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eliac disease has become one of the best-understood
LA-linked disorders. Although it shares many im-
unologic features with inflammatory bowel disease,

eliac disease is uniquely characterized by (1) a de-
ned trigger (gluten proteins from wheat and related
ereals), (2) the necessary presence of HLA-DQ2 or
LA-DQ8, and (3) the generation of circulating au-

oantibodies to the enzyme tissue transglutaminase
TG2). TG2 deamidates certain gluten peptides, in-
reasing their affinity to HLA-DQ2 or HLA-DQ8.
his generates a more vigorous CD4� T-helper 1 T-
ell activation, which can result in intestinal mucosal
nflammation, malabsorption, and numerous second-
ry symptoms and autoimmune diseases. Moreover,
luten elicits innate immune responses that act in
oncert with the adaptive immunity. Exclusion of glu-
en from the diet reverses many disease manifesta-
ions but is usually not or less efficient in patients
ith refractory celiac disease or associated autoim-
une diseases. Based on the advanced understanding

f the pathogenesis of celiac disease, targeted nondi-
tary therapies have been devised, and some of these
re already in phase 1 or 2 clinical trials. Examples are
odified flours that have been depleted of immuno-

enic gluten epitopes, degradation of immunodomi-
ant gliadin peptides that resist intestinal proteases
y exogenous endopeptidases, decrease of intestinal
ermeability by blockage of the epithelial ZOT recep-

or, inhibition of intestinal TG2 activity by transglu-
aminase inhibitors, inhibition of gluten peptide pre-
entation by HLA-DQ2 antagonists, modulation or
nhibition of proinflammatory cytokines, and induc-
ion of oral tolerance to gluten. These and other
xperimental therapies will be discussed critically.

eliac disease is a common inflammatory disease of
the small intestine that is mainly triggered and

aintained by the storage proteins (gluten) of wheat,
arley, and rye in genetically predisposed individuals.
atients display various degrees of intestinal inflamma-

ion, ranging from mere intraepithelial lymphocytosis to
evere subepithelial (lamina propria) mononuclear cell
nfiltration resulting in total villous atrophy coupled
ith crypt hyperplasia. Accordingly, clinical symptoms
nd laboratory indices range from completely asymptom-
tic to global malabsorption.1– 8 Autoantibody screening
nd biopsy confirmation of celiac disease reveals preva-
ences in the United States and in most Western and

iddle Eastern countries between 1:70 and 1:200.1–5,9 –11

his appears to further increase with age, because a
ecent study from Finland showed a prevalence of 1:47 in
andomly selected subjects older than 52 years of age.12

The majority (�80%) of patients with screening-detected
eliac disease show no, minor, or non–diarrhea-associated
linical symptoms (clinically silent, oligosymptomatic, or
typical celiac disease, respectively). Oligosymptomatic ce-
iac disease is associated with anemia, osteoporosis, and an
ften compromised well-being and quality of life,13 which
verlaps with atypical celiac disease that is characterized by
xtraintestinal symptoms such as arthritis, infertility, hyper-
ransaminasemia, and even liver failure.1–5,10,11 Further-

ore, gluten sensitivity without intestinal lesions but
irculating celiac autoantibodies or mere antibodies to
liadin, which lack specificity for classic celiac disease,14

as been linked to otherwise unexplained neurologic or
sychiatric disorders such as cerebellar ataxia, peripheral
europathy, schizophrenia, or autism.15–18 Because symp-
oms in patients may improve on a gluten-free diet, this
as led to the suggestion of nutritional gluten sensitivity
hat does not manifest itself as the classic intestinal
esion but rather as extraintestinal (eg, neurologic dis-
ase).19 –21 Its relation to celiac disease is discussed con-
roversially.

Abbreviations used in this paper: CCL25, chemokine ligand 25; CCR,
hemokine receptor; EATL, enteropathy-associated T-cell lymphoma;
EL, intraepithelial lymphocyte; IFN, interferon; IL, interleukin; MMP,

atrix metalloproteinase; PEP, prolyl endopeptidase; TCR, T-cell re-
eptor; TG2, tissue transglutaminase; TGF, transforming growth factor;
h1, T-helper 1; Treg, regulatory T cell.

© 2009 by the AGA Institute
0016-5085/09/$36.00
doi:10.1053/j.gastro.2009.09.008
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December 2009 CELIAC DISEASE 1913
Classic celiac disease is frequently found in conjunc-
ion with (other) autoimmune diseases, such as type 1
iabetes mellitus, autoimmune thyroiditis, autoimmune
epatitis, dermatitis herpetiformis, and autoimmune al-
pecia.22 In addition, patients with long-standing unde-
ected and untreated symptomatic celiac disease are at an
ncreased risk for developing enteropathy-associated T-
ell lymphoma, small bowel adenocarcinoma, and other
ancers of the gastrointestinal tract.23–26 If and to what
xtent patients with silent or oligosymptomatic screen-
ng-detected celiac disease may develop overt celiac dis-
ase, secondary autoimmune diseases, or even malig-
ancy when continuing on a gluten-containing diet
emains to be shown.

The only currently available treatment of celiac disease
s a lifelong strict gluten-free diet, which is difficult to

aintain and can lead to social isolation because modern
iets are heavily based on products that contain gluten.

Pathogenesis of Celiac Disease
Virtually all patients with celiac disease share the

eterodimeric HLA class II genes HLA-DQ2 or HLA-DQ8
s common genetic background. These class II molecules
re expressed on antigen-presenting cells, mainly macro-

able 1. Non-HLA Loci of Celiac Disease Susceptibility

Loci identified
Type of study used for

identification Origin

ELIAC 2 5q31-q33 linkage analysis Italy, Finland, Sc
analysis)

ELIAC 3 2q33 Candidate gene approach France, The Net
ELIAC 4 19p13.1 linkage analysis Netherland

ELIAC 5 15q11-q13 linkage analysis
(microsatellite)

Finland

ELIAC 6 4q27 GWAS (SNPs) United Kingdom
United States

ELIAC 7 1q31 GWAS (SNPs) United Kingdom
United States

ELIAC 8 2q11-q12 GWAS (SNPs) United Kingdom

ELIAC 9 3p21 GWAS (SNPs) United Kingdom
Spain

ELIAC 10 3q25-q26 GWAS (SNPs) United Kingdom
United States

ELIAC 11 3q28 GWAS (SNPs) United Kingdom
United States

ELIAC 12 6q25.3 GWAS (SNPs) United Kingdom
ELIAC 13 12q24 GWAS (SNPs) United Kingdom

United States

WAS, genome-wide association study; SNP, single nucleotide polym
hages, dendritic cells, and B cells. Gluten peptides are s
resented by these celiac disease–associated HLA class II
olecules. This can lead to activation of gluten-specific
D4� T-helper 1 (Th1) cells in the lamina propria that
re central effector cells of the intestinal inflammation
esulting in crypt hyperplasia and villus atrophy.6,27 How-
ver, HLA-DQ2 or HLA-DQ8 are expressed in 30%–35%
f the populations where celiac disease is prevalent, with
nly �2%–5% of gene carriers developing celiac disease.
his implicates other genetic as well as environmental

actors as contributors to the manifestation of celiac
isease.28,29 Recent genetic studies in large numbers of
atients with celiac disease, relatives, and matched con-
rols revealed additional risk factors, most of which are
elated to T-cell regulation and inflammation.30 –33,35– 49

owever, the overall genetic contribution of these poly-
orphisms combined was estimated at only 3%– 4% as

ompared with 30%–35% for HLA-DQ2 or HLA-DQ8.33,34

he 13 susceptibility loci that have been identified to
ate are summarized in Table 1.31,33,35– 49 Furthermore,
arly exposure of infants to dietary gluten,50 early
nfection with enteropathic viruses, or a change of the
acterial flora51–56 were shown to favor the evolution of
linically manifest celiac disease in childhood. These ob-

e cohort(s)
Candidate genes

(function) Reference

avia, Europe (meta- Unknown 36, 40, 43, 45

ds, Sweden, Norway CTLA4 (T cell response) 38, 41, 48
Myosin IXB (Rho family

guanosine
triphosphatase)

