrics. 2004;113(6):1672—6.

Eaton W, Mortensen PB, Agerbo E, Byrne M, Mors O, Ewald H. Coeliac disease and schizo-
phrenia: population based case control study with linkage of Danish national registers. BMJ.
2004;328(7437):438-9.



15

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

19

—_

192.

193.

Morbidity and Mortality Associated with Celiac Disease 239

West J, Logan RF, Hubbard RB, Card TR. Risk of schizophrenia in people with coeliac dis-
ease, ulcerative colitis and Crohn’s disease: a general population-based study. Aliment
Pharmacol Ther. 2006;23(1):71-4.

Collin P, Pirttila T, Nurmikko T, Somer H, Erila T, Keyrilainen O. CD, brain atrophy, and
dementia. Neurology. 1991;41(3):372-5.

Casella S, Zanini B, Lanzarotto F, Ricci C, Marengoni A, Romanelli G, et al. Cognitive per-
formance is impaired in coeliac patients on gluten-free diet: a case-control study in patients
older than 65 years of age. Dig Liver Dis. 2012;44(9):729-35.

Hu WT, Murray JA, Greenaway MC, Parisi JE, Josephs KA. Cognitive impairment and CD.
Arch Neurol. 2006;63(10):1440-6.

Rodrigo L, Hernandez-Lahoz C, Fuentes D, Alvarez N, Lopez-Vazquez A, Gonzalez S.
Prevalence of CD in multiple sclerosis. BMC Neurol. 2011;11:31.

Hadjivassiliou M, Rao DG, Wharton SB, Sanders DS, Grunewald RA, Davies-Jones AG.
Sensory ganglionopathy due to gluten sensitivity. Neurology. 2010;75(11):1003-8.
Hadjivassiliou M, Gibson A, Davies-Jones GA, Lobo AJ, Stephenson TJ, Milford-Ward A.
Does cryptic gluten sensitivity play a part in neurological illness? Lancet.
1996;347(8998):369-71.

Hadjivassiliou M, Grunewald RA, Kandler RH, Chattopadhyay AK, Jarratt JA, Sanders DS,
et al. Neuropathy associated with gluten sensitivity. J Neurol Neurosurg Psychiatry.
2006;77(11):1262-6.

Hadjivassiliou M, Sanders DS, Woodroofe N, Williamson C, Grunewald RA. Gluten ataxia.
Cerebellum. 2008;7(3):494-8.

Hadjivassiliou M, Wallis LI, Hoggard N, Grunewald RA, Griffiths PD, Wilkinson ID. MR
spectroscopy and atrophy in Gluten, Friedreich’s and SCA6 ataxias. Acta Neurol Scand.
2012;126(2):138-43.

Hadjivassiliou M, Aeschlimann P, Strigun A, Sanders DS, Woodroofe N, Aeschlimann D.
Autoantibodies in gluten ataxia recognize a novel neuronal transglutaminase. Ann Neurol.
2008;64(3):332-43.

Hadjivassiliou M, Sanders DS, Grunewald RA, Woodroofe N, Boscolo S, Aeschlimann D.
Gluten sensitivity: from gut to brain. Lancet Neurol. 2010;9(3):318-30.

Rostami K, Steegers EA, Wong WY, Braat DD, Steegers-Theunissen RP. Coeliac disease and
reproductive disorders: a neglected association. Eur J Obstet Gynecol Reprod Biol.
2001;96(2):146-9.

Ozgor B, Selimoglu MA. Coeliac disease and reproductive disorders. Scand J Gastroenterol.
2010;45(4):395-402.

Green PH, Jabri B. Coeliac disease. Lancet. 2003;362(9381):383-91.

Choi JM, Lebwohl B, Wang J, Lee SK, Murray JA, Sauer MV, et al. Increased prevalence of
CD in patients with unexplained infertility in the United States. J Reprod Med.
2011;56(5-6):199-203.

Ciacci C, Cirillo M, Auriemma G, Di Dato G, Sabbatini F, Mazzacca G. CD and pregnancy
outcome. Am J Gastroenterol. 1996;91(4):718-22.

Martinelli P, Troncone R, Paparo F, Torre P, Trapanese E, Fasano C, et al. Coeliac disease and
unfavourable outcome of pregnancy. Gut. 2000;46(3):332-5.

Meloni GF, Dessole S, Vargiu N, Tomasi PA, Musumeci S. The prevalence of coeliac disease
in infertility. Hum Reprod. 1999;14(11):2759-61.

. Norgard B, Fonager K, Sorensen HT, Olsen J. Birth outcomes of women with CD: a nation-

wide historical cohort study. Am J Gastroenterol. 1999;94(9):2435-40.

Sher KS, Mayberry JF. Female fertility, obstetric and gynaecological history in coeliac dis-
ease: a case control study. Acta Paediatr Suppl. 1996;412:76-7.

Smecuol E, Maurino E, Vazquez H, Pedreira S, Niveloni S, Mazure R, et al. Gynaecological
and obstetric disorders in coeliac disease: frequent clinical onset during pregnancy or the
puerperium. Eur J Gastroenterol Hepatol. 1996;8(1):63—-89.



240

194.

195.

196.

197.

198.

199.

200.

201.

202.

203.

204.

205.

206.

207.

208.

209.

210.

211.

212.

213.

214.

215.

N.R. Lewis and G.K.T. Holmes

Tata LJ, Card TR, Logan RF, Hubbard RB, Smith CJ, West J. Fertility and pregnancy-related
events in women with CD: a population-based cohort study. Gastroenterology.
2005;128(4):849-55.

Lewis NR, Logan R, Sanders D, Holmes G, West J. Fertility and pregnancy related events in
women with coeliac disease: a population based questionnaire. Gut. 2009;58(Suppl 2):A412.
Zugna D, Richiardi L, Akre O, Stephansson O, Ludvigsson JF. A nationwide population-
based study to determine whether coeliac disease is associated with infertility. Gut.
2010;59(11):1471-5.

Hogen Esch CE, Van Rijssen MJ, Roos A, Koning F, Dekker FW, Mearin ML, et al. Screening
for unrecognized coeliac disease in subfertile couples. Scand J Gastroenterol.
2011;46(12):1423-8.

Khashan AS, Henriksen TB, Mortensen PB, McNamee R, McCarthy FP, Pedersen MG, et al.
The impact of maternal CD on birthweight and preterm birth: a Danish population-based
cohort study. Hum Reprod. 2010;25(2):528-34.

Guidelines for the prevention and treatment of infection in patients with an absent or dysfunc-
tional spleen. Working Party of the British Committee for Standards in Haematology Clinical
Haematology Task Force. BMJ. 1996;312(7028):430—4.

Thomsen RW, Schoonen WM, Farkas DK, Riis A, Jacobsen J, Fryzek JP, et al. Risk for hos-
pital contact with infection in patients with splenectomy: a population-based cohort study.
Ann Intern Med. 2009;151(8):546-55.

Baker PG, Jones JV, Peacock DB, Read AE. The immune response of phiX 174 in man. III.
Evidence for an association between hyposplenism and immunodeficiency in patients with
coeliac disease. Gut. 1975;16(7):538-42.

Corazza GR, Frisoni M, Vaira D, Gasbarrini G. Effect of gluten-free diet on splenic hypo-
function of adult coeliac disease. Gut. 1983;24(3):228-30.

Corazza GR, Lazzari R, Frisoni M, Collina A, Gasbarrini G. Splenic function in childhood
coeliac disease. Gut. 1982;23(5):415-6.

Corazza GR, Zoli G, Di Sabatino A, Ciccocioppo R, Gasbarrini G. A reassessment of splenic
hypofunction in CD. Am J Gastroenterol. 1999;94(2):391-7.

Croese J, Harris O, Bain B. Coeliac disease. Haematological features, and delay in diagnosis.
Med J Aust. 1979;2(7):335-8.

Di Sabatino A, Rosado MM, Cazzola P, Riboni R, Biagi F, Carsetti R, et al. Splenic hypo-
function and the spectrum of autoimmune and malignant complications in CD. Clin
Gastroenterol Hepatol. 2006;4(2):179-86.

Marsh GW, Stewart JS. Splenic function in adult coeliac disease. Br J Haematol.
1970;19(4):445-57.

McCarthy CF, Fraser ID, Evans KT, Read AE. Lymphoreticular dysfunction in idiopathic
steatorrhoea. Gut. 1966;7(2):140-8.

O’Grady JG, Stevens FM, Harding B, O’Gorman TA, McNicholl B, McCarthy CF.
Hyposplenism and gluten-sensitive enteropathy. Natural history, incidence, and relationship
to diet and small bowel morphology. Gastroenterology. 1984;87(6):1326-31.

O’Grady JG, Stevens FM, McCarthy CF. Genetic influences on splenic function in coeliac
disease. Gut. 1985;26(10):1004-7.

Robertson DA, Swinson CM, Hall R, Losowsky MS. Coeliac disease, splenic function, and
malignancy. Gut. 1982;23(8):666-9.

Robinson PJ, Bullen AW, Hall R, Brown RC, Baxter P, Losowsky MS. Splenic size and func-
tion in adult coeliac disease. Br J Radiol. 1980;53(630):532-7.

Trewby PN, Chipping PM, Palmer SJ, Roberts PD, Lewis SM, Stewart JS. Splenic atrophy in
adult coeliac disease: is it reversible? Gut. 1981;22(8):628-32.

Ludvigsson JF, Olen O, Bell M, Ekbom A, Montgomery SM. Coeliac disease and risk of
sepsis. Gut. 2008;57(8):1074-80.

Pebody RG, Hippisley-Cox J, Harcourt S, Pringle M, Painter M, Smith G. Uptake of pneu-
mococcal polysaccharide vaccine in at-risk populations in England and Wales 1999-2005.
Epidemiol Infect. 2008;136(3):360-9.



15

216.

217.

218.

219.

220.

221.

222.

223.

224,

225.

226.

227.

228.

229.

230.

231.

232.

233.

234.

235.

236.

Morbidity and Mortality Associated with Celiac Disease 241

Yang A, Chen Y, Scherl E, Neugut Al, Bhagat G, Green PH. Inflammatory bowel disease in
patients with CD. Inflamm Bowel Dis. 2005;11(6):528-32.

Leeds JS, Horoldt BS, Sidhu R, Hopper AD, Robinson K, Toulson B, et al. Is there an asso-
ciation between coeliac disease and inflammatory bowel diseases? A study of relative preva-
lence in comparison with population controls. Scand J Gastroenterol. 2007;42(10):1214-20.
Casella G, D’Inca R, Oliva L, Daperno M, Saladino V, Zoli G, et al. Prevalence of CD in
inflammatory bowel diseases: an IG-IBD multicenter study. Dig Liver Dis. 2010;42(3):
175-78.

Green PH, Yang J, Cheng J, Lee AR, Harper JW, Bhagat G. An association between micro-
scopic colitis and CD. Clin Gastroenterol Hepatol. 2009;7(11):1210-6.

Ford AC, Chey WD, Talley NJ, Malhotra A, Spiegel BM, Moayyedi P. Yield of diagnostic
tests for CD in individuals with symptoms suggestive of irritable bowel syndrome: systematic
review and meta-analysis. Arch Intern Med. 2009;169(7):651-8.

Cash BD, Rubenstein JH, Young PE, Gentry A, Nojkov B, Lee D, et al. The prevalence of CD
among patients with nonconstipated irritable bowel syndrome is similar to controls.
Gastroenterology. 2011;141(4):1187-93.

Thompson JS, Lebwohl B, Reilly NR, Talley NJ, Bhagat G, Green PH. Increased incidence
of eosinophilic esophagitis in children and adults with CD. J Clin Gastroenterol. 2012;46(1):
e6—ell.

Gonda TA, Khan SU, Cheng J, Lewis SK, Rubin M, Green PH. Association of intussuscep-
tion and CD in adults. Dig Dis Sci. 2010;55(10):2899-903.

Reilly NR, Aguilar KM, Green PH. Should intussusception in children prompt screening for
CD? J Pediatr Gastroenterol Nutr. 2013;56(1):56-9.

Sadr-Azodi O, Sanders DS, Murray JA, Ludvigsson JF. Patients with CD have an increased
risk for pancreatitis. Clin Gastroenterol Hepatol. 2012;10(10):1136-42 3.

Procaccini M, Campisi G, Bufo P, Compilato D, Massaccesi C, Catassi C, et al. Lack of
association between CD and dental enamel hypoplasia in a case-control study from an Italian
central region. Head Face Med. 2007;3:25.

