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
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activate T cells from patients
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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
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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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