44

Unknown 49

erland, Ireland, Italy,
ndinavia

KIAA1109
TENR (ADAD1)
IL2
IL21

31, 33, 35,
39, 47

erland, Ireland, Italy, RGS1 (B-cell activation) 31, 33, 39, 47

erland, Ireland IL18RAP
IL18R1

31,33, 42

erland, Ireland, CCR1 (chemokines)
CCR2
CCRL2
CCR3
CCR5
XCR1

31, 33, 37

erland, Ireland, Italy, IL12A 31, 33, 39, 47

erland, Ireland, Italy, LPP (zinc binding protein) 31, 33, 39,47

erland, Ireland, Italy TAGAP (T cell activation) 31, 33, 47
erland, Ireland, Italy, SH2B3 (TLR intracellular

adaptor, T-cell
activation)

31, 33, 39, 47

ism.
of th

andin

herlan

, Neth
, Sca

, Neth

, Neth

, Neth

, Neth

, Neth

, Neth
, Neth
ervations indicate that celiac disease results from dys-
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egulation of a usually suppressed T-cell response to
luten in a subset of carriers of HLA-DQ2 or HLA-DQ8.

Almost all patients with celiac disease develop immu-
oglobulin (Ig) A autoantibodies to the enzyme tissue
ransglutaminase (transglutaminase 2 [TG2]),57,58 which
s expressed by many cell types and associates with the
xtracellular matrix (endomysium or reticulin fibers).
G2 targets certain glutamine residues in some extracel-

ular and intracellular proteins, usually tethering them to
lysine residue of a second protein that results in cross-

inking of both proteins. Alternatively, TG2 merely de-
midates these glutamines to negatively charged glu-
amic acid residues.59 – 61 Due to their high content in
lutamine and neighboring proline and hydrophobic
mino acid residues, gluten proteins, especially the alco-
ol-soluble fraction (ie, gliadins of wheat, secalins of
arley, and hordeins of rye) but also the glutenins, are
referred substrates for TG2.57,62 When deamidated,
ost of the resultant negatively charged gluten peptides

ind more strongly to HLA-DQ2 (or HLA-DQ8), which
eads to a more rigorous gluten-specific CD4� Th1 T-cell
ctivation. A large number (�50) of distinct (deami-
ated) gluten peptides that can trigger such T-cell re-
ponses have been identified or deduced from consensus
equences for TG2.63–72 These gluten peptides are usually
airly resistant to digestion by gastrointestinal proteases,
hich increases their survival and availability in the small

ntestine.67,69 A 33mer peptide from �2-gliadin contains
partly overlapping HLA-DQ2– binding amino acid se-

uences that can be deamidated by TG2.68 This peptide is
onsidered a celiac “superantigen” and used as a model
eptide in preclinical studies.
How the immunogenic gluten peptides reach the lam-

na propria from the intestinal lumen remains controver-
ial. There is evidence that they can traverse via a para-
ellular pathway through defective tight junctions,73 but
ther studies showed that much of the transport occurs
ia epithelial transcytosis, especially in the inflamed mu-
osa of patients with celiac disease.74 –77 How far an as-
ociation of gluten peptides with luminal anti-gluten IgA
nd retrotranscytosis from the apical to the basal pole of
he epithelium may contribute to transcytosis in vivo
emains to be shown.77 A third but yet unproven possi-
ility is the sampling of gluten peptides by lamina pro-
ria dendritic cells. It was shown in mice but not in
umans that these cells can project protrusions between

ntestinal epithelial cells reaching the intestinal lumen.78

imilarly, sampling of gluten peptides by dendritic cells
ould occur preferentially via specialized microfold cells
hat are part of the follicle-associated epithelium of the

ucosa-associated lymphoid tissue.79

Innate Immunity to Gluten
While the adaptive immune response to gluten is

ell established, proteins from wheat, rye, or barley (ap-

arently in contrast to “nontoxic” cereal proteins derived a
rom, for example, corn or rice) can elicit an innate
mmune response in professional antigen-presenting cells
monocytes, macrophages, and dendritic cells) that acti-
ates predominantly intraepithelial lymphocytes (IELs)
ut also intestinal epithelial cells.80 – 84 This innate im-
une response is an immediate reaction and is usually

irected against relatively uniform microbial antigens
ut also against yet ill-defined constituents of cereals.85,86

n celiac disease, the innate immune response appears to
avor the development of adaptive immunity to gluten in
atients that carry HLA-DQ2 or HLA-DQ8.81 �2-gliadin
eptide p31-43, which is distinct from peptides that elicit
daptive immunity, was shown to trigger innate immu-
ity in intestinal epithelia and intestinal organ cul-
ures.81,87 Other peptides reportedly stimulated rodent

onocyte or macrophage cytokine release.80,82,83 How-
ver, these peptides have not been generally confirmed
nd none of the studies identified a receptor on a respon-
ive cellular subset. Two recent studies that rigorously
uled out contamination by lipopolysaccharide impli-
ated MyD88, the major downstream signal transducer
f Toll-like receptor 4 on monocytes, macrophages, and
endritic cells, and Toll-like receptor 4 itself as primary
eceptor for innate responses to cereal proteins.84,88

The Role of IELs
Progress has been made in our understanding

ow IELs are activated by luminal cereal proteins. The
erforin/granzyme and/or Fas/FasL pathways are central
o the observed cytotoxicity and apoptosis-inducing ac-
ivity of IELs on the intestinal epithelium in celiac dis-
ase.89 –91 Innate immune activation of IELs by gluten
nduces expression of the nonclassic class I molecule

ICA on the intestinal epithelium, which serves as li-
and for the heterodimeric NKG2D receptor on natural
iller, �� T cells and on subsets of CD4� and CD8� T
ells.92 Epithelial MICA and up-regulated epithelial pro-
uction of interleukin (IL)-15 leads to activation of
KG2D on IELs.93 NKG2D also links innate and adap-

ive immunity, because it both triggers antigen-specific
ymphocyte–mediated cytotoxicity and induces a direct
ytolytic function independent of T-cell receptor (TCR)
pecificity in effector CD8 T cells.94 Similarly, the
KG2C receptor that is activated by its epithelial ligand
LA-E is implicated in the pathogenesis of celiac disease,

timulating IEL proliferation and cytokine secretion in
atients with celiac disease.95–97 IELs can also have an

mmunoregulatory capacity through the secretion of
ransforming growth factor (TGF)-�1, as reported for a
ubset of CD8�TCR��� IELs that express the inhibitory
K receptor NKG2A. Interestingly, this subset of regula-

ory cells was reduced in duodenal biopsy specimens
rom patients with active celiac disease as compared with
ontrols or patients on a gluten-free diet.98

The central role of IL-15 in the activation of innate and

daptive immunity in celiac disease has been confirmed
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December 2009 CELIAC DISEASE 1915
y several investigators,90,99 –102 coupled with an increased
xpression of IL-15 receptor and a lower threshold for
ctivation on IELs.100 Both intestinal epithelia and den-
ritic cells/macrophages are major sources of IL-15.90,103

part from being a potent growth factor for IELs, IL-15
locks Smad3-dependent transcription via the activation
f c-Jun-N-terminal kinase and phosphorylation of c-jun
nd thus counteracts the immunosuppressive TGF-�

igure 1. Pathogenesis of celiac disease. Gluten peptides that are
pithelial transcytosis or an increased epithelial tight junctional permea
reates potent immunostimulatory epitopes that are presented via HLA
re activated, secreting mainly Th1 cytokines such as IFN-�, which ind

n mucosal remodeling and villus atrophy. Additionally, Th2 cytokines a
ther cytokines such as IL-18, IFN-�, or IL-21 seem to play a role in
daptive immune system to innate immune responses (see Figure 2). Th

ymph nodes where they encounter and are primed by antigen-presentin
ropria, a process that is driven by the lymphocyte homing receptors C
athway.99 Recently, IL-21, which is produced by CD4� i
h1 T cells, has emerged as an additional driving force of
nnate immunity that often acts in concert with IL-15.104

igures 1 and 2 summarize key concepts of the patho-
enesis of celiac disease.