Avsar A, Kalayci AG. The presence and distribution of dental enamel defects and caries in
children with CD. Turk J Pediatr. 2008;50(1):45-50.

Cheng J, Malahias T, Brar P, Minaya MT, Green PH. The association between CD, dental
enamel defects, and aphthous ulcers in a United States cohort. J Clin Gastroenterol.
2010;44(3):191-4.

El-Hodhod MA, El-Agouza IA, Abdel-Al H, Kabil NS, Bayomi KA. Screening for CD in
children with dental enamel defects. ISRN Pediatr. 2012;2012:763783.

Bucci P, Carile F, Sangianantoni A, D’Angio F, Santarelli A, Lo Muzio L. Oral aphthous
ulcers and dental enamel defects in children with coeliac disease. Acta Paediatr. 2006;95(2):
203-7.

Shakeri R, Zamani F, Sotoudehmanesh R, Amiri A, Mohamadnejad M, Davatchi F, et al.
Gluten sensitivity enteropathy in patients with recurrent aphthous stomatitis. BMC
Gastroenterol. 2009;9:44.

Campisi G, Di Liberto C, Carroccio A, Compilato D, Iacono G, Procaccini M, et al. Coeliac
disease: oral ulcer prevalence, assessment of risk and association with gluten-free diet in
children. Dig Liver Dis. 2008;40(2):104-7.

Wierink CD, van Diermen DE, Aartman IH, Heymans HS. Dental enamel defects in children
with coeliac disease. Int J Paediatr Dent. 2007;17(3):163-8.

Ludvigsson JF, Inghammar M, Ekberg M, Egesten A. A nationwide cohort study of the risk of
chronic obstructive pulmonary disease in coeliac disease. J Intern Med. 2012;271(5):481-9.
Ludvigsson JF, Hemminki K, Wahlstrom J, Almqvist C. CD confers a 1.6-fold increased risk
of asthma: a nationwide population-based cohort study. J Allergy Clin Immunol. 2011;127(4):
1071-3.

Fluge G, Olesen HV, Gilljam M, Meyer P, Pressler T, Storrosten OT, et al. Co-morbidity of
cystic fibrosis and CD in Scandinavian cystic fibrosis patients. J Cyst Fibros. 2009;8(3):
198-202.



242

237.

238.

239.

240.

241.

242.

243.

244,

245.

246.

247.

248.

249.

250.

251.

252.

253.

254.

255.

256.

257.

258.

N.R. Lewis and G.K.T. Holmes

Walkowiak J, Blask-Osipa A, Lisowska A, Oralewska B, Pogorzelski A, Cichy W, et al.
Cystic fibrosis is a risk factor for CD. Acta Biochim Pol. 2010;57(1):115-8.

Ludvigsson JF, Sanders DS, Maeurer M, Jonsson J, Grunewald J, Wahlstrom J. Risk of tuber-
culosis in a large sample of patients with coeliac disease—a nationwide cohort study. Aliment
Pharmacol Ther. 2011;33(6):689-96.

Ludvigsson JF, Welander A, Lassila R, Ekbom A, Montgomery SM. Risk of thromboembo-
lism in 14,000 individuals with coeliac disease. Br J Haematol. 2007;139(1):121-7.
Johannesdottir SA, Erichsen R, Horvath-Puho E, Schmidt M, Sorensen HT. Coeliac disease
and risk of venous thromboembolism: a nationwide population-based case-control study. Br
J Haematol. 2012;157(4):499-501.

Ludvigsson JF, Zingone F, Fored M, Ciacci C, Cirillo M. Moderately increased risk of uri-
nary stone disease in patients with biopsy-verified coeliac disease. Aliment Pharmacol Ther.
2012;35(4):477-84.

Ciacci C, Spagnuolo G, Tortora R, Bucci C, Franzese D, Zingone F, et al. Urinary stone dis-
ease in adults with CD: prevalence, incidence and urinary determinants. J Urol.
2008;180(3):974-9.

Welander A, Prutz KG, Fored M, Ludvigsson JF. Increased risk of end-stage renal disease in
individuals with coeliac disease. Gut. 2012;61(1):64-8.

Stephansson O, Falconer H, Ludvigsson JF. Risk of endometriosis in 11,000 women with
CD. Hum Reprod. 2011;26(10):2896-901.

Hwang E, McBride R, Neugut Al, Green PH. Sarcoidosis in patients with CD. Dig Dis Sci.
2008;53(4):977-81.

Ludvigsson JF, Wahlstrom J, Grunewald J, Ekbom A, Montgomery SM. Coeliac disease and
risk of sarcoidosis. Sarcoidosis Vasc Diffuse Lung Dis. 2007;24(2):121-6.

Rutherford RM, Brutsche MH, Kearns M, Bourke M, Stevens F, Gilmartin JJ. Prevalence of
coeliac disease in patients with sarcoidosis. Eur J Gastroenterol Hepatol. 2004;16(9):911-5.
Wouters J, Weijerman ME, van Furth AM, Schreurs MW, Crusius JB, von Blomberg BM,
et al. Prospective human leukocyte antigen, endomysium immunoglobulin A antibodies, and
transglutaminase antibodies testing for CD in children with Down syndrome. J Pediatr.
2009;154(2):239-42.

Giannotti A, Tiberio G, Castro M, Virgilii F, Colistro F, Ferretti F, et al. Coeliac disease in
Williams syndrome. J Med Genet. 2001;38(11):767-8.

Frost AR, Band MM, Conway GS. Serological screening for coeliac disease in adults with
Turner’s syndrome: prevalence and clinical significance of endomysium antibody positivity.
Eur J Endocrinol. 2009;160(4):675-9.

Sagodi L, Solyom E, Tamasi K, Minik K. [Prevalence of CD in Turner syndrome]. Orv Hetil.
2006;147(25):1185-8.

Marks J, Shuster S, Watson AJ. Small-bowel changes in dermatitis herpetiformis. Lancet.
1966;2(7476):1280-2.

Shuster S, Watson AJ, Marks J. Coeliac syndrome in dermatitis herpetiformis. Lancet.
1968;1(7552):1101-6.

Fry L, McMinn RM, Cowan JD, Hoffbrand AV. Effect of gluten-free diet on dermatological,
intestinal, and haematological manifestations of dermatitis herpetiformis. Lancet.
1968;1(7542):557-61.

Swerdlow AJ, Whittaker S, Carpenter LM, English JS. Mortality and cancer incidence in
patients with dermatitis herpetiformis: a cohort study. Br J Dermatol. 1993;129(2):140-4.
Collin P, Pukkala E, Reunala T. Malignancy and survival in dermatitis herpetiformis: a com-
parison with coeliac disease. Gut. 1996;38(4):528-30.

Leonard JN, Tucker WF, Fry JS, Coulter CA, Boylston AW, McMinn RM, et al. Increased
incidence of malignancy in dermatitis herpetiformis. Br Med J (Clin Res Ed).
1983;286(6358):16-8.

Gawkrodger DJ, Blackwell JN, Gilmour HM, Rifkind EA, Heading RC, Barnetson RS.
Dermatitis herpetiformis: diagnosis, diet and demography. Gut. 1984;25(2):151-7.



15

259.

260.

261.

262.

263.

Morbidity and Mortality Associated with Celiac Disease 243

Sigurgeirsson B, Agnarsson BA, Lindelof B. Risk of lymphoma in patients with dermatitis
herpetiformis. BMJ. 1994;308(6920):13-5.

Lewis NR, Logan RF, Hubbard RB, West J. No increase in risk of fracture, malignancy or
mortality in dermatitis herpetiformis: a cohort study. Aliment Pharmacol Ther.
2008;27(11):1140-7.

Biagi F, Corazza GR. Mortality in CD. Nat Rev Gastroenterol Hepatol. 2010;7(3):158-62.
Poynton FJ, Cole LB. A case of coeliac disease with glycosuria. Br J Childhood Dis.
1925;22:30-6.

Finlay JM, Wightman KJR. Modern treatment of the malabsorption syndrome in adults. Ann
Intern Med. 1956;45:191-206.



Chapter 16
Refractory Celiac Disease

Georgia Malamut and Christophe Cellier

Introduction

Celiac disease (CD) is a small-intestinal enteropathy induced by gluten in geneti-
cally predisposed individuals with HLA DQ2/DQ8 genotype. Its prevalence is 1 %
in Europe and the USA. Its clinical presentation is hypervariable, and diagnosis
relies on the detection of specific serum antibodies and on the demonstration of
intestinal villous atrophy. Treatment relies on a lifelong gluten-free diet (GFD),
which prevents bone, autoimmune, and malignant complications. Resistance to a
GFD is mainly due to bad observance. Nevertheless, a small subgroup of CD
patients may be primarily or secondarily resistant to a GFD due to an authentic
refractory celiac disease (RCD).

Poor adherence to a GFD needs to be first excluded accordingly with the fact that
less than 50 % of patients are compliant [1]. Persistent symptoms of malabsorption
and intestinal villous atrophy after at least 12 months of a strict GFD define RCD.
Diagnosis of this condition is made after exclusion of other small bowel diseases
such as autoimmune enteropathy [2], tropical sprue [3], or common variable immu-
nodeficiency [4].

RCD has been subdivided into two subgroups:

1. Type 1 RCD (RCDI) is defined by persisting villous atrophy despite a strict GFD
associated with an increased number of intraepithelial lymphocytes (IEL) bear-
ing a normal phenotype with surface CD3 and CD8 expression.

2. Type II RCD (RCDI) is characterized by clonal expansion of abnormal IEL
lacking surface markers CD3, CD8, and T-cell receptor (TCR) (CD3s-, CDSs-,
TCR-) and preserved expression of intracellular CD3 [5, 6].
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Frequency of RCDI and RCDII remains unknown. In the Derby cohort, West and
Holmes report approximately 0.7 % of RCDII patients in a series of 713 celiac
patients [7]. In this latest study, diagnosis of RCDII patients was made solely on the
basis of ulcerative jejunitis [7], causing possible errors leading to underestimates of
RCDII and overestimation of RCDI. A second recent study in a single North
American referral center suggests a cumulative incidence of 1.5 % for both RCDI
and RCDII among CD patients initially diagnosed in this center [8]. In this study,
over 80 % of RCD patients were classified as type 1. A higher frequency of cases of
RCDI than of RCDII was also observed in two other studies from the USA [9] and
from Germany [10]. In contrast, a higher frequency of RCDII over RCDI was
reported in two studies from Holland [11] and from France [12].

Diagnosis

Diagnosis of RCD relies on persistent malabsorption and villous atrophy after 1
year of strict GFD ascertained by a dietitian. Endoscopic assessment includes upper
gastrointestinal endoscopy with biopsy. Double-balloon enteroscopy is required in
suspicion of RCDII for a better assessment of ulcers, particularly for evidence of
ulcerative jejunitis found in roughly 70 % of patients [12, 13].

Capsule endoscopy is useful by giving the extent of lesions. Capsule endoscopy
has a superior accuracy in predicting villous atrophy than optical endoscopy [14, 15].
Furthermore, besides the diagnosis of persistent villous atrophy, capsule endoscopy
allows the visualization of ulcers all along the intestinal tract, which may suggest
RCDII before diagnostic confirmation [16]. Moreover, we experienced three cases of
overt lymphoma revealed by capsule endoscopy, which presented with very suspi-
cious intestinal strictures and jejunal ulcers [17]. Double-balloon enteroscopy, reach-
ing the distal small bowel in the three cases, confirmed the capsule findings [15, 17].

Thus, the limitation of capsule endoscopy is the risk of retention, particularly in
RCDII patients who are particularly at risk for strictures. It requires preliminary
radiological imaging of the small bowel in order to rule out stricturing disease. The
second limitation is the need of biopsy during endoscopy for definitive diagnosis.