Regulatory T Cells
CD4� regulatory T cells (Tregs) can down-regulate

estructive T-cell responses, either in autoimmunity or

resistant to intestinal proteases reach the lamina propria, via either
Cross-linking and particularly deamidation of gluten peptides by TG2
or HLA-DQ8 on antigen-presenting cells. Subsequently, CD4� T cells
the release and activation of MMPs by myofibroblasts, finally resulting
oduced driving the production of (auto-)antibodies to gluten and TG2.
izing and maintaining the Th1 response. Furthermore, IL-15 links the
heme is simplified. It does not show that T cells circulate to mesenteric
lls (mainly dendritic cells) and from where they home back to the lamina
and integrin �4�7.
highly
bility.
-DQ2
uces
re pr
polar
e sc
g ce
nfection. Although their role in murine models of autoim-
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unity and inflammatory bowel diseases is well estab-
ished,105 their relevance as suppressors of human T cell–

ediated disease is just emerging. CD4�CD25�Foxp3�

regs have been shown in peripheral blood mononuclear
ells and in intestinal biopsy specimens of patients with
eliac disease, but functional studies are lacking.106,107 In
ouse models, these cells are generated in the periphery

predominantly in mesenteric lymph nodes) and to a
esser degree in the intestine (Peyer’s patches and the
amina propria) from naive CD4� T cells in the presence
f TGF-�1 and retinoic acid.108 This maturation occurs in
he presence of (retinoic acid–producing) dendritic cells that
resent the target antigen, followed by homing of the Tregs
ainly to the gut where they down-regulate immune re-

ponses. The process is dependent on the chemokine recep-
or (CCR) 7 on dendritic cells (for homing to mesenteric
ymph nodes and Peyer’s patches) and on CCR9 and the
ntegrin �4�7 on the T cells for their homing to the intes-
inal lamina propria via adherence to the �4�7 ligand Mad-
AM on high endothelial venules.109–111 Interestingly, when

etinoic acid is substituted by IL-6, naive T cells are con-

igure 2. Innate immune responses in celiac disease. Upon stimulatio
hages, and dendritic cells secrete IL-15, which in turn up-regulates
timulated cytotoxic lymphocytes induce increased epithelial apoptosis
iller–like IELs is stimulated by its epithelial ligand HLA-E on epithelial ce
D8� IELs bearing the NKG2A receptor via HLA-E induces TGF-� secre
irectly elicit innate immune responses in macrophages and dendritic
yD88-dependent pathways. This drives maturation of these cells and s
, and MCP-1, which can potentiate the adaptive immune response to
erted to destructive Th17 cells.108,112 p
CD8� Tregs have only recently reemerged as impor-
ant suppressors of intestinal immune responses,
argely due to a better understanding of underlying

echanisms.113,114 Like the CD8� cytotoxic T cells that
re implicated in mucosal destruction, both in inflam-
atory bowel disease and celiac disease, the CD8� Tregs
ainly reside in the epithelial compartment of the intes-

ine as IELs. In mouse models of inflammatory bowel
isease, the cytotoxic CD8� IELs appear to initiate and
aintain the destructive, CD4� T cell–mediated immune

esponse within the lamina propria, leading to a breach
f the mucosal barrier, entry of luminal antigens, and
assive stimulation of a CD4� Th1 T-cell response.115–117

hese aggressive IELs express the TCR �� or �� het-
rodimer in conjunction with the CD8�� heterodimer.
n contrast, CD8� Tregs express FoxP3 and the CD8��
omodimer. Generation of these Tregs apparently occurs
uring thymic selection in the presence of cognate anti-
en when CD8�� are deselected.

Although some mechanisms need confirmation in the
uman system and particularly in celiac disease, the im-

h gliadin peptide p31-49 (and other peptides), epithelial cells, macro-
the NKG2D receptor on IELs and its epithelial ligand MICA. The thus
permeability. Furthermore, the NKG2C receptor on a subset of natural
sulting in their proliferation and cytotoxicity, whereas stimulation of ���

nd therefore a regulatory phenotype. Gliadin (cereal) peptides can also
via pattern recognition receptors such as Toll-like receptor 4 or other
ion of inflammatory cytokines such as IL-1�, IL-8, tumor necrosis factor
n. APC, antigen presenting cell; pDC, plasmacytoid dendritic cell.
n wit
both
and

lls, re
tion a
cells
ecret
roved understanding of mucosal immunology opens
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he possibility for a causal treatment aimed at inducing
olerance to ingested gluten (see the following text).

Cytokines and Matrix Remodeling in Celiac
Disease
HLA class II–restricted gliadin-specific T-cell clones

xpress interferon (IFN)-�. An IFN-� blocking antibody can
revent histologic damage to healthy mucosa in an in-
estinal organ culture system exposed to supernatants of
liadin-specific T-cell clones from patients with celiac
isease,118 whereas IL-10 from Tregs suppresses Th1 cells
nd likely acts as a mildly counterregulatory cytokine.119

ytokines are important driving forces of tissue remod-
ling that result in the villus atrophy and crypt hyperpla-
ia that are characteristic of celiac disease. In human fetal
ntestinal explant cultures, IFN-� activates macrophages
hat in turn secrete tumor necrosis factor � and proteo-
ytic matrix metalloproteinases (MMPs), such as MMP-12
nd MMP-13. In intestinal myofibroblasts, both TNF-�
nd IFN-� stimulate the expression of proteolytic MMP-1
nd MMP-3. This composite MMP release and activation
nduces extracellular matrix proteolysis, a precondition
or the architectural remodeling observed in inflamma-
ory bowel disease and celiac disease.120 –122 As in Crohn’s
isease, these MMPs may represent a therapeutic tar-
et.123

Refractory Celiac Disease and
Intestinal T-Cell Lymphoma
Refractory celiac disease can develop in 5%–10% of

dults with long-standing (often undetected) celiac dis-
ase. Patients with refractory celiac disease do not re-
pond to or experience a relapse while on a strictly glu-
en-free diet. The diagnosis of refractory celiac disease
an only be made when (inadvertent) gluten ingestion or
ther diseases that can cause diarrhea and villus atrophy
ave been ruled out. Thus, 82%–90% of patients with
refractory” celiac disease referred to 2 large tertiary care
enters had proven gluten ingestion or an incorrect di-
gnosis.124,125