In RCDI, histological examination is similar to that found in active celiac disease
with villous atrophy and increased normal IEL. No other diagnostic criteria have
been yet defined for RCDI. In contrast, the hallmark abnormal population, detected
by three combined techniques, makes the diagnosis of RCDII more specific: over
25 % of the CD103+ or CD45+ IEL lacking surface CD3-T-cell receptor complexes
on flow cytometry or more than 50 % IEL expressing intracellular CD3e but no CD8
in formalin-fixed sections and/or the presence of a detectable clonal rearrangement
of the gamma chain of the TCR in duodenal biopsies [12]. Similar features allow
detecting lymphocytic gastritis and colitis containing the same abnormal population
in around 50 % and 30 % of RCDII patients, respectively [12] (Table 16.1).
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Table 16.1 Main criteria to differentiate RCDI and RCDII

Criteria RCDI RCDII

Ulcerative jejunitis - +

Abnormal phenotype of intraepithelial - +
lymphocytes

Clonal rearrangement of TCR - +

Very increased risk of EATL - +

|
+

Poor prognosis (5-year survival of 50 %)

RCDII may be misdiagnosed when flow cytometry analysis of freshly isolated
IEL is lacking. Discrepancies in diagnosis tools are probably involved in differences
observed between European and North American countries [8, 9, 18]. Indeed, flow
cytometry is commonly used in Europe for the diagnosis of aberrant IEL and is a
technique that is more sensitive and more precise than immunohistochemistry [18].
Heterogeneity in detection of the clonal TCR rearrangement may also explain diag-
nostic differences, and specificity of the PCR product needs to be attested by forma-
tion of homoduplexes [12].

Clinical Forms and Prognosis

Primary resistance to a GFD is seen in roughly one-third to one-half of patients with
RCDI and RCDII, respectively [12]. Besides the abnormal phenotype of IEL, RCDII
has a more severe clinical presentation and is frequently associated with endoscopic
ulcerative jejunitis responsible for severe protein loss enteropathy. Symptoms are
notably less severe in RCDI, and endoscopic and histological features are similar to
those found in active CD [12]. RCDII is associated with poor prognosis with 5-year
survival rates of 44-58 % [9, 11, 12]. The more severe malnutrition combined with
the higher risk of developing overt lymphoma explains the higher mortality in
RCDII when compared to RCDI [12]. Even if the prognosis of RCDI is much better
than RCDII, the mortality rate appears higher than in uncomplicated CD [9, 10].

There is as yet no curative treatment for RCD. Immunosuppressive drugs have
only a poor effect on the histological response and may predispose to overt lym-
phoma [19]. Indeed, 33-52 % of RCDII patients develop enteropathy-associated
T-cell lymphoma (EATL) within 5 years after diagnosis of RCDII is made [11, 12].
Onset of EATL in RCDI is much lower than in RCDII, with a 5-year rate of 14 % in
the more conservative studies [12]. The higher risk of transformation into overt
lymphoma in RCDII is due to its state of low-grade intraepithelial lymphoma [6].
Indeed, at this stage, clonal IEL are already engaged in malignant transformation as
attested by their clonality, the presence of their chromosomal abnormalities, the
recurrent partial trisomy 1q22-g44, and their tendency to disseminate in and outside
the intestine [12, 20].
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Abnormal IEL may be found in mesenteric lymph nodes, blood, bone marrow,
and in different epitheliums such as lung and skin [12]. A high percentage of abnor-
mal cells (up to 92 %) is predictive of abnormal circulating cells in peripheral blood
[21]. Diagnosis of extraintestinal RCDII lesions can be performed by evidence of
the same clonal TCR /8 chain rearrangement that is present in duodenum but also
by immunohistochemistry.

EATL may develop in intestinal but also in cutaneous lesions of RCDII, with
expression of the same IEL-specific integrin CD103. The clonal filiation between
RCDII IEL and EATL is demonstrated by presence of the same TCRy chain rear-
rangement [6]. In practice, regular follow-up, including control enteroscopy, com-
puted tomography scan (CT-scan) or MRI small bowel follow-through, and positron
emission tomography (PET) scan, is necessary to screen EATL as early as possible.
No established interval has been yet defined. Specialized investigations can be rea-
sonably performed every year and 6 months in RCDI and RCDII patients, respec-
tively [12]. PET scan is of particular interest because high intensity is correlated
with location of proliferating overt lymphoma cells [22] contrasting with the low
intensity of nonproliferating RCDII cells [23]. It can further guide realization of
radiological guided biopsy or explorative laparoscopy.

Pathogenesis

It is still debated whether RCD patients have a particular genetic background dif-
ferentiating them from patients with uncomplicated CD. The small numbers of
patients are the main limitations of genetic investigations. It has been reported that
severity of celiac disease was correlated with the number of HLA-DQ2 copies:
homozygosity for HLA-DQ2 was observed in 25.5 % of RCD 1, 44.1 % of RCD 1I,
and 53.3 % of EATL patients versus 20.7 % of uncomplicated CD patients and
2.1 % of controls [24]. Other genes involved in lymphocyte signaling (genes: SH2B3
(12g34), PTPN2 (18ql1), RGSI (1g31)) and associated with celiac disease may be
involved in the risk of developing lymphoma [25]. Studies are in progress, and
ongoing genome-wide association studies suggest that the known celiac susceptibil-
ity variants may be not found in RCDII [26].

Exposure to gluten appears to be an important environmental factor as it increases
the risk of autoimmune diseases and malignancies [27]. Risk of lymphomatous
complications was reported to be four times higher in patients without observance
to a GFD than compliant patients [28]. The amount of gluten consumption could be
responsible for the differences in terms of severity of CD. A recent study reports a
more severe outcome of CD in South compared to North Europe in relationship to a
higher gluten intake [29]. The scientific rationale may rely on more intense produc-
tion, under gluten exposure, of the cytokine IL-15, now known to play a key role in
the progression of lymphoma associated with CD [30].

Infections, particularly viral infections, may constitute another environmental
factor favoring emergence of RCD. Epidemiological factors argue that viral
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infections such as rotavirus infection may increase the risk of CD in genetically
predisposed individuals [31]. We can hypothesize that viral infection triggers
inflammation and autoimmunity by hyperproduction of IL-15. Indeed, IL-15 is
induced by a variety of intracellular pathogens [32]. We observed hepatitis B or C
at onset of refractoriness in 20 % and 10 % of RCDI and RCDII patients, respec-
tively [12].

The role of viruses in the pathogenesis of chronic inflammatory and autoimmune
diseases is a popular hypothesis supported by a large number of studies. More than
a specific virus, it is rather suspected that components of the antiviral responses and
notably type 1 interferons might promote the onset of chronic inflammatory disor-
ders (reviewed in [33]). Type 1 interferon may notably stimulate the survival and
proliferation of CD8+ T cells and NK cells [34] either directly or via the induction
of IL-15 [35]. We can hypothesize that such a mechanism may occur in RCDI, help-
ing the immunological reaction initiated by gluten to evolve toward autoimmunity.
Accordingly, symptoms improve under immunosuppressive treatments [11, 12].
However, mechanisms of RCDI are largely unknown and remain to be
substantiated.

More progress has been performed recently in the understanding of the patho-
genesis of RCDII. The phenotype is now well defined with accumulation of small
clonal IEL without proliferation but with apoptosis defect [30]. In active CD and
RCDII, IL-15 is produced in excess by enterocytes and lamina propria mononuclear
cells. IELs are, in CD and RCD, enriched in cytolytic proteins (perforin, granzymes,
Fas ligand) and produce large amounts of interferon gamma (IFN-y), indicating
their likely contribution to the prominent apoptosis observed in the flattened-surface
epithelium [30, 36, 37]. The granzyme-perforin cytotoxicity accounts for the severe
epithelial lesions observed in RCDII. Moreover, IL-15 exerts potent antiapoptotic
effects that prevent the elimination of activated IELs and promote their massive
accumulation [30]. Survival signal delivered by IL-15 requires, through the receptor
of IL-15, IL-15Rpy, activation of Jak3, STATS, and the antiapoptotic factor Bcl-xL.
Human anti-IL-15 antibodies inhibit ex vivo the IL-15-driven signaling pathway in
intestinal organotypic cultures of RCDII patients. In vivo, treatment of mice over-
expressing human IL-15 in the small bowel with this antibody wiped out the IEL
hyperplasia observed in these mice [38].

Treatments

It has not yet been possible to design an effective treatment for RCD I or II. Steroids
improved clinical symptoms in most patients with either type of RCD. Yet a histo-
logical response was observed only in 30—40 % of cases [12]. Steroid dependence
and/or resistance requires trials of immunosuppressive agents such as azathioprine,
cyclosporine, or anti-TNF-o with transient clinical response but rare mucosal
improvement [12]. In RCDI, no scientific rationale has yet been established to treat
specifically RCDI patients with targeted therapy.
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Fig. 16.1 Antiapoptotic Antiapoptotic IL-15 signaling pathway
IL-15 signaling pathway IL-15

Bcel-xL

In RCDII immunosuppressive drugs have, as could be expected, no impact on
the abnormal clonal IEL population and could enhance the risk of overt lymphoma
as observed with azathioprine and anti-CD52 [12, 19]. The bad prognosis of RCDII
led to more aggressive treatments such as chemotherapy. Contrary to EATL which
expressed Ki67, RCDII is characterized by onset of IEL with abnormal phenotype
which massively accumulated without in situ detectable proliferation [30]. The non-
proliferative RCDII cells are thus difficult to eradicate by regular chemotherapy
[12] and may represent a reservoir of cells susceptible to more aggressive
transformation.

Purine analogues such as pentostatine or cladribine (2CDA) showed moderate
clinical, histological, and hematological efficacies [39, 40]. In our retrospective
study of RCDII patients [12], 2CDA induced clinical and histological response.
However, explosive onset of overt lymphoma was observed in the two treated
patients within 3-8 weeks after treatment, precluding further use of these drugs
inasmuch as enhanced risk of transformation into overt lymphoma has been previ-
ously observed in a series of 17 RCDII patients treated with 2CDA [40].

One possible alternative strategy is the use of the autologous hematopoietic stem
cell transplantation which induced clinical and histological response, but no sus-
tained reduction of abnormal IEL in the 13 treated patients [41, 42]. The use of
chemotherapy before autologous hematopoietic stem cell transplantation may prob-
ably increase hematological response, and we are currently evaluating this strategy
in a prospective phase II trial. Setting up targeted strategy appears necessary to
complete the therapeutic armory to treat RCDII and to prevent overt lymphoma,
whose prognosis is even worse than RCDII. Only 20 % of patients are alive 5 years
after the diagnosis of lymphoma [43—45].

Targeted therapy blocking IL-15 signalling appears the treatment of choice in
RCDII but needs to be tested in clinical trials [38] (Fig. 16.1). The recent develop-
ment of a humanized anti-IL-15 antibody which has already been used without any
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major side effects in a phase I-II trial in rheumatoid arthritis suggests the feasibility
of this therapeutic approach [46]. Another possibility is to block the downstream
molecules activated by IL-15. JAK3 inhibitor, currently used in treating rheumatoid
arthritis [47], is another interesting drug to treat RCDII [48]. Treatment of RCDII
will probably combine, in the near future, conventional chemotherapy agents and
targeted therapy by anti-IL-15 antibodies or inhibitors of downstream activated
molecules.

Conclusion

In conclusion, RCD refers to two distinct entities. On one hand, RCDI is indistin-
guishable from uncomplicated active CD except its autonomy toward gluten expo-
sure, which probably relies on self-perpetuated autoimmune mechanisms. On the
other hand, RCDII is a low-grade lymphoma characterized by clonal expansion of
small aberrant IEL. Small bowel investigations (enteroscopy, videocapsule endos-
copy) and specialized techniques of IEL analyses (immunohistochemistry, molecu-
lar biology, flow cytometry) are necessary for diagnosis of both forms of RCD.
Prognosis of RCDII is very poor due to incurable malnutrition and very high risk of
overt lymphoma. Survival of RCDI is better than in RCDII but inferior to CD sur-
vival [9, 12]. Recent advances in dissecting the pathogenesis of CD and RCD intend
to hope next efficient treatments for these rare but severe diseases.
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Chapter 17
Celiac Disease: Dispelling Misconceptions
and Myths

Erica Boettcher and Sheila E. Crowe

Misconception #1: Celiac Disease Is Rare

Once considered an uncommon disease, the prevalence of CD is now estimated in
the range of 1:100 to 1:300 in genetically susceptible populations [1-6]. Variability
exists both across and within countries, likely reflecting true population differences
in the risk of CD as well as differences in study design and screening strategy [1, 7].
It is estimated that only 10—15 % of current cases of celiac disease have been diag-
nosed in the USA [5, 8] compared to some other countries where rates of diagnosis
are greater than 50 % [6].

A retrospective US study by Rubio-Tapia et al. using stored serum reported a 4-
to 4.5-fold increase in the rate of undiagnosed CD as compared to 50 years ago [9],
and an increase in prevalence has been reported in other studies [10-13]. The cause
of this increase is unknown and proposed modifying factors include breast-feeding
[14], early exposure of infants to dietary gluten [15], and a change of bacterial gut
flora [16—-19], which could favor the evolution of CD in childhood. Recent reports
also address the potential role of enteric infections in the pathogenesis of CD [13,
20-24], although this remains controversial.
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Table 17.1 Conditions or Family history
disorders associated with

; 5 First- and second-degree relative(s) with celiac disease
celiac disease

Associated conditions
Autoimmune endocrine disorders
Type 1 diabetes mellitus
Autoimmune thyroid disease
Autoimmune adrenal disease
Autoimmune connective tissue disorders
Sjogren syndrome
Juvenile rheumatoid arthritis
Systemic lupus erythematosus
Autoimmune dermatological disorders
Psoriasis
Alopecia areata
Autoimmune hepatobiliary disorders
Primary sclerosing cholangitis
Primary biliary cirrhosis
Autoimmune hepatitis
Other digestive system disorders
Eosinophilic esophagitis
Microscopic colitis
Lymphocytic gastritis
Inflammatory bowel disease
Miscellaneous conditions
IgA deficiency
IgA nephropathy
Down syndrome
Turner syndrome

Misconception #2: Only Symptomatic Individuals
Should Be Tested for Celiac Disease

There are several conditions associated with an elevated risk of CD supporting
screening in asymptomatic individuals (Table 17.1). First- and second-degree fam-
ily members of biopsy-proven CD patients are at increased risk of the disease with
a prevalence estimated at 10 % [2, 25] and 2.6-5.5 % [2, 25], respectively. Type 1
diabetics have a clustered prevalence of CD estimated at 2—5 % in adults and 8 %
in children [25-36], and patients with autoimmune thyroid disease have a pooled
prevalence of 3 % [25]. These and other disorders that warrant screening include
autoimmune adrenal disease [37-39] autoimmune connective tissue disorders
such as Sjogren syndrome [40, 41], juvenile rheumatoid arthritis [42], and sys-
temic lupus erythematosus [43]; autoimmune dermatological disorders including
psoriasis [44] and alopecia areata [45]; autoimmune hepatobiliary disorders com-
prising autoimmune hepatitis, primary biliary cirrhosis, and primary sclerosing
cholangitis [46]; IgA deficiency [47]; IgA nephropathy [48]; Down syndrome [49];
and Turner syndrome [50].
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Misconception #3: Only Caucasians Are Susceptible
to Celiac Disease

Genetic background plays a pivotal role in the predisposition to CD. There is an
established association between celiac disease and specific human leukocyte anti-
gen (HLA) class II genes, known as HLA-DQ?2 and HLA-DQS8, located on chromo-
some 6p21. Most CD patients express genes encoding the major histocompatibility
complex (MHC) class II protein HLA-DQ2; the remainder express HLA-DQS.

HLA-DQ2 and -DQS8 haplotypes are common and are carried by approximately
30-40 % of Caucasian individuals implying that the presence of such alleles are
necessary for disease development, but not sufficient on their own to cause celiac
disease [51]. HLA-DQ2 and -DQS are not unique to Caucasians, however, and simi-
lar seroprevalence rates of CD in countries with such haplotypes are reported,
including North Africa [52, 53], the Middle East [54, 55], and South Asia including
India [56, 57] and Pakistan.

Little is known about the prevalence of CD among minorities in the USA as
minority groups have, to date, been included in few prevalence studies. Additionally,
these groups often comprise mixed racial and genetic backgrounds, which make it
difficult to determine precise information about disease prevalence. In one of the
first reported US studies of CD prevalence, Not et al. [58] included 230 African
American patients among 2,000 healthy blood donors, one of whom (0.4 %) had a
positive endomysial antibody. Fasano et al.’s [3] large multicenter trial of 13,145
patients comprised 395 African Americans and reported a prevalence among symp-
tomatic African Americans of 1:48, similar to that of Caucasians. The overall preva-
lence of CD among all asymptomatic minorities (African American, Hispanic, and
Asian) was 1:236. Rubio-Tapia et al.’s recent cross-sectional analysis [5] of 7,798
patients, in contrast, reported a much lower prevalence of 1:1,394 for African
Americans and 1:2,519 for Hispanics.

Despite the few number of trials investigating the prevalence of CD among
minorities, recent data suggest that physicians are less likely to consider the diagno-
sis among African American patients. Lebwohl et al.’s [59] multicenter study
reported that among 13,091 individuals (9 % African American) undergoing upper
endoscopy for the indication of diarrhea, anemia, iron deficiency, or weight loss,
African Americans underwent duodenal biopsy in 28 % compared to 44 % of
Caucasians (p<0.0001).

Misconception #4: Women Are More Often Affected
by Celiac Disease

Multiple epidemiological studies in the USA and elsewhere have found that women
are more likely to be diagnosed with CD [60, 61], and many studies of patients with
CD have a female-to-male ratio of approximately 2:1 [62, 63]. Most seroprevalence
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studies of CD, however, have found a similar prevalence among men and women [3,
5, 9]. This cause for this discrepancy is unknown but may be in part due to increased
rates of women accessing health care compared to men which is found in other
conditions [64].

Misconception #5: You Cannot Have Celiac Disease
if You Are Overweight

It is well established that many CD patients have a high or normal BMI at diagnosis
[65-68]. The diagnosis of CD can be delayed by a low suspicion in patients with a
normal or high body mass index (BMI) on initial presentation.

In Dickey et al.’s [66] single-center retrospective review of 371 patients with
newly diagnosed CD on duodenal biopsy over a 10-year period, 143 (39 %) were
overweight (BMI > 25) including 48 (13 %) obese (BMI > 30) patients. Similarly,
Kabbani et al. [68] found that of 679 of patients with newly diagnosed CD, 217
(32 %) were overweight including 78 (11.5 %) with obesity.

Misconception #6: Celiac Disease Is Not a Serious Condition

A retrospective US study by Rubio-Tapia et al. indicates that the mortality of
untreated CD is increased fourfold over control populations [9]. Similarly, a recent
meta-analysis found an increased all-cause mortality odds ratio (OR) of 1.24 [69].
There was an excess risk of death from cardiovascular disease (OR 1.19, 95 % CI
1.01-4.01) and lymphoproliferative disease or malignancy (OR 2.53, 95 % CI
1.59-4.04). It has been proposed that mortality in CD is increased if gluten intake
is high both before and after the diagnosis [70]. The greatest risk of malignancy is
for non-Hodgkin’s lymphoma including enteropathy-associated T-cell lymphoma
(EATL) [71].

Misconception #7: Celiac Disease Signs and Symptoms
Are Easy to Recognize

There are varying forms and many clinical presentations of CD, which can pose a
serious challenge for clinicians. CD can present as “classical” disease in childhood,
“nonclassical”/atypical disease with nonspecific gastrointestinal or extraintestinal
manifestations, dermatitis herpetiformis, silent/asymptomatic disease, or latent/
potential disease [72].

Classical celiac disease presents with symptoms of malabsorption and dramatic
response to GFD. Nonclassical CD presents later with a potential range of symptoms,
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Table 17.2° Symptoms or Digestive system symptoms/syndromes
syndromes prompting

consideration of celiac
disease

Gastrointestinal
Abdominal pain
Bloating
Weight loss
Diarrhea
Steatorrhea
Irritable bowel syndrome-like
symptoms
Flatus
Altered bowel habits
Lactose intolerance
Heartburn
Dyspepsia
Recurrent aphthous ulcers
Atrophic glossitis
Hepatobiliary
Elevated aminotransferase levels
Extraintestinal symptoms/syndromes
Dermatitis herpetiformis
Iron deficiency
Folate deficiency
Infertility
Recurrent fetal loss
Low birth weight
Metabolic bone disease
Osteoporosis
Cerebellar ataxia
Unexplained or idiopathic peripheral
neuropathy

including less severe gastrointestinal symptoms or extraintestinal manifestations.
Asymptomatic or silent CD patients do not manifest any overt symptoms commonly
associated with CD and are defined as having no symptoms that respond to gluten
withdrawal. However, a recent study by Kurppa et al. [73] indicated that so-called
asymptomatic relatives randomized to a GFD did experience improvements in
health suggesting that they had subclinical disease. Potential or latent CD refers to
patients with normal small intestinal biopsies who are at risk of developing CD as
indicated by genetic susceptibility and positive CD serology. Both asymptomatic
and potential patients are often diagnosed through testing of populations enrolled in
screening programs or in case-finding strategies.

The classical presentation of celiac disease is relatively rare in current times.
More commonly, CD presents later in life, with an average age of diagnosis in the
fifth decade. Nonspecific presenting gastrointestinal symptoms include altered
bowel habits with diarrhea, constipation, or a combination of both, abdominal pain,
flatus, bloating, dyspepsia [74], and heartburn [75] (Table 17.2).



260 E. Boettcher and S.E. Crowe

Some studies purport that a subset of patients diagnosed with irritable bowel
syndrome (IBS) may in fact have celiac disease [76, 77], and decision analysis stud-
ies suggest that there is an acceptable cost of testing patients with diarrhea-
predominant IBS [78, 79]. In support of this, a recent systematic review and
meta-analysis of 14 studies found that the likelihood of biopsy-proven celiac dis-
ease in patients meeting criteria for IBS was increased more than fourfold compared
with non-IBS controls [80]. Another study, however, reported a prevalence of CD in
non-IBS-constipation predominant patients similar to controls [81]. Whether find-
ings truly reflect an increased association between these two common clinical enti-
ties remains a matter of debate.

Other digestive system manifestations of CD that generally improve with GFD
include a pattern of asymptomatic cryptogenic transaminitis with nonspecific histo-
logic changes on liver biopsy [82] and disturbances of the oral cavity, such as recurrent
aphthous ulcers [83] and atrophic glossitis [83, 84] (see Table 17.2). Digestive disor-
ders that can coexist with CD and merit consideration, but in general, do not improve
with GFD comprise eosinophilic esophagitis [85], microscopic colitis [86, 87], lym-
phocytic gastritis [88, 89], and inflammatory bowel disease [90, 91] (see Table 17.1).

While gastrointestinal symptoms are a dominant feature of CD, virtually any
body system can be affected, with dermatologic, hematologic, reproductive, muscu-
loskeletal, and neurologic systems most commonly involved (see Table 17.2). Many
of the non-digestive conditions improve or resolve with a GFD underscoring the
importance of early diagnosis and treatment.

The most common dermatologic manifestation of celiac disease is dermatitis
herpetiformis (DH), a blistering, intensely pruritic papulovesicular rash typically
distributed on extensor surfaces.

Although DH is highly associated with CD, the gastrointestinal symptoms in DH
tend to be mild or can be completely absent. DH is the result of intestinal gluten
sensitivity as opposed to a direct dermal response, and treatment with a GFD
resolves both the intestinal and skin manifestations [92].

Anemia is the most common hematologic disorder in CD and may be the only
presenting feature. Most often, the anemia is caused by iron deficiency, but it can
also be due to folate or rarely vitamin B,, deficiency or a combination of several
deficiencies. The iron deficiency in CD primarily results from impaired absorption
of iron in the proximal small intestine. CD should be considered in the differential
diagnosis of unexplained iron deficiency, especially if resistant to oral iron
supplementation.

Reproductive disorders including delayed menarche, early menopause, second-
ary amenorrhea, infertility, recurrent miscarriages and intrauterine growth restric-
tion, low birth weight, or preterm deliveries have all been reported [93, 94] in
association with CD. Treating CD seems to improve fertility in women and men and
pregnancy outcomes though systematic follow-up studies are lacking. Women and
men with unexplained infertility and women with recurrent miscarriages should be
considered for CD testing.

Celiac disease can result in vitamin D and calcium malabsorption and can impact
the musculoskeletal system at any age [95]. Patients with unexplained metabolic
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bone disease or severe osteoporosis should be assessed for CD [96]. A GFD corrects
bone loss in patients with mild disease and provides significant improvement in
patients with severe malabsorption [95].

There are several links between neuropsychiatric and behavioral disorders and
CD [97]. Classic associations that should prompt serologic assessment of CD
include cerebellar ataxia [98, 99] and idiopathic peripheral neuropathy [100, 101].
These disorders have a variable response to a GFD.

Misconception #8: Celiac Disease Is Easy to Diagnose

Deciding when to test for CD is challenging. Furthermore the decision of when to
refer a patient for further evaluation is equally difficult. These clinical challenges
contribute to an average of 11 years of symptoms prior to diagnosis [102, 103] and
often, a complete failure to test for the disease.