Refractory celiac disease is now classified as refractory
eliac disease type 1 and 2.126 –129 Refractory celiac disease
ype 1 is responsive to corticosteroids and other im-

unosuppressants and only rarely evolves into enter-
pathy-associated T-cell lymphoma (EATL). In con-
rast, refractory celiac disease type 2 can be considered

premalignant condition, and roughly 50% of patients
ith refractory celiac disease type 2 develop EATL within
years of diagnosis.126 –129 Patients with refractory celiac

isease type 2 and EATL frequently have lost autoanti-
odies to TG2 and display clonal growth of (intraepithe-

ial) natural killer and cytotoxic T cells that primarily
elong to the innate immune system.85,130 Normally, 70%
f IELs express the suppressor/cytotoxic phenotype CD8
nd only 5%–10% express the helper CD4 phenotype. In

efractory celiac disease type 2 and EATL, immunohisto- t
hemistry reveals infiltration of the intestinal epithelium
y small lymphocytes that lack expression of CD8, CD4,
nd TCRs while they retain intracytoplasmic but not
urface staining for the general T-cell marker CD3. Fur-
hermore, polymerase chain reaction for TCR-� gene re-
rrangements can be performed from biopsy specimens
hat shows monoclonality, and flow cytometry of duode-
al T cells can diagnose refractory celiac disease type 2
nd EATL when the fraction of aberrant T cells exceeds
0%.131 In analogy to other lymphomas, treatment of
ATL (and refractory celiac disease type 2) is based on
ytotoxic agents such as cladribine, but results for EATL
re disappointing.126 However, autologous and especially
llogeneic bone marrow transplantation offer hope.132

Recent data indicate a relative risk of �3 for patients
ith (untreated) celiac disease to develop EATL,25,133

hich is much lower than in previous studies. This is
ikely due to the much higher (5- to 13-fold) prevalence
f silent or atypical celiac disease on which today’s stud-

es are based when compared with earlier studies that
sed classic celiac disease.134 When patients are on a
luten-free diet for 5 years or more, the risk of developing
ymphoma (and gastrointestinal cancers) appears to ap-
roach that of the normal population.25,133

Malignant clones of original IELs may still depend on
nnate immune triggers, and their downstream signal
ransduction, such as IL-15 and IL-21 (see previous text),
s implicated in refractory celiac disease type 2 and EATL.

Preclinical Models of Celiac Disease
These models have been highly useful to explore

he pathogenesis of celiac disease and assess the efficacy
f nondietary therapies. They will be discussed in brief,
ecause they have recently been reviewed in detail.135

In Vitro Models

Culture of intestinal biopsy specimens from pa-
ients with celiac disease has been used as a plausible
pproximation to the in vivo disease process. Exposure of
he biopsy specimens to a peptic-tryptic digest of gluten
r gliadin replicates some of the pathology that is found

n vivo, such as intestinal epithelial apoptosis and intra-
pithelial and lamina propria T-cell activation, even villus
trophy, and secretion of autoantibodies to endomysium
TG2) into the culture medium.136 –138 However, interpre-
ation of the results is limited by the harsh conditions
mposed by ex vivo organ culture, leading to hypoxic
amage, especially of noninflammatory cells, usually
ithin 1–2 days. Nonetheless, it may yield important

nformation that can only be obtained in a multicel-
ular context, such as the proinflammatory role of
FN-�118 and IL-1581,101 or the anti-inflammatory ac-

ivity of IL-10.91
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Gluten-Reactive T-Cell Clones
Intestinal T cells from patients with active celiac

isease can mount a strong adaptive Th1 (IFN-� domi-
ated) response to certain gluten epitopes, especially
hose generated by TG2-mediated deamidation. Ex vivo
xpanded T-cell lines and especially T-cell clones against
n increasing spectrum of these epitopes have become
ighly useful in (1) confirming the uniform HLA-DQ2 or
LA-DQ8 dependency of adaptive immunity in celiac
isease; (2) demonstrating the large number of distinct
-cell epitopes within wheat, barley, and rye, including
lutenins as well as gliadins; (3) allowing a comparison of
he potency of the epitopes to trigger T-cell activation;
nd (4) elucidating epitope spreading from infancy to
dulthood.63–72 Furthermore, they permit the testing of
ovel therapies that are aimed at inactivation of antigenic
-cell epitopes in cereals or at inhibition of the DQ2 or
Q8 molecules on the surface of antigen-presenting cells

see the following text).

Animal Models of Celiac Disease
The Irish setter can develop mucosal atrophy in

esponse to wheat ingestion,139 but the pathogenesis is
nlike celiac disease; because disease does not develop
hen the first gluten exposure occurs after an age of 8 –9
onths,140 villous atrophy is not linked to major histo-

ompatibility complex class genes and no serum antibod-
es to gluten can be detected.141

Because all patients with celiac disease bear HLA-DQ2
r HLA-DQ8, HLA-DQ2 or HLA-DQ8 transgenic mice
hould render suitable models that replicate the patho-
enesis of celiac disease. Several transgenic mice have
een developed that express human CD4 and DQ8 in the
bsence of their murine counterparts that would inter-
ere with human immunology.142,143 After being immu-
ized with gliadin, the T cells of these mice showed in
itro responses to gluten in a HLA-DQ8 – and CD4-
estricted manner, whereas T cells from HLA-DQ6 CD4�

ontrol mice did not develop a gliadin-specific immune
esponse.142,144,145 However, apart from high levels of
nti-gliadin IgG antibodies, the mice did not show any
eliac pathology.142,144,145 The cytokine profile in these
ice resembled that of a regulatory phenotype, charac-

erized by CD4�CD25� T cells and production of IL-10
nd TGF-�1,142 likely leading to tolerance to gliadin,
hereas celiac disease is driven by a Th1 response dom-

nated by IFN-�. Furthermore, mice did not have circu-
ating anti-TG2 or IgA anti-gliadin antibodies. The same
roup crossed human HLA-DQ8 into nonobese diabetic
ice.146 Sensitization of these mice with gluten did not

ause intestinal pathology, but 15 out of 90 animals
eveloped blistering skin lesions resembling those of
ermatitis herpetiformis, a disorder that occurs in up to
0% of patients with celiac disease. However, affected
ice did not develop IgA antibodies to gliadin or anti-
odies to TG2. p
Given the fact that �90% of all patients with celiac
isease possess HLA-DQ2 whereas only 5%–10% bear
LA-DQ8,147 in vivo studies in mice transgenic for hu-
an CD4 and HLA-DQ2 are attractive. However, similar

o the results in HLA-DQ8 transgenic mice, and even
fter coimmunization with pertussis toxin, only 2 out of
4 gluten-fed HLA-DR3-DQ2 transgenic mice developed
gA autoantibodies to TG2 and only 2 animals developed
n increase in IELs. Furthermore, backcrossing the mice
o a nonobese diabetic background or generating mice
ransgenic for a gliadin-specific TCR did not lead to
ntestinal or dermal pathology.148,149

Spontaneously occurring gluten sensitivity was de-
ected in 3% of a rhesus macaque strain. Upon oral gluten
ngestion, the affected monkeys developed small intesti-
al pathology reminiscent of celiac disease, combined
ith malabsorption and weight loss. Affected monkeys

ecovered after reinstitution of a gluten-free diet.150,151

luten-sensitive animals had circulating IgA and IgG
ntibodies to gliadin, and 3 of 15 displayed mildly ele-
ated IgG anti–TG2 levels. A problem is the rare sponta-
eous occurrence of the complete celiac disease pheno-
ype (0.6%) and the animal species (primates), which
urrently precludes large-scale exploration of novel non-
ietary therapies in this model.
Recently, a celiac disease mouse model was estab-

ished by transfer of presensitized effector/memory T
ells (CD4�CD45RBlowCD25�) from gliadin-immunized
ild-type mice to T cell– and B cell– deficient (Rag1�/�) or

cell– deficient (nude) mice.152 Recipient mice gained
ess weight and experienced severe duodenitis upon chal-
enge with oral gluten when compared with recipients on

gluten-free diet or compared with recipients of control
ovalbumin)-presensitized T cells. This was accompanied
y mucosal histologic features characteristic of celiac
isease (villous atrophy and crypt hyperplasia) and a
h1/Th17 T-cell polarization in the duodenum and the
eriphery. Reintroduction of a gluten-free diet led to
eight gain, improvement of histologic duodenitis, and a
ecrease in duodenal proinflammatory transcripts. More-
ver, B cell– competent nude recipients of gliadin-presen-
itized effector/memory T cells produced high levels of
erum anti-gliadin IgA and IgG1/IgG2c only when chal-
enged with oral gluten. Although further refinement
owards an HLA-DQ2 or HLA-DQ8 background is desir-
ble, this model should be useful for the study of the
reach of oral tolerance in celiac disease and for preclin-

cal testing of novel nondietary therapies for celiac dis-
ase.