Based on the available data, it is recommended that patients with gastrointestinal or
extraintestinal symptoms or syndromes suggestive of celiac disease (see Table 17.2)
be tested. In addition, asymptomatic individuals with an associated condition as
well as those with first- or second-degree family member(s) with biopsy-confirmed
celiac disease should be screened for CD (see Table 17.1). The strategy varies
depending on the clinical situation and is described below [80, 104, 105].

The initial screening for asymptomatic patients with associated conditions and
testing for symptomatic older children and adults consuming gluten for greater than
1 year begins with the serological measurement of IgA anti-tissue transglutaminase
(TTG) antibodies [25]. Serum TTG IgA has high sensitivity (89 %) and very high
specificity (98 %) for CD in patients with abdominal symptoms [105]. A related
antibody, anti-endomysial IgA antibody (EMA), which detects the same TTG pro-
tein as TTG antibodies by immunofluorescence assay, has a similar sensitivity
(90 %) and specificity (99 %) [105]; however, this test is more expensive, complex,
and operator-dependent [106]. In a meta-analysis of both symptomatic and asymp-
tomatic patients, EMA IgA and TTG IgA had equally high sensitivities (93 % for
both) and specificities (>99 % and >98 %, respectively), and again, due to cost and
ease of administration, TTG IgA is recommended as the preferred test [107].
Although the absence of HLA DQ2 or DQ8 makes CD highly unlikely, adding
genetic testing to either TTG IgA or EMA IgA antibody measurement in this clini-
cal scenario does not change test performance [108], thus genetic testing is not
recommended.

Antigliadin (AGA) IgG and IgA were previously used to screen for celiac dis-
ease but are no longer recommended in adults due to low sensitivities and specifici-
ties [109]. Recently available tests for I[gG and IgA antibodies to deamidated gliadin
peptide (DGP) were initially reported to match the performance of TTG and EMA
antibody tests [110]. In a recent meta-analysis, however, DGP was found to be less
sensitive and specific than TTG IgA [111].



262 E. Boettcher and S.E. Crowe

While routine total IgA serum levels are not recommended in screening for CD,
in the case of a low TTG IgA, total IgA levels should be obtained, and if IgA defi-
ciency is confirmed, an IgG-based serological test such as TTG IgG is recom-
mended [47, 112]. If TTG IgA is low and total IgA levels are normal, then CD is
unlikely to be the cause of the symptoms. However, since the false negative rate of
serological testing can be as high as one in ten cases, it is important to proceed to
intestinal biopsy in patients with features that warrant further assessment such as
unexplained diarrhea, steatorrhea, weight loss, and iron deficiency.

Genetic testing is recommended as the initial screening for an asymptomatic
individual at increased risk of celiac disease due to family history [113]. If positive
for either HLA DQ2 or HLA DQ8, the family member should have serum TTG IgA
screening, which should begin after 2 years of age on a gluten-containing diet [113],
although there is no scientific evidence to suggest the precise amount of gluten that
needs to be ingested to elicit a measureable serological and/or intestinal mucosal
response [113]. Since CD can develop at any age, identifying family members who
are actually at risk for CD by using HLA DQ testing is recommended to prevent
unnecessary TTG IgA testing in those with no risk [96]. The interval at which fam-
ily members should be screened is not clear, but recent European Society of Pediatric
Gastroenterology, Hepatology and Nutrition guidelines suggest every 2-3 years
[113]. Given that the average age of diagnosis occurs in the fifth decade, screening
of family members may be carried out through adult life.

If a patient has positive serologic testing or if results are negative but clinical
suspicion is high, patients should be referred to a gastroenterologist for upper
endoscopy with duodenal biopsies based on American Gastroenterological
Association [25] and National Institutes of Health [114] guidelines.

Misconception #9: Everyone Knows How to Biopsy
for Celiac Disease

A recent retrospective study using data from a national pathology service in 43
states found that among 132,352 subjects without known CD undergoing upper
endoscopy with duodenal biopsy, only 35 % had the recommended minimum of
four specimens submitted, despite the finding that adherence to this standard led to
a doubling of the CD diagnosis rates [115]. This study also showed that the rate of
diagnosis of CD increased as the number of biopsies increased up to as high as >8.
Furthermore an analysis of the Clinical Outcomes Research Initiative (CORI)
National Endoscopy Database found that, among individuals undergoing upper
endoscopy for indications including symptoms of CD, the majority (89 %) did not
undergo a duodenal biopsy during the procedure [116]. It is important to note, how-
ever, that the time span of this study predates the seroprevalence study revealing that
CD is common [3].



17  Celiac Disease: Dispelling Misconceptions and Myths 263
Misconception #10: Celiac Disease Is Easy to Treat

The GFD is complex and difficult to adhere to, and patient motivation and education
are paramount, particularly because there is no alternative treatment. Nonadherence
is common and potential triggering factors include eating out of the home, peer
pressure for children and teens [117], inadvertent consumption of gluten, the less
acceptable taste and texture, and the increased cost and limited availability of gluten-
free foods [118]. Furthermore, it is unclear how much gluten, if any, is safe for
consumption. The lowest amount of daily gluten that causes damage to the intestinal
mucosa over time is 10-50 mg per day (a 25-g slice of bread contains approximately
1.6 g of gluten) [119]. The Food and Drug Administration is in the process of defin-
ing safe gluten thresholds, and in their newest guidelines, they endorse a maximum
gluten contamination of 20 parts per million in gluten-free products [120].

Once a GFD is initiated, symptoms may resolve in days to weeks and patients
may incorrectly believe that the absence of symptoms when eating gluten-containing
foods indicates that in can be consumed without harm. Accordingly, patients should
be encouraged to strictly adhere to the diet to avoid potential complications.

Misconception #11: A Positive Response to Gluten-Free
Diet Is Suggestive of CD

With the ever-increasing popularity and availability of gluten-free products, patients
may present for diagnosis and treatment having already initiated a GFD. Further, an
empiric trial of GFD without a biopsy-established diagnosis of CD is not recom-
mended because a beneficial response may be seen in other disorders. Many dietary
components in addition to gluten are eliminated in a GFD, which may also provide
relief in such functional gastrointestinal disorders such as IBS, gastroesophageal
reflux, functional dyspepsia, and a newly described condition, non-celiac gluten
sensitivity (NCGS). In one study, the positive predictive value of a beneficial
response after gluten withdrawal resulting from CD was only 36 % [121].
Differentiating between CD and other disorders that may respond to a GFD is
important to help determine if a lifelong GFD is required and because of the impli-
cations for long-term management and risk assessment of relatives if celiac disease
is present. There are also implications for family members to have a conclusive
diagnosis of CD in the index case given their two- to threefold increased risk of CD.

Misconception #12: Getting Information About a Gluten-Free
Diet Is Straightforward

Following the diagnosis of CD, patients should be referred to a dietitian, preferably
one with clinical expertise in the GFD. Patients should also be directed to their local
celiac organization chapter. Very few clinicians, including gastroenterologists, have
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Table 17.3 Grains/seeds/flours/ingredients containing gluten (must be avoided)

Wheat

¢ Wheat starch, wheat bran, wheat germ, cracked wheat, hydrolyzed wheat protein
e Bulgur

¢ Couscous

e  Durum

¢ Einkorn

¢  Emmer

e Spelt (Dinkel)

¢ Kamut

¢ Farina

¢ Farro

¢ Semolina

Barley

* Barley

e Barley malt

Rye

Triticale (cross between wheat and rye)

Processed foods that may contain wheat, barley, or rye
¢ Beer

¢ Bouillon cubes

¢ Brown rice syrup

¢ Candy

e Licorice

¢ Malt (malt syrup, malted milk, and malt vinegar)
e Soy sauce

¢ Modified food starch

* Brewer’s yeast

e Cold cuts, hot dogs, salami, sausage

* Seasoned snack foods (tortilla chips, potato chips)
¢ Communion wafers

¢ French fries

e Gravy

¢ Imitation fish

* Matzo

¢ Rice mixes

¢ Sauces

e Self-basting turkey

e Soups

¢ Vegetables in sauce

a comprehensive understanding of food ingredients (Tables 17.3 and 17.4) or time
to effectively counsel patients. Important topics to address include identifying hid-
den sources of gluten, maintaining adequate nutrition, focusing on what can be
eaten as opposed to what cannot (Table 17.5), as well as counseling on the increased
cost of prepared gluten-free foods and the importance of lifelong adherence.
Depending on the geographical location, however, expert dietitians may not be
accessible, and patients may seek outside sources of information such as the Internet
which can provide outdated or erroneous data, including but not limited to the fol-
lowing myths. Expert advice is needed to direct patients to reputable and helpful
sources of dietary information (books, online resources) and gluten-free foods
(stores and online ordering).
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Table 17.4 Gluten-free
grains/seeds/flours
(safe to eat)

Grains
Pure oats
Amaranth
Corn
Rice, rice flour, rice bran
Sorghum
Teft
Millet
Quinoa

Plant foods/starches
Arrowroot
Buckwheat (kasha)
Flax
Indian ricegrass (Montina)
Legume flours (bean, garbanzo bean, lentil, pea)
Mesquite flour
Potato flour, potato starch
Nut flours (almond, hazelnut, pecan)
Soybean flour
Sweet potato flour
Tapioca (cassava, manioc)
Wild rice
Yucca
Sago

Table 17.5 General nutritional advice for patients with celiac disease

e Maintain a gluten-free diet for life

e Choose naturally gluten-free foods (meat, poultry, fish, seafood, egg, vegetable, potato, rice)

* Minimize packaged or processed gluten-free foods

* Plan meals and snacks ahead

* Avoid lactose-containing dairy products temporarily after starting a gluten-free diet

* Continue to eat naturally low-lactose dairy products such as lactose-free yogurt and aged
cheeses if lactose intolerance persists

* Choose foods rich in bioavailable iron such as red meat, dark poultry, and fishes

Myths of Management: You Cannot Use Gluten-Containing
Beauty Products if You Have Celiac Disease

The only way to trigger an immune response in CD, including the skin manifesta-
tions, is by ingesting gluten, so as long as shampoos, creams, lotions, and other
body products stay out of the mouth, they will not cause problems. Since lipsticks
are ingested, albeit in small amounts, patients can be instructed to choose a gluten-
free product.
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Myths of Management: The Consumption of Qats
Can Trigger Celiac Disease

At one time, the consensus was that oats were immunogenic to those with CD, but
a large number of studies in adults and children have demonstrated that oats can be
safely consumed [122-126]. However, only pure oats are safe to eat and until
recently, most food manufacturers milled oats in the same facility as gluten-
containing grains, leading to gluten contamination of commercial oat products
[127]. Fortunately, pure oat-containing food products are becoming increasingly
available, both at specialty food stores and larger grocery chains.

Myths of Management: A Separate Set of Utensils, Dishes,
Appliances, and Other Kitchen Goods Are Necessary

In reality, as long as cooking utensils are thoroughly washed before using, it is
acceptable to share cooking implements, with the exception of upright toasters and
other items that are difficult to clean.

Myths of Management: Gluten-Free Cleaning Products
Are Recommended

Again, the only way to trigger an immune response in CD is by ingesting glute, so
gluten-containing cleaning products are fine as long as they do not come in contact
with the mouth.

Myths of Management: Pets Should Eat Gluten-Free Food

In the same vein, as long as pet food is not consumed by patients with CD, they are
safe to feed.

Conclusion

CD is one of the most common immune-mediated disorders in genetically prone
individuals, affecting 1:100 to 1:300 individuals. It has gone largely undiagnosed in
the USA and should be considered in patients with a number of gastrointestinal and
non-gastrointestinal symptoms, as well as in high-risk groups including those with
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a family history of CD or with an associated condition or disorder. Given the varying
forms and many clinical presentations of CD, deciding when to test for CD is chal-
lenging, and deciding when to refer a patient to a gastroenterologist is equally dif-
ficult. Biopsy remains the gold standard in diagnosis, but serological tests are
important in determining who should undergo endoscopy and biopsy. Genetic test-
ing is used to rule out the condition. Once the diagnosis is confirmed, counseling on
lifelong adherence to a GFD from an expert dietitian is crucial as ongoing gluten
consumption may predispose patients to complications or associated disorders.
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Chapter 18

Summary of Recommendations from

the American College of Gastroenterology
Celiac Disease Guidelines

Gerard E. Mullin and S. Devi Rampertab

1. Patients with symptoms, signs, or laboratory evidence suggestive of malabsorp-
tion, such as chronic diarrhea with weight loss, steatorrhea, postprandial abdom-
inal pain, and bloating, should be tested for CD. (Strong recommendation, high
level of evidence)

2. Patients with symptoms, signs, or laboratory evidence for which CD is a treat-
able cause should be considered for testing for CD. (Strong recommendation,
moderate level of evidence)

3. Patients with a first-degree family member who has a confirmed diagnosis of CD
should be tested if they show possible signs or symptoms or laboratory evidence
of CD.