Diagnostic Methods to Assess Therapy
Response
Duodenal histology showing intraepithelial lym-

hocytosis, crypt hyperplasia, and various degrees of vil-
ous atrophy, coupled with clinical signs and laboratory

arameters of malabsorption, can still be considered the
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old standard to assess the severity of celiac disease.
istology should be performed on �6 biopsy specimens

rom all quadrants of the proximal small intestine, and
pecimens have to be correctly oriented.1–7 Rigorous test-
ng of novel therapies for celiac disease still requires a
retreatment and posttreatment assessment using these
arameters in large numbers of patients in remission
ho receive either gluten alone or gluten with the novel

herapy. However, changes of these parameters may occur
ithin a few days in some patients and within weeks or
onths in others. Furthermore, due to focal disease,

here may be sampling error even when several biopsy
pecimens are taken. Staining for and semiquantifica-
ion of immune activation markers in biopsy speci-

ens, such as IFN-�, tumor necrosis factor �, TGF-�,
L-2, IL-6, IL-10, and IL-15, both at the RNA and pro-
ein level,118,153–155 may be useful but has not been vali-
ated in clinical studies. The same applies to quantitative
olymerase chain reaction for genes encoding these cy-
okine markers and certain MMPs.122,154,156,157 Although
utoantibodies to TG2 or antibodies to deamidated gli-
din peptides are excellent tools to detect patients with
ntreated celiac disease or diagnosed patients with fre-
uent gluten exposure, and antibody titers show some
orrelation with histologic or clinical severity,158 –162 they
re not sensitive enough for early detection of (minor)
luten exposure. In addition, they lack sensitivity to de-
ect therapeutic effects due to their long half-life (at least
0 days).163,164 Immunohistologic detection of IgA anti-
G2 deposits in intestinal biopsy specimens precedes the
ppearance of serum autoantibodies165 (see also Figure
), but they may persist despite the lack of other histo-

ogic abnormalities, making the test unsuitable for ther-
peutic studies. Therefore, alternative and preferably
oninvasive methods are urgently needed.

Fecal Fat and Sugar Absorption Tests
A 3-day fecal fat collection is an accurate quanti-

ative test for malabsorption, but most patients with
eliac disease do not have steatorrhea. Equally, the sen-
itivity and specificity of oral sugar tests, such as D-xylose
bsorption, is low, even in many patients with classic
eliac disease.166 Both parameters were measured in pa-
ients in remission before and during a 21-day moderate
luten challenge (5–10 g/day).167 Although tests were
athological in most patients after 15 days of gluten
hallenge, roughly 50% had already pathological baseline
esults. The low sensitivity and specificity of these tests
ere confirmed in the first clinical trial with oral prolyl

ndopeptidase to digest immunogenic gluten epitopes.167

The absorption of usually nonabsorbable versus ab-
orbable sugars has been used to reflect small intestinal
pithelial (tight junctional) leakiness, as occurs in
rohn’s disease and celiac disease. An early study in 17
atients with celiac disease and 12 controls showed an

xcellent predictive value of the absorbed lactulose/man- m
itol uptake for predicting villus atrophy,168 and the test
as recommended as a good screening tool for celiac
isease in 111 first-degree relatives of patients with celiac
isease.169 In a pilot study that assessed the paracellular
ermeability inhibitor AT-1001, 70% of the 14 patients
ith celiac disease in remission but none of the 7 con-

rols who were exposed to 3 g of gluten showed an
ncreased lactulose/mannitol ratio.170 However, the sen-
itivity of the test was questioned in a larger dose-esca-
ation study of AT-1001.171

Clinical Scores
Clinical scores are an important adjunct to studies

valuating novel therapeutics. To date only symptom
cores that were derived from general health queries for
ther gastrointestinal diseases were evaluated in celiac
isease, lacking important disease-specific characteris-
ics.172,173 A celiac disease–specific celiac symptom index
as recently validated in 154 patients based on 16 items

hat correlated highly with general health and adherence
o the gluten-free diet.174 The celiac symptom index will
erve as an important adjunct tool for future clinical
tudies.

Follow-up of T-Cell Activation With HLA-
DQ2 (DQ8) Tetramers and IFN-� ELISpot
Based on the identification of several gluten

pitopes recognized by T cells from patients with celiac
isease,63,64,175–179 gliadin peptide-DQ2 tetramers that ac-
ivate human T-cell clones were developed.180 When used
n flow cytometry, these tetramers detected and quanti-
ed gluten-specific CD4 T cells in the peripheral blood of
atients with celiac disease after a short-term bread chal-

enge,181 making this technology an attractive tool to
etect early gluten responses (eg, in clinical trials). How-
ver, tetramers cannot assess T-cell function, the appear-
nce of tetramer-positive T cells in peripheral blood is
ransient, occurring only within 3– 6 days after short-
erm gluten challenge, and tetramer staining of activated

cells is quickly diminished due to antigen-induced
own-regulation of the TCR.63 In contrast, the IFN-�
LISpot permits functional characterization but is
qually limited by the transient nature of the peripheral
-cell response.182–184

Search for Better Serum Markers via
Proteomics
Proteomic projects to detect novel serologic mark-

rs of celiac disease activity are attractive, but no data for
eliac disease have been published to date. They are based
n the serum proteome of patients with celiac disease in
emission who are challenged with gluten. The serum
roteome of the patients before and after challenge can
e interrogated using several approaches that are based
n depletion of abundant proteins, protein fractionation,

ass spectrometry, and bioinformatics.185–187
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Novel Therapies for Celiac Disease
An effective therapy for patients with celiac dis-

ase is adherence to a strict gluten-free diet, which often
estricts social activities, limits nutritional variety, is
ostly, and is difficult to maintain in many countries.
urthermore, a sizable proportion of patients with high-

evel gluten sensitivity, possibly including patients with
roven refractory celiac disease type 1, are affected by
race amounts of gluten in foods that are declared gluten
ree. Therefore, alternative or adjunctive treatments are
esired and necessary.8,9,188 Such treatments should be of

ow risk and reasonable cost and lend moderate to high
fficacy for the majority of patients. Their major realistic
im would be the “neutralization” of low amounts of
luten (eg, up to 3 g/day as compared with the 13–15
/day in a normal Western diet) to protect patients from
inor unintentional or unavoidable gluten ingestion. In

atients with refractory celiac disease, effective therapies
hat are more costly and incur a higher risk are accept-
ble, because these patients have few alternatives. The
ame would apply to a curative (immunologic) approach,
ven in patients with classic celiac disease.

The following text discusses therapeutic strategies that
ave been tested in in vitro or in vivo models of celiac
isease and approaches that may be promising in the
ear future. Therapies can be subdivided as to their

ntraluminal, epithelial, or subepithelial action (Figure 3
nd Table 2).

Intraluminal Therapies
Intraluminal therapies are focused either on re-

ucing gluten immunogenicity or on sequestering gluten
o prevent its uptake across the intestinal epithelium.

Wheat variants and genetic modification. Wheat
trains with lower immunogenicity (ie, a decreased num-
er of immunogenic T-cell epitopes) can either be se-

ected from already existing varieties or created by genetic
odification. Ideally, this should lead to preservation of

he desired baking properties. The hexaploid Triticum
estivum is the most widely used wheat variety in the food
ndustry. It was generated by hybridization between tet-
aploid Triticum turgidum (genes AABB, “pasta wheat”)
nd the diploid Triticum tauschii (genes DD). The tet-
aploid Triticum turgidum likely originated from the wild-
rowing diploid Triticum monococcum (AA genome) and
riticum speltoides (BB genome).189 Using duodenal biopsy
pecimens from patients with celiac disease, a peptic-tryptic
igest of tetraploid wheat gluten showed decreased toxicity
hen compared with a digest of hexaploid wheat.190 Simi-

arly, 2 wheat varieties, one poor in � and � gliadins and the
ther in �, �, �, and � gliadins, revealed decreased toxicity
n duodenal biopsy specimens.191

The availability of gluten-specific T-cell clones from
uodenal biopsy specimens of patients with celiac dis-
ase and the identification of key immunogenic T-cell

pitopes, including specific antibodies directed to some a
f these epitopes,64,67,71,179,192 provided reproducible tools
or the characterization of less toxic wheat species. Thus,
6 wheat varieties (diploid, tetraploid, and hexaploid)
isplayed highly variant abilities to trigger the activation
f T-cell clones that was independent of the ploidy of the
enomes but correlated with the presence of specific
pitopes derived from �-gliadin, �-gliadin, and low-mo-
ecular-weight glutenin.193 Interestingly, the gluten digest
rom T tauschii (DD genome), which contains sequences
f the 33mer T-cell “superantigen” from �-gliadin,68 that

s encoded by the D genome elicited the strongest T-cell
esponses, whereas T-cell responses to gluten derived
rom the AA and BB genome species that lack these
equences were dampened.194 These findings were con-
rmed by an in silico approach that analyzed 230 �-gli-
din sequences derived from ancestral haplotypes for the
resence of T-cell stimulatory epitopes that bind to HLA-
Q2/8, with all major immunogenic peptides present in

he DD genotype except for �9 sequences in the AA
enotype.195 Similarly, gliadin derived from T monococcum
as unable to induce cellular damage on intestinal T-cell

ines196 or IFN-� production and histologic damage in
uodenal biopsy specimens from patients with celiac
isease.197

The effect of genetic deletion of certain gliadin genes
as been analyzed in deletion lines of T aestivum (cultivar
hinese Spring), which lack one locus containing gluten
enes, by using in silico analysis based on the known
NA sequences and by Western blotting with epitope-

pecific antibodies.198 Complete deletion of the �-gliadin
ocus on chromosome 6 led to a decrease in total T-cell
timulatory epitopes but also impaired the baking prop-
rties, whereas deletion of �-gliadins, �-gliadins, and low-
olecular-weight glutenins on chromosome 1 lowered

he immunostimulatory capacity without compromising
aking properties. The investigators concluded that de-

eted gliadins need to be replaced by nonimmunogenic
liadin variants or avenins (the largely nonimmune stim-
latory prolamins from oats), because an altered ratio of
liadins to glutenins changes dough elasticity.

Using a similar approach, wheat varieties characterized
y a reduced function in the enzymes involved in gliadin
nd low-molecular-weight glutenin synthesis can be iden-
ified. Such varieties can also be generated by mutagen-
sis, using radiation, azide treatment, or site-directed
utagenesis, but significant effort is needed for the

creening of numerous recombinants. The TILLING (tar-
eting induced local lesions in genomes) approach
llows screening of a large number of mutagenesis-
nduced recombinants based on the known sequence
nd the use of endonucleases to identify the presence of
utations,199 –203 whereas ecoTILLING detects the pres-

nce of natural variants. Here, the 5-methylcytosine deg-
ycosylases of wheat represent an attractive target. These
nzymes have to demethylate the promoters of all gliadin

nd low-molecular-weight glutenin genes before their
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ranscription and translation at the beginning of en-
osperm development, whereas the high-molecular-
eight glutenin gene promoters are not DNA methylated
nd would thus not be affected, theoretically preserving
uch of the baking quality.

Pretreatment of flours. Certain lactobacilli added

igure 3. Novel therapeutic approaches. Use of ancestral and/or mo
ither bind or degrade ingested gluten peptides in the intestine (glutena
he octapeptide AT-1001 to decrease intestinal permeability is another o
he subsequent presentation by HLA-DQ2/8 initiates the adaptive imm
ttractive possibility to prevent inflammation. Another promising alterna
he immune cells either by lymphocyte blocking (anti–IL-15, anti-CCR9
o sourdough for fermentation are able to proteolyze the s
roline/glutamine-rich gluten peptides and thus decrease
mmunotoxicity.204 –206 Sourdough containing 30% fer-

ented wheat flour plus a mixture of oat, millet, and
uckwheat permits the production of bread with a tex-
ure comparable to that of regular wheat sourdough
read. A pilot study in 17 patients with celiac disease

wheat strains with lower immunogenicity. Intraluminal therapies that
luten binders, neutralizing antibodies). Blocking the ZOT receptor with
. Furthermore, because the deamidation of gluten peptides by TG2 and
responses, TG2 inhibitors and DQ2 blocking peptides seem to be an
specially for patients with refractory celiac disease, is directly targeting

-�4�7) or tolerance induction.
dified
ses, g
ption
une

tive, e
uggested that this sourdough bread was well tolerated.
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owever, patients were only challenged for 2 days, which
s much too short to draw final conclusions.207

Similarly, intrinsic proteases produced during germi-
ation of wheat, when the amino acids from the gluten
torage proteins are being used for the growing plant, can
egrade immunogenic T-cell epitopes. This opened the
ossibility that flour based on germinating wheat, barley,

able 2. Novel Therapies for Celiac Disease

Target Drug/modification

ntraluminal therapies
Wheat varieties (Ancient) wheat variants with l

immunogenicity
Genetically modified wheat va

or deletion lines of common
wheat with lower
immunogenecity

Flour/dough Pretreatment with lactobacilli
Transamidation of gliadin

Ingested gliadin peptides Prolyl endopeptidases from
Aspergillus niger
Sphingomonas capsulate

in combination with (EP)-B2 fro
germinating barley
Intraluminal gliadin binding by
polymers
Gluten neutralizing cow’s milk
antibodies

ransepithelial uptake
Epithelial tight junctions ZOT receptor antagonist AT10

ampening of the adaptive
immune response

TG2 Transglutaminase inhibitors

“Inhibitory” innate gluten pept

HLA-DQ2 Blocking DQ2 analogues

mmune modulators
Hookworm infection
Gluten “vaccination” (Nexvax2

iologicals (systemic T-cell or
cytokine blockers)

Small intestine homing T cells CCR9 antagonists (Ccx282-B,
CCX025)

Gut homing T cells Anti-integrin �4�7 (LDP-02)

Clonal IELs Anti–IL-15 (AMG 714),
Anti-Jak3 (CP-690-550)

Clonal intestinal T cells Autologous bone marrow
transplantation

Mesenchymal stem cell
transplantation (prochymal)

Mucosal destruction in refractory
celiac disease

Anti–tumor necrosis factor �,
anti–IFN-� (HuZAF)

Anti-CD52 (Alemtuzumab)

OTE. Bolded text is for subheading clarification only.
r rye may be used to create “nontoxic” cereal products T
or patients with celiac disease.208 However, removal of all
ajor storage proteins is expected to go hand in hand
ith loss of baking quality. Nonetheless, the germinating
roteases are used for oral enzyme therapy (see the fol-

owing text).
Another approach is to inactivate immunogenic gluten

pitopes by exploiting the same substrate specificity of

State of development Reference

Preclinical, tested biopsy specimens
and gliadin-reactive T-cell lines

191, 193–197
198

Clinical trial on 17 patients 207
Preclinical, tested on gliadin-reactive
T-cell lines

209

Phase 1 clinical trial (NCT00810654) 219, 220
Phase 1 clinical trial (NCT00626184) 226, 227

Preclinical 228

Preclinical

Phase 2b clinical trial (NCT00889473) 171

Preclinical, tested ex vivo on biopsy
specimens

240, 241

Preclinical, tested on biopsy specimens
and gliadin-reactive T-cell lines

242–249

Preclinical, tested on gliadin-reactive
T-cell lines

251, 252, 256, 257

Phase 2 clinical trial (NCT00671138) 264–266
Phase 1–2 clinical trial (NCT00879749) 262

Phase 2 clinical trial planned
(NCT00540657)

273

Phase 2 clinical trial for Crohn’s
disease (NCT00655135)
Phase 2 clinical trial for rheumatoid

arthritis (NCT00433875)
Phase 2 clinical trial for rheumatoid

arthritis, transplant rejection
(NCT00550446, NCT00658359)

277
278

Clinical trial on patients with EATL
Phase 2 clinical trial for Crohn’s

disease (NCT00294112)

132
280

Case reports in celiac disease
Phase 2 clinical trial for Crohn’s

disease (NCT00072943)
Case reports in celiac disease

285, 286
287
ow

riants

m

01

ides

)

G2 that generates more potent immunostimulatory
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luten peptides via deamidation.209 Thus, incubation of
liadin with TG2 and lysine methyl ester leads to quan-
itative cross-link formation between the TG2 target se-
uences in gliadin and the terminal amino group of

ysine methyl ester. These lysine-modified gliadins lost
heir affinity to bind to HLA-DQ2, which in turn abro-
ated IFN-� production by intestinal T-cell lines derived
rom HLA-DQ2–positive patients with celiac disease. Fur-
hermore, treatment of whole wheat flour with a low-

olecular-weight microbial TG derived from Streptomyces
oboraensis equally abrogated the stimulatory effect of

he flour on gluten-reactive T-cell lines. Importantly,
reatment with microbial TG improves loaf volume and
rumb texture of breads.210 This could make pretreat-
ent of flour with microbial TG (and nontoxic lysine
ethyl ester) attractive for patients with celiac disease.
icrobial TG is already applied by the food industry all

ver the world to improve doughs or the texture of foods
n general.210,211 However, a note of caution is necessary,
ecause treatment of flour with microbial TG increased
ather than decreased the stimulation of gliadin-specific
-cell lines.212,213

Future studies have to show how far these modifica-
ions can lead to cereal products that are largely devoid
f immunogenic epitopes. Furthermore, the products
ust maintain the desired consistency and baking

roperties, large-scale industrial production must be
ost effective, and issues such as the nutritional value of
he products, the degree of removal of immunogenic
pitopes, and the lack of, for example, de novo generated
ntigenic epitopes need to be addressed. Finally, the gen-
ral acceptance of (truly genetically) modified cereal
roducts may be low and their consumption may be
ainly limited to the patients’ households.

Oral enzyme therapy. In general, proteins reach-
ng the intestinal lumen are digested by gastric pepsin
nd pancreatic proteases and further degraded by brush
order enzymes to yield single amino acids, dipeptides, or
ripeptides that are transported across the epithelial
ayer. However, the large quantity of proline residues,214

specially in immunodominant gliadin peptides like the
3mer, causes them to be highly resistant to human
igestive proteases.68,215,216 Hence, one strategy to pre-
ent those peptides from reaching the lamina propria has
een to make use of prolyl endopeptidases (PEP) that are
xpressed in various microorganisms such as Flavobacte-
ium meningosepticum, Sphingomonas capsulata, and Myxococ-
us xanthus and that are able to cleave the immunodom-
nant proline-rich regions.217–221 A pilot and safety study
sing PEP from F meningosepticum admixed to a daily
rink with 5 g of gluten over 2 weeks could prevent fat
alabsorption and symptoms in some patients with pre-

iously diet-controlled celiac disease.167 However, neither
he potency of the enzyme nor the sensitivity of the
eadouts (stool fat and D-xylose absorption) were consid-

red sufficient to draw clear conclusions. The effective- e
ess of PEPs can be limited by restrictions on the length
f their substrates,222,223 their activity maximum at near-
eutral pH, and the long time necessary to completely
igest the gliadin peptides.224,225 A reasonable approach

s therefore the use of enzymes with a broader-activity
pectrum and combination enzyme therapy. Thus, PEP
rom Aspergillus niger is active at acidic pH and has a
igher specific activity than PEP from F meningosepticum
o inactivate immunodominant gluten epitopes.219,220

urthermore, endoprotease B2, a glutamine-specific pro-
ease of germinating barley in combination with PEP
rom S capsulata, can efficiently break down whole wheat
luten in vitro and in a rat model in vivo, largely abro-
ating its immunogenic potential, as assessed with sev-
ral gluten-specific T-cell lines.226,227 Both enzymes are
ctive and stable at acid pH and can therefore be admin-
stered as lyophilized powders or simple capsules or tab-
ets.227 Both A niger PEP and the endoprotease B2/PEP
ombination enzyme therapy are currently in phase 1
linical studies (Table 1). As with most therapies dis-
ussed here, oral enzyme therapy will probably not be
ble to sufficiently degrade immunogenic epitopes of a
ormal daily gluten ingestion amounting to �13 g, but
ather eliminate the detrimental effect of a few hundred

illigrams to a few grams of gluten in patients with high
luten sensitivity or refractory celiac disease type 1.

Intraluminal binding of gluten peptides. This ap-
roach has been suggested in a study that used a copol-
mer of polyhydroxy methacrylate and polystyrene sulfo-
ate to bind gliadin in a fairly specific manner.228 The
olymer blocked gliadin digestion to smaller immuno-
enic peptides and attenuated the gliadin-induced in-
rease in intestinal permeability and T-cell activation in
D4 HLA-DQ8 transgenic mice. However, it is expected

hat many other nutrient proteins will interact with the
olymer and limit its activity in patients with celiac
isease.

Neutralizing gluten antibodies. Orally ingested
gG is highly resistant to gastric acidity, and roughly 50%
f neutralizing activity survives when reaching the termi-
al ileum.229 Cow’s milk antibodies are easy and cheap to
roduce. Based on this rationale, large-scale production
f gluten-neutralizing antibodies is attractive. Impor-
antly, these antibodies can be considered a safe nutri-
ional product, similar to milk products, which would
ot be subject to strict regulatory approval. A clinical
hase 1 trial in the United States is expected.

Transepithelial Uptake
Inhibition of intestinal permeability. An increase

f intestinal permeability via opening of the epithelial
ight junctions appears to be an important contributor
o the influx of gluten peptides into the subepithelial
amina propria, where the destructive adaptive T-cell re-
ponse to gluten is triggered and maintained. Vibrio chol-

rae secretes the ZOT toxin that opens the intestinal
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pithelial tight junctions via the 66-kilodalton ZOT re-
eptor.230,231 In addition, the injured epithelium of pa-
ients with celiac disease releases a paracrine protein
roduct (zonulin) that acts similar to ZOT. An octapep-
ide (AT-1001) with homology to ZOT (or zonulin) was
eveloped that blocks the ZOT/zonulin receptor and
hus protects tight junctional integrity. A pilot study
sing AT-1001 in 14 patients with celiac disease in re-
ission and 7 controls who were challenged with a single

ose of gluten prevented the decrease in intestinal per-
eability and ameliorated peripheral blood mononuclear

ell IFN-� production and urinary secretion of nitric
xide (a marker of NO synthase activation and inflam-
ation).170 AT-1001 is currently the best-studied phar-
acologic agent to treat patients with celiac disease.
hus, a phase 2 dose-escalation study (1, 4, and 8 mg
aily) was performed in 184 patients in remission who
ere challenged with 3 � 0.9 g of daily gluten over 42
ays. Although the primary end point (a significant de-
rease of the lactulose to mannitol ratio vs the placebo
roup) was not reached, patients treated with AT-1001
ad a significantly improved symptom score, a less pro-
ounced autoantibody response, and lower urinary ni-
rate excretion when compared with the placebo con-
rols.171 As with the previously described “glutenases,”
he effect of this approach alone will likely be limited.
owever, its combination with other treatments could be
ighly attractive.