4. Consider testing of asymptomatic relatives with a first-degree family member
who has a confirmed diagnosis of CD. (Conditional recommendation, high level
of evidence)

5. CD should be sought among the explanations for elevated serum aminotransfer-
ase levels when no other etiology is found. (Strong recommendation, high level
of evidence)

6. Patients with type I DM should be tested for CD if there are any digestive symp-
toms, or signs, or laboratory evidence suggestive of CD. (Strong recommenda-
tion, high level of evidence)

Reprinted by permission from Macmillan Publishers Ltd: Rubio-Tapia A, Hill ID, Kelly CP,
Calderwood AH, Murray JA. ACG Clinical Guidelines: Diagnosis and Management of Celiac
Disease. Am J Gastroenterol. 2013 May;108(5):656-76, copyright 2013.
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IgA anti-TTG antibody is the preferred single test for detection of CD in
individuals over the age of 2 years. (Strong recommendation, high level of
evidence)

When there exists a high probability of CD wherein the possibility of IgA defi-
ciency is considered, total IgA should be measured. An alternative approach is
to include both IgA- and IgG-based testing, such as IgG DGPs, in these high-
probability patients. (Strong recommendation, moderate level of evidence)

In patients in whom low IgA or selective IgA deficiency is identified, IgG-
based testing (IgG DGPs and IgG TTG) should be performed. (Strong recom-
mendation, moderate level of evidence)

If the suspicion of CD is high, intestinal biopsy should be pursued even if serol-
ogies are negative. (Strong recommendation, moderate level of evidence)

All diagnostic serologic testing should be done with patients on a gluten-
containing diet. (Strong recommendation, high level of evidence)

Antibodies directed against native gliadin are not recommended for the primary
detection of CD. (Strong recommendation, high level of evidence)

Combining several tests for CD in lieu of TTG IgA alone may marginally
increase the sensitivity for CD but reduces specificity and therefore are not
recommended in low-risk populations. (Conditional recommendation, moder-
ate level of evidence)

When screening children younger than 2 years of age for CD, the IgA TTG test
should be combined with DGPs (IgA and IgG). (Strong recommendation, mod-
erate level of evidence)

The confirmation of a diagnosis of CD should be based on a combination of
findings from the medical history, physical examination, serology, and upper
endoscopy with histological analysis of multiple biopsies of the duodenum.
(Strong recommendation, high level of evidence)

Upper endoscopy with small-bowel biopsy is a critical component of the diag-
nostic evaluation for persons with suspected CD and is recommended to con-
firm the diagnosis. (Strong recommendation, high level of evidence)

Multiple biopsies of the duodenum (one or two biopsies of the bulb and at least
four biopsies of the distal duodenum) are recommended to confirm the diagno-
sis of CD. (Strong recommendation, high level of evidence)

Lymphocytic infiltration of the intestinal epithelium in the absence of villous
atrophy is not specific for CD and other causes should also be considered.
(Strong recommendation, high level of evidence)

HLA-DQ2/DQS8 testing should not be used routinely in the initial diagnosis of
CD. (Strong recommendation, moderate level of evidence)

HLA-DQ2/DQ8 genotyping testing should be used to effectively rule out the
disease in selected clinical situations. (Strong recommendation, moderate level
of evidence) Examples of such clinical situations include but are not limited to:

(a) Equivocal small-bowel histological finding (Marsh I-II) in seronegative
patients

(b) Evaluation of patients on a GFD in whom no testing for CD was done
before GFD
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(c) Patients with discrepant celiac-specific serology and histology

(d) Patients with suspicion of refractory CD where the original diagnosis of
celiac remains in question

(e) Patients with Down’s syndrome.

Capsule endoscopy should not be used for initial diagnosis except for patients
with positive celiac-specific serology who are unwilling or unable to undergo
upper endoscopy with biopsy. (Strong recommendation, moderate level of
evidence)

Capsule endoscopy should be considered for the evaluation of small-bowel
mucosa in patients with complicated CD. (Strong recommendation, moderate
level of evidence)

Intestinal permeability tests, D-xylose, and small-bowel follow-through are nei-
ther specific nor sensitive and are not recommended for CD diagnosis. (Strong
recommendation, moderate level of evidence)

Stool studies or salivary tests are neither validated nor recommended for use in
the diagnosis of CD. (Strong recommendation, weak level of evidence)
Symptoms or symptom response to a GFD alone should not be used to diag-
nose CD, as these do not differentiate CD from non-celiac gluten sensitivity.
(Strong recommendation, moderate level of evidence)

A diagnosis of non-celiac gluten sensitivity should be considered only after CD
has been excluded with appropriate testing. (Strong recommendation, moderate
level of evidence)

While standard diagnostic tests (specific serology and intestinal biopsy) have a
high PPV for CD, they should not be relied upon to exclude CD in patients
already adhering to a GFD. (Strong recommendation, high level of evidence)
HLA-DQ2/DQS8 genotyping should be used to try to exclude CD prior to
embarking on a formal gluten challenge. (Strong recommendation, high level
of evidence)

CD should be differentiated from non-celiac gluten sensitivity in order to iden-
tify the risk for nutritional deficiency states, complications of CD, risk for CD
and associated disorders in family members, and to influence the degree and
duration of adherence to the GFD. (Conditional recommendation, moderate
level of evidence)

Formal gluten challenge should be considered, where necessary, to diagnose or
exclude CD in patients already adhering to a GFD. (Strong recommendation,
high level of evidence)

Despite the disadvantages of neither confirming nor excluding a diagnosis of
CD, some patients will opt to continue on a strict GFD without undergoing
formal gluten challenge; such patients should be managed in a similar fashion
to those with known CD. (Conditional recommendation, low level of
evidence)

People with CD should adhere to a GFD for life. A GFD entails strict avoidance
of all products containing the proteins from wheat, barley, and rye. (Strong
recommendation, high level of evidence)
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While pure oats appear to be safely tolerated by the majority of people with
CD, oats should be introduced into the diet with caution and patients should be
monitored closely for evidence of adverse reaction. (Strong recommendation,
moderate level of evidence)

People with CD should be referred to a registered dietitian who is knowledge-
able about CD in order to receive a thorough nutritional assessment and educa-
tion on the GFD. (Strong recommendation, moderate level of evidence)
People with newly diagnosed CD should undergo testing and treatment for
micronutrient deficiencies. Deficiencies to be considered for testing should
include, but not be limited to, iron, folic acid, vitamin D, and vitamin B12.
(Conditional recommendation, low level of evidence)

People with CD should be monitored regularly for residual or new symptoms,
adherence to GFD, and assessment for complications. In children, special
attention to assure normal growth and development is recommended. (Strong
recommendation, moderate level of evidence)

Periodic medical follow-up should be performed by a health-care practitioner
with knowledge of CD. Consultation with a dietitian should be offered if gluten
contamination is suspected. (Strong recommendation, moderate level of
evidence)

Monitoring of adherence to GFD should be based on a combination of history
and serology (IgA TTG or IgA (or IgG) DGP antibodies). (Strong recommen-
dation, moderate level of evidence)

Upper endoscopy with intestinal biopsies is recommended for monitoring in
cases with lack of clinical response or relapse of symptoms despite a GFD.
(Strong recommendation, moderate level of evidence)

Monitoring of people with CD should include verification of normalization of
laboratory abnormalities detected during initial laboratory investigation.
(Strong recommendation, moderate level of evidence)

Patients with NRCD should be evaluated carefully to identify and treat the
specific etiology in each patient. (Strong recommendation, high level of
evidence)

Early steps in the evaluation should include measurement of celiac serologies
and a thorough review of the patient’s diet by a dietitian who is experienced in
CD management. (Strong recommendation, high level of evidence)
Differentiation should be made between type I and type II refractory CD as this
is important for management and prognosis. (Strong recommendation, moder-
ate level of evidence)

Treatment with medication, as an adjunct to the GFD, should be considered in
refractory CD. (Conditional recommendation, moderate level of evidence)
Patients with RCD should be monitored closely and receive aggressive nutri-
tional support, including parenteral nutrition whenever indicated. (Strong rec-
ommendation, high level of evidence)



Appendix A
Resources for Celiac Disease Practitioners
and Patients

Patient Advocacy Organizations and Support Groups

Academy of Nutrition and Dietetics—http://www.eatright.org

American College of Gastroenterology (ACG)—http://www.acg.gi.org

American Celiac Disease Alliance—http://www.americanceliac.org

American Celiac Society—http://www.americanceliacsociety.org/

American Gastroenterological Association—http://www.gastro.org

Celiac Disease Awareness Campaign—http://www.celiac.nih.gov/

Celiac Central, National Foundation for Celiac Awareness—http://www.celiaccentral.
org

Celiac Disease Foundation—http://www.celiac.org

Celiac Disease Association/US A—http://www.csaceliacs.info/

Celiac Sprue Association—nhttp://www.csaceliacs.org

Gluten-Free Certification Organizations—http://www.gfco.org

Gluten Intolerance Group of North America—http://www.gluten.net/

North American Society for Pediatric Gastroenterology, Hepatology and Nutrition—
http://www.naspghan.org

R.O0.C.K. (Raising Our Celiac Kids)—http://www.celiackids.com

Online Resources

Primary Care CME

The National Foundation for Celiac Awareness (NFCA) offers a free online con-
tinuing education program for primary care providers. The course teaches how to
detect, diagnose, and manage celiac disease (http://www.CeliacCMECentral.com).
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GREAT Pharmacists

NFCA offers a free online continuing education course for pharmacy profession-
als on the topic of celiac disease. This continuing education activity provides phar-
macists with a reliable understanding of celiac disease and their role in dealing
with patients with gluten-related disorders (http://www.proce.com/activities/
activity_detail?id=7).

Celiac Disease Symptoms Checklist

After submitting this simple online checklist, you will be able to download a printer-
friendly form for your doctor that includes information on celiac disease testing
(http://www.CeliacCentral.org/checklist).

NFCA Monthly e-Newsletter

NFCA'’s monthly e-newsletter covers a variety of topics, including health and well-
ness articles, food and lifestyle tips, gluten-free product reviews, recipes, and new
updates (http://www.CeliacCentral.org/newsletter).

NFCA Free Webinars

NFCA hosts monthly webinars that provide gluten-free individuals and dietitians
with valuable information and resources to help manage celiac disease and the
gluten-free diet, as well as improve general health and wellness. Webinars are a free
service to the community (http://www.CeliacCentral.org/webinars).

Non-Celiac Gluten Sensitivity

Find answers to frequently asked questions about non-celiac gluten sensitivity, with
input from expert researchers (http://www.CeliacCentral.org/ncgs).

Gluten Free in College

College students face a unique set of challenges when living gluten free on campus.
This special web section includes blogs, articles, and a digital magazine authored by
students with gluten-related disorders (http://www.CeliacCentral.org/college).
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Gluten-Free Labeling Updates

This section of NFCA’s Web site includes the latest updates on gluten-free labeling
regulations. Read FAQs and browse blog posts on this important topic in the gluten-
free community (http://www.CeliacCentral.org/FDA).

Gluten in Medications

Current US regulations do NOT require manufacturers to label the inactive ingredi-
ents in drugs. Learn all about the inactive ingredients in medications and NFCA’s
FDA-funded research (http://www.CeliacCentral.org/medications).

GREAT Kitchens (Gluten-Free Resource Education
and Awareness Training)

NFCA offers comprehensive, online gluten-free training for foodservice profes-
sionals through the GREAT Kitchens program. Courses are available for restau-
rants, hospitality, caterers, schools, universities and colleges, and camps (http://
www.CeliacCentral.org/GREAT).

Gluten-Free Recipes

NFCA posts a new gluten-free recipe each Monday. Also find recipe boxes featur-
ing meal ideas that use popular gluten-free products (http://www.CeliacCentral.
org/recipes).

Gluten-Free Resource Directory

This Directory includes a database of gluten-free products and resources, categorized
by type for convenient browsing (http://www.glutenfreeresourcedirectory.com).

Gluten-Free Drugs

This list is maintained by Steven Plogsted, PharmD, a pharmacist at Nationwide
Children’s Hospital in Columbus, OH (http://www.GlutenFreeDrugs.com).
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Gluten-Free Dietitian

Tricia Thompson, MS, RD, is a food manufacturing and gluten-free labeling expert.
Her blog shares insights on issues affecting the celiac disease population (http://
www.glutenfreedietitian.com).

Triumph Dining

Triumph Dining publishes a variety of resources, including a grocery guide and din-
ing guide. The company also makes gluten-free dining cards to assist in communi-
cation with waitstaff and chefs (http://www.triumphdining.com).

Find Me Gluten Free

Find Me Gluten Free is a mobile app that helps users find local restaurants that serve
gluten-free food (http://www.FindMeGlutenFree.com).

North American Society for the Study of Celiac
Disease (NASSCD)

North American Society for the Study of Celiac Disease’s (NASSCD’s) overall mis-
sion is to advance the fields of celiac disease and gluten-related disorders by foster-
ing research and by promoting excellence in clinical care, including diagnosis and
treatment of patients with these conditions (http://www.nasscd.org).

National Institute of Diabetes and Digestive
and Kidney Diseases (NIDDK)

The NIDDK conducts and supports medical research and research training and dis-
seminates science-based information on digestive diseases, including celiac disease
(http://www.niddk.nih.gov).
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Celiac Disease Centers

Celiac Center at Beth Israel Deaconess Medical Center—http://www.CeliacNow.org

Celiac Center at Paoli Hospital—http://www.mainlinehealth.org/paoliceliac

Celiac Disease Center at Columbia University—http://www.celiacdiseasecenter.
org/CF-HOME.htm

Center for Celiac Disease at The Children’s Hospital of Philadelphia—http://www.
chop.edu/service/center-for-celiac-disease/home.html

Center for Celiac Research and Treatment at Mass General Hospital for Children—
http://www.celiaccenter.org

Jefferson Celiac Center—http://www.jeffersonhospital.org/departments-and-services/
celiac-center.aspx

Mayo Clinic Celiac Center—http://www.mayoclinic.org/celiac-disease/

Stanford Celiac Disease Clinic—http://www.stanfordhospital.org/digestivehealth/
celiacdisease/

University of Chicago Celiac Disease Center—http://www.cureceliacdisease.org/
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Appendix B
Taxonomic Relationships of the Major
Cereal Grains
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The prolamins of wheat are referred to as gliadins. Prolamins from other cereals
also are considered to be gluten and are named according to their source (secalins
from rye, hordeins from barley, avenins from oats, and zeins from corn). The taxo-
nomic relationships of the major cereal grain families provide a framework on
which their toxicities in celiac disease can be predicted. Wheat, rye, and barley
belong to the tribe known as Triticeae, and oats belong to a neighboring tribe known
as Aveneae. Avenin is genetically less similar to gliadin than gliadin is to secalin
and hordein. Despite their genetic differences, however, prolamins from oats, bar-
ley, wheat, and rye still have immunologic cross-reactivity because of their common
ancestry. Grains that do not activate disease (rice, corn, sorghum, and millet) are
separated still further from wheat, rye, and barley in terms of their derivation from
the primitive grasses. Reprinted with permission from Farrell RJ, Kelly CP. Celiac
disease and refractory celiac disease. In: Feldman M, Friedman LS, Brandt LJ, editors.
Sleisenger and Fordtrans Gastrointestinal and Liver Disease—Pathophysiology
Diagnosis Management. 9th ed. Philadelphia: Elsevier: 2010; with permission from
Elsevier.
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Appendix C
Some Potential Sources of Hidden Gluten!

Beers, ales, other fermented beverages (distilled beverages are acceptable)
Bouillon and soups

Candy

Communion wafers

Drink mixes

Gravy and sauces

Herbal tea

Imitation meat and seafood
Lipstick and lip balms
Medications (pills and capsules)
Nutritional supplements
Play-Doh

Salad dressings and marinades
Self-basting turkeys

Soy sauce

Toothpaste

'Reprinted with permission from Farrell RJ, Kelly CP. Celiac disease and refractory celiac disease.
In: Feldman M, Friedman LS, Brandt LJ, editors. Sleisenger and Fordtrans Gastrointestinal and
Liver Disease—Pathophysiology Diagnosis Management. 9th ed. Philadelphia: Elsevier: 2010;
with permission from Elsevier.
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Appendix D
Key Elements in the Management
of Celiac Disease?

Consultation with a skilled dietitian

Education about the disease

Lifelong adherence to a gluten-free diet

Identification and treatment of nutritional deficiencies
Access to an advocacy group

Continuous long-term follow-up by a multidisciplinary team

2Reprinted from the National Institutes of Health Consensus Development Conference Statement
on Celiac Disease, June 28-30, 2004. Gastroenterology 2005;128:S1-S9.
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Appendix E
Celiac Iceberg’

) Classic celiac disease
Intostingl | stcoccacaallllecccscindaans nnsensanss
mucosal . _ :
Igﬁ_\ EMA B abnormality t Atypical celiac disease
or iTG antibody positive] ~— " | _|____,_ [, ____V
;Silent celiac disease
Latent celiac disease
Genetic
susceptibility
HLA-DQ2 or -DQ8
Healthy individual

3Reprinted with permission from Farrell RJ, Kelly CP. Celiac disease and refractory celiac disease.
In: Feldman M, Friedman LS, Brandt LJ, editors. Sleisenger and Fordtrans Gastrointestinal and
Liver Disease—Pathophysiology Diagnosis Management. 9th ed. Philadelphia: Elsevier;2010;
Chapter 104, p 1801. Figure 104-3, with permission from Elsevier.
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Appendix F
An Approach to Gluten Challenge for the
Diagnosis or Exclusion of Celiac Disease*

Baseline . : lmi
serology’
Positive disease?
Negative
h Negative Not celiac
HLA DQ2 & DQ8 typing "4 disease®
Positive
A Patient unable Negative
3 ggluten daily for2 _ to continue®4
weeks
\J
Patient able Duodenal Celiac

to mntmue“ biopsy histology  pyqiye | diSease
3 g gluten daily for

up to 6 additional week*

!

Repeat serology at _ Positive

end of challange‘ \

eoallac

Reapeat sarology 2-6
weeks after end of

challenge®

F’OSftlve

4Reprinted by permission from Macmillan Publishers Ltd: Rubio-Tapia A, Hill ID, Kelly CP,
Calderwood AH, Murray JA. ACG Clinical Guidelines: Diagnosis and Management of Celiac

Disease. Am J Gastroenterol. 2013 May;108(5):656-76, copyright 2013.

S.D. Rampertab and G.E. Mullin (eds.), Celiac Disease, Clinical Gastroenterology,

DOI 10.1007/978-1-4614-8560-5, © Springer Science+Business Media New York 2014
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Appendix G

An Approach to the Monitoring

of Celiac Disease’

E:pecled

Diagrosisofcp —+ | Followwp 36

mamhe (visk 1) = Improvement of
+ Symptoms « Symptoms nutritional deficiencis
* Serology' + Serology
+ Other tests” * Other tests’
= Imtestinal biopsy
= Digtitian Inadequate
= Support group response
= DXA scan (7}
= Dietitian
Good adherence
to GFD?
Yes

= Observation only

*+ Work-up for other causes
of non-responsive CO
(if clinicalty indicated)

* Symptoms improvement
* Decrease of antibody titers

Expecled
response
= Conlrol of symploms
Follow-up 1 = Correction of nutritional Annual
year (visit 2) deficiencies follow-up
= Seroconversion
* Symploms « Improvement of histology
* Serology
* Ohiter tests”
+ Intestinal biopsy” Inadequate
* DXA scan (7) rESponsa

* Dietitian

* Waork-up for other causes of
non-responsive CD (if clinically
indhcated)

No

= Faciliate adherence to

GFD

* Work-up for other causes

of non-responsive CD
(if clinically indicated)

SReprinted by permission from Macmillan Publishers Ltd: Rubio-Tapia A, Hill ID, Kelly CP,
Calderwood AH, Murray JA. ACG Clinical Guidelines: Diagnosis and Management of Celiac
Disease. Am J Gastroenterol. 2013 May;108(5):656-76, copyright 2013.
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Appendix H
An Approach to the Diagnosis
of Celiac Disease®

Moderate-to-high probability of celiac disease Low probability
(e.g., typical GI symptoms and a family history of of celiac disease

celiac ¥ P iron
deficiency anemia, or failure to thrive in

IgA EMA or ITG antibody =
IgAAGA, IgG AGA

[IgAEMRorI‘TBanﬁbodymlow Small intesti Diagr
and small intestinal biopsy biopsy excluded

IgA EMA or 1TG
antibody positive
Histology negative

Consider other causes ol villus atrophy
Cow’s milk protein intolerance (children)
Peptic itis (including Zollinger-Ellison syndrome)
Crohn's disease

Small intestinal b ial overgrowth
Eosinophilic g i

Radiation or cyt apy
Tropical sprue

Severe malnutrition

Diffuse small intestinal lymphoma
Graft versus host disease
Hypogammaglobulinemia

Alpha chain disease

®Reprinted by permission from Macmillan Publishers Ltd: Rubio-Tapia A, Hill ID, Kelly CP,
Calderwood AH, Murray JA. ACG Clinical Guidelines: Diagnosis and Management of Celiac
Disease. Am J Gastroenterol. 2013 May;108(5):656-76, copyright 2013.
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Appendix I
An Approach to the Patient
with Non-Responsive Celiac Disease’

"Reprinted with permission from Farrell RJ, Kelly CP. Celiac disease and refractory celiac disease.
In: Feldman M, Friedman LS, Brandt LJ, editors. Sleisenger and Fordtrans Gastrointestinal and
Liver Disease - Pathophysiology Diagnosis Management. 9th ed. Philadelphia: Elsevier; 2010;
with permission from Elsevier.
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DOI 10.1007/978-1-4614-8560-5, © Springer Science+Business Media New York 2014



300 Appendix I

Supporitng evidence:
[asmm dfsease'l
- et + Confirmation of small-bowel histolgy findings
consistent with celiac disease
* Positive EMA, ITGA, or DGP serology at some
Confirm accuracy of celiac disease diagnosis (), fime during the cliical course
+ Biopsy-proven dermatitis herpetiformis
» Clinical and/or histological response to GFD
+ Strong family history of celiac disease
i « Presence of associated auto-immune

disorders

e Evaluated for other causes of villous atrophy®
M C———"">  and/or other condition with celiac-like clinical
presentations®

Celiac serologies® &
expert dietician evaluation:
gluten ingestion and/or
other food intolerances identified?

Reconsider and exclude other Consider alternative etiologies
etiologies for villous atrophy? for ongoing symptoms®

v

Refractory celiac disease (RCD)®

Abnormal or clonal intefﬂnalT lymphocytes?®

Type Il RCD Type | RCD



Appendix J

Dietary Reference Intakes (DRIs):
Recommended Dietary Allowances

and Adequate Intakes, Vitamins and Elements

S.D. Rampertab and G.E. Mullin (eds.), Celiac Disease, Clinical Gastroenterology, 301
DOI 10.1007/978-1-4614-8560-5, © Springer Science+Business Media New York 2014
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Appendix J
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Appendix K
Dietary Reference Intakes (DRIs): Tolerable
Upper Intake Levels, Vitamins and Elements

S.D. Rampertab and G.E. Mullin (eds.), Celiac Disease, Clinical Gastroenterology, 307
DOI 10.1007/978-1-4614-8560-5, © Springer Science+Business Media New York 2014
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A
Adhesion molecules
INTEGRIN-a4b7 expression, 203
leukocytes regulation, 203
Alpha-tocopherol (Vitamin E)
antioxidant, 141
immune function, 141
serum, 142
treatment, 142
Animal models
Balb/c third-generation mice, 75
CD patients, 67
CXCR3, 75
development, 67
DQ2 and DQ8, 76
enteropathy, 75, 76
gluten, 67
non-transgenic
induced, 68—69
spontaneous, 68
pathogenesis, 74
transgenic
MHC II molecules, 69-71
non-MHC II molecules, 71-73
zonulin, 74
Anthropometric assessment
biochemical data, 126
diagnosis, CD, 127
endoscopy report, 126127
GFD, 127
laboratory measures, 126
medical tests, 126
nutrition intervention and education, 127
Anti-adhesion therapy, 203
Anti-deamidated gliadin antibodies, 48

S.D. Rampertab and G.E. Mullin (eds.), Celiac Disease, Clinical Gastroenterology,