Dampening of the Adaptive Immune Response
Transglutaminase inhibitors. The use of TG2 in-

ibitors has been hypothesized as a possible therapeutic
pproach, because inhibiting gliadin peptide deamidation
ould reduce their binding to HLA-DQ2 and HLA-DQ8
nd thus their T-cell stimulatory capacity. Because the �7
nown transglutaminases share a high degree of sequence
imilarity, especially in their catalytic center, inhibitors
o not display unique selectivity for TG2. Inhibitors
hat target the transglutaminase cross-linking activity
ave been developed and mainly tested in vitro.232–235

hese are (1) competitive inhibitors (putrescine, sper-
idine, histamine, monodansyl cadaverin, cadaverine,

-pentylamine, fluoresceine, cystamine, and cysteamine),236

2) reversible inhibitors (mainly guanosine triphosphate
nalogues),237 and (3) irreversible inhibitors (iodoacet-
mide, 3-halo-4,5-dihydroisoxazoles, carbobenzyloxy-L-glu-
aminyl glycine derivatives, 6-diazo-5-oxo-norleucine, 2-[(2-
xopropyl)thio]imidazolium derivatives).238,239 Cystamine
nd the 2-[(2-oxopropyl)thio]imidazolium inhibitors
L682777 or R283) have also been tested ex vivo in cultures
f small intestinal biopsy specimens of patients with celiac
isease, where they blunted T-cell stimulatory activity of
liadin peptides.240,241 The approach of transglutaminase
nhibition, although potential useful, is risky, because (1)
ransglutaminase fulfill many important functions in tis-

ue homeostasis and inhibition of other transglutami- i
ase is expected, (2) agents need to be designed and
ested that are taken up by the intestine and do not reach
he systemic circulation, and (3) even a complete inhibi-
ion of transglutaminase-mediated gluten deamidation
ill not eliminate all immunogenic epitopes, especially in

hildren.71 Of note, transglutaminase inhibitors based on
high affinity thiol binding group were recently devel-

ped that display 70- to 225-fold specificity for TG2 over
G1, TG3, TG6, and factor XIII when tested in vitro

Pasternack R, Hils M, Zedira Company, Darmstadt, Ger-
any, personal communication, September 2009), rais-

ng hopes for increased safety of this approach.
Gluten peptides that down-regulate innate re-

ponses. An “innate inhibitory” decapeptide (sequence
QPQDAVQPF) was isolated by affinity chromatogra-
hy and gel filtration from durum wheat and tested in
arious in vitro systems.242–249 This peptide prevented
gglutination of K562 erythroleukemic cells induced by
T-digested gliadin or �-gliadin p31-43243,245 and pro-
ected Caco2 intestinal epithelial cells from apoptosis
nduced by gliadin.246 The inhibitory effect was also
resent when lymphocytes247 or duodenal biopsy speci-
ens249 from patients with celiac disease were challenged
ith PT-gliadin in vitro. The investigators postulated

hat the decapeptide induced a switch from a Th1 to a
h2 T-cell phenotype, because it down-regulated IFN-�
nd up-regulated IL-10 production of intestinal T cells in
atients with celiac disease.248 Others tested modifica-
ions of “toxic” gliadin peptides to obtain “antagonistic”
eptides.182,250 –252 Modification of the proline residues
38, P39, and P42 of �-gliadin p31-43 abrogated its
athogenicity as evaluated by morphometric analysis on
uodenal biopsy specimens of patients with celiac dis-
ase, but their activity as antagonists of the wild-type
eptide or total gluten was not studied.250 Therefore,
hile serving as proof of principle, the application of

ingle modified peptides is unlikely to yield therapeutic
gents.

HLA-DQ2 inhibitors. Adaptive immunity in celiac
isease is driven by presentation of gliadin peptides on
LA-DQ2 in the majority of patients with celiac disease,

ollowed by activation of CD4� T cells that initiate and
aintain the Th1 inflammatory response. Therefore,

locking DQ2 represents an attractive target to prevent
mmune activation. Similar approaches have already been
nvestigated in other autoimmune diseases such as mul-
iple sclerosis, rheumatoid arthritis, or type 1 diabetes

ellitus, although without demonstrating clinical bene-
t, mainly due to inefficient drug delivery.253–255 In view
f the accessibility of the small intestine via the oral
oute, drug delivery should be easier in celiac disease.

Based on gliadin peptides that drive adaptive immu-
ity in celiac disease, several peptides with high affinity to
LA-DQ2 were designed by amino acid substitution,
imerization, or introduction of aldehyde groups. Mod-
fication of �2-gliadin p57-73 led to partial agonists that
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ignificantly inhibited IFN-� production by peripheral
lood mononuclear cells from patients with celiac disease

n the presence of the stimulatory unmodified peptide.182

urthermore, replacement of leucine L11 and L18 res-
dues in the �-gliadin 33mer “superantigen” with steri-
ally bulky groups retained high DQ2 affinity but
ecreased T-cell recognition.252 Similar results were
btained using azidoproline-containing gluten peptides
hat per se were not able to activate T cells, although they
ould block the effect of a stimulatory �9-gliadin peptide
nly when used at high concentrations.251 However, most
f the modified peptides still showed agonistic effects
hen tested on gliadin-specific T-cell lines. Moreover,
inding affinity for most of the peptides was not high
nough to efficiently block access of stimulatory gliadin
eptides to DQ2.251,252,256,257 Furthermore, this approach
oses other problems. First, while it is still not well known
ow intact gliadin peptides reach the lamina propria, this is
ven less clear for the modified peptides that may have to
ompete with the (luminal) gliadin peptides to reach their
arget cells. Second, side effects such as immunosuppres-
ion or hypersensitivity responses are potential safety con-
erns. Therefore, this ambitious approach will require sig-
ificant work to develop a highly specific, high-affinity,
ontoxic, and nonimmunogenic compound before testing

n humans.

Immune Modulation and Induction of
Tolerance to Gluten
The perhaps most attractive and causal treatment

ould be the restoration of tolerance to ingested gluten.
hat this is feasible is exemplified by the observation that

1) only one out of 30 carriers of the major predisposition
or celiac disease (ie, HLA-DQ2 or HLA-DQ8) will de-
elop celiac disease in their lifetime and (2) 20% of 61
ubjects whose celiac disease was diagnosed in childhood
nd who remained on a gluten-free diet for several years
id not develop celiac disease despite having resumed a
ormal gluten-containing diet in adolescence for an av-
rage of 10 years.258 Induction of tolerance has been
ttempted by intranasal administration of gliadin pep-
ides in gliadin-sensitized Balb/c or transgenic DQ8 mice,
esulting in a decreased T-cell proliferative response to
liadin and a decrease in the production of inflammatory
ytokines.259 –261

Another strategy used 3 select immunogenic 16mer
eptides derived from �-gliadin, �-gliadin, and hordein
hat account for 60% of the overall gluten T-cell response
o immunize gliadin