Antigen presentation and gluten epitopes
Caucasian population, 41
“Class II” antigen-presenting genes, 41
helper T cells, 40
Antigen-presenting cells (APCs)
dendritic cells, 2
IFN-y, 45
lamina propria and submucosal, 43
“nonprofessional”, 48
T and B cells, 3
T helper (Th) cells, 40
Antigliadin antibody, 111-112
Anti-tissue transglutaminase antibody, 113
Anti-TTG antibodies, 48
APCs. See Antigen-presenting cells (APCs)
Associated conditions
at-risk individuals and, 99
with CD, 219-220
genetic disorders, 186
hepatitis, 186—187
thyroid disease, 186
type 1 diabetes mellitus, 185

ATD. See Autoimmune thyroid disease (ATD)

Atypical, 95, 96, 100
Autoimmune diseases
Addison’s disease, 214
CD and psoriasis, 214
CD patients, 60
liver disease, 213-214
risk factors, 60
systemic lupus erythematosus, 214
thyroid disease, 213
T lymphocyte-mediated, 61-62
type 1 diabetes mellitus, 212
Autoimmune thyroid disease (ATD), 186
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Autoimmunity
celiac, 98
hygiene hypothesis, 32
viral infection, 249

B
B cells
native protein antigens, 39
plasma cells, 48
Biopsy, CD, 262
Bone health
GFD, 151-152
morbidity, 151
osteoporosis, 151
PTH, 151
Breast-feeding, 32

C
Calcium
comorbid deficiency, 146
diet history, 146
hypocalcemia, 147
osteoporosis, 147
treatment, 147
Capsule endoscopy, 277
Carotenoids (Vitamin A)
diagnosis, 141
epithelial cell development, 140
skin and mucous membranes, 140
treatment, 141
CD. See Celiac disease (CD)
CDAL See Crohn’s disease activity index
(CDAI)
Celiac disease (CD)
allergy/sensitivity, 137
in children
Down syndrome, 6
ESPGHAN, 7
NASPGHAN, 7
symptoms, 6
T cells, 6
children and young adults (see Children
and young adults)
chronic digestive disorder, 14
clinical presentation, 14-15
dietary supplements (see Dietary
supplements, CD)
epidemiology (see Epidemiology)
genetic predisposition, 14
GI malabsorptive disorders, 145
gluten sensitivity and CD (see Gluten
sensitivity and CD)

gut microbiota (see Gut microbiota)

hypomagnesima, 147
lymphocytic colitis, 138
micronutrients, 138

Index

misconceptions (see Misconceptions, CD)

misconceptions and myths, 11
morbidity (see Morbidity)
mortality (see Mortality)

myths (see Myths management, CD)

and NCGS, 6

novel therapies (see Novel therapy)
nutrition (see Nutrition assessment)

pathogens (see Pathogens)

pathophysiology, 2—4 (see also
Pathophysiology)

presentation (see Presentation)

probiotics, 90-91

screening and diagnosis, 4-5

selenium, 145

superfamilies, prolamins and Pooideae, 193

therapy and monitoring, 7-8
Villous atrophy, 193

Children

gastrointestinal symptoms, 117
intestinal biopsy, 118
presentation (see Presentation)
serological markers, 117-118

Children and young adults

clinical presentation, 179, 180
diagnosis (see Diagnosis)
epidemiology, 177

extra-intestinal manifestations, 180—182

genetic disorders, 186
hepatitis, 186187
pathogenesis, 177-179
psychosocial impact, 187
thyroid disease, 186
treatment, 187

type 1 diabetes mellitus, 185

Clinical presentation, CD, 4
Comorbidities, 228, 230
Complications

of CD, 224
GFD, 212
hyposplenism, 225

lymphoproliferative malignancy, 217
Copper, 146
Crohn’s disease activity index (CDAI), 201
CXCL10

expression and secretion, 72, 73
gliadin-treated THP cells, 72

CXCR3

receptor, 75
and zonulin, 74, 75
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Cytokines

description, 44

IFN-y, 45

IL-15, 4546

inflammatory, 42

larazotide acetate, 43

proinflammatory inhibitors
(see Proinflammatory cytokines
inhibition)

TJ functions, 42

D
Deamidated gliadin peptide (DGP), 112, 118
Dermatitis herpetiformis, 229
Detoxification, glutens
oral enzyme therapy, 198—199
probiotics, 199
DGP. See Deamidated gliadin peptide (DGP)
Diagnosis
children (see Children)
classical CD symptoms, 107
endoscopy, 184
gastrointestinal symptoms, 108
genetic testing, 114, 185
GFD, 116-117
higher prevalence populations, 108-109,
110-111
IgA deficiency, 185
nonclassical presentations, 108, 109
screening, 109, 111 (see also Screening)
serological evaluation (see Serological
evaluation, CD)
small intestinal biopsy, 114-116
young children, 184
Diarrhea
children presentation, 96
and malabsorption, 96
potential explanation, 97
Dietary supplements, CD
alpha-tocopherol (Vitamin E), 141-142
anemia
blood cell count, 139
diagnosis, 139
GFD, 139
iron-deficiency, 139
macrocytic, 139
treatment, 139-140
bone health, 151-152
calcium, 146-147
carotenoids (Vitamin A), 140-141
copper, 146
fat-soluble vitamins, 140
fiber, 148-149
magnesium, 147-148
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nutritional deficiencies
allergy/sensitivity, 137
bowel, 137
colonoscopy, 138
GFD, 138
GI features, 137
micronutrients, 138
pregnancy and fertility
breast-feeding, 152
GFD, 152
serology, 152
treatment, 153
probiotics, 150
RCD, 153-154
selenium, 145
vitamin D, 142-143
vitamin K
bone matrix formation, 143
malabsortive GI disorders, 143
PT, 143
terminal ileum, 143
zinc, 144-145
Dogs, 68, 75, 76
Down syndrome, 6
Duodenal biopsy, 114, 116

E
EATL. See Enteropathy-associated T-cell
lymphoma (EATL)
EMA testing. See Endomysial antibody
(EMA) testing
Emerging treatments. See Anti-adhesion
therapy
Endomysial antibody (EMA) testing, 113
Enteropathy-associated T-cell lymphoma
(EATL)
homozygosity, HLA-DQ2, 248
lymphoma linked to CD, 217
non-Hodgkin lymphomas, 218
RCDII patients, 247
TCRy chain rearrangement, 248
Epidemiology
age-and calendar-matched cohorts,
individuals, 2
clinical presentation, 28
description, 1
gluten and GFD, 27
high-risk groups (see High-risk groups)
HLA testing, 28
“nonclassical” symptoms, 27
pregnancy and early childhood
(see Pregnancy and early childhood)
prevalence, 28-30
TTG2 and EMA, 28
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Epithelial cells. See Intestinal
epithelial cells (IECs)
Epitopes
gluten, 4041
native protein antigens, 39
pathways, macromolecules, 41
TTG, 44
European Society for Pediatric
Gastroenterology, Hepatology
and Nutrition (ESPGHAN), 7
Extra-intestinal manifestations
bone mineral density, 181
clinical presentation, CD, 4
gastrointestinal symptoms, 6
hematologic abnormalities, 180
hepatitis, 181
neurologic manifestations, 182
oral manifestations, 181-182
short stature, 180

F
FALCPA. See Food Allergen Labeling and
Consumer Protection Act
(FALCPA)
Fat-soluble vitamins, 140
FDA. See Food and Drug Administration
(FDA)
Fertility
breast-feeding, 152
coenzyme, 144
GFD, 152
iron-deficiency, 139
serology, 152
treatment, 153

Fiber
diagnosis, 149
diet, 149
GFD, 148, 149
prolamin, oats, 149
Folate

deficiency, 139
fortification, 140, 153
heat sensitive, 140
Food Allergen Labeling and Consumer
Protection Act (FALCPA), 130
Food and Drug Administration (FDA), 129, 130

G

GALT. See Gut-associated lymphoid
tissue (GALT)

Gastrointestinal (GI), 145

Gastrointestinal symptoms, 108

Index

Genetics
disorders, 111, 186, 229
predisposition to CD, 257
testing, 114, 185, 262
Genetic susceptibility
associated SNPs, 59
LD block, 59
noncoding RNAs, 60
non-HLA susceptibility regions, 59
Genome-wide association study (GWAS)
genetic risk factors, 55
immune-related diseases, 61
susceptibility genes, CD, 54
tag SNPs, 57
GFD. See Gluten-free diet (GFD)
GI. See Gastrointestinal (GI)
Gliadin
amino acid substitution, 201
inhibitors, HLA-DQ?2, 200
intestinal T lymphocytes, 200
intrinsic cystatins, 199
proline residues, 198
stimulation, TG2, 200
transgenic DQ8 mice, 202
Trl cells, 202
Gluten ataxia and neuropathy, 224
Gluten-free diet (GFD)
accuracy, 124
compliance, 124, 128
diagnosis, 4-5
education, 127
folate fortification, 140
genetic testing, 117
histological changes, 116
hypomagnesima, 147
macro and micronutrient, 132
medical and nutritional treatment, 127
nutritional quality, 132-134
osteoporosis, 151
packed foods, 4
populations, 5
screening, 5
selenium, 145
serological evaluation, 5
serological markers, 116
serological testing, 132
serology, 152
treatment, CD, 194
Gluten peptide vaccine, 202
Glutens
APCs, 40
breast-feeding, 33
CD development, 67
dependent enteropathy, 68-70
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dermatitis herpetiformis (DH), 260
detoxification, 198-199
dietary storage proteins, 2
environmental factor, 81
epitopes and antigen presentation
(see Antigen presentation)
GFD, 7
o2-gliadin, 2
gliadins, 40
growth, public awareness, 4
healthcare providers, 30
and IBS (see Irritable Bowel Syndrome
(IBS))
immunological response, 2
intestinal barrier and antigen access
dendritic cells sampling, 43
dietary antigens, 42
enteric virus infection/medications, 43
larazotide acetate, 43
microfold (M) cells, 41-42
passage across epithelial barrier, 41, 42
pathways, macromolecules, 41
“tight junction”/“zonula occludens”, 42
Zonulin (prehaptoglobin-2), 42
lymphocytes, 39
mucosal APCs activation, 3
mucosal recovery, 8
peptides, 84, 90
risk factors, early postnatal period, 2
sensitive individuals, 27
serological and/or intestinal mucosal
response, 262
storage proteins, 39, 67
toxic dietary gluten (see Toxic dietary
gluten)
Gluten-sensitive enteropathy, 179
Gluten sensitivity and CD
components, 13
gliadin, 13
pathophysiological reactions, 14
Gut-associated lymphoid tissue (GALT), 150
Gut microbiota
chronic enteropathy, 81
etiology and pathogenesis, 81
and intestinal dysbiosis, 84-89
milk-feeding
bacteroides fragilis, 83
breast-feeding, 82
development, 83
dietary influences, 82
genetic risk, 83
schematic representation, 82, 83
GWAS. See Genome-wide association
study (GWAS)
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H
High-risk groups
CD, 31
DH, 31
first-degree relatives, 30-31
genetic (HLA) setup, 31
hygiene hypothesis, 32
osteoporosis, 31
socioeconomic factors, 31-32
HLA. See Human leukocyte antigen (HLA)
HLA-DQ2/DQ8 genotyping testing, 276277
HLA-DQ2 inhibitors
alanine amino acid substitution, 201
in CD, 200-201
gliadin peptides, 200
IFN-g production, 201
Horse, 68, 75, 76
Human leukocyte antigen (HLA)
CD etiology, 57
description, 54
DQ2 and DQ8, 67
encoding alleles, 54-55
genetic and estimated recurrence risks, 57
haplotypes DQ2 and DQ8, 14
heterozygosity, HLA-DQ?2.5 heterodimer,
55-56
HLA-DQ heterodimers, 55, 56
positive genetic screening, 15
transgenic mice, 69, 74
Hyposplenism, 225

I
IBS. See Irritable bowel syndrome (IBS)
IECs. See Intestinal epithelial cells (IECs)
IELs. See Intraepithelial lymphocytes (IELs)
IFN-y. See Interferon-y (IFN-y)
IgA deficiency, 113-114
IL-15. See Interleukin-15 (IL-15)
Immune-related diseases
CD HLA risk haplotypes, 60
disease-specific genes, 62
non-HLA susceptibility regions, 61
pathways, 61-62
risk factors, 60
type 1 diabetes and autoimmune
thyroiditis, 60
Immunogenetics
association with HLA genotypes (see
Human leukocyte antigen (HLA))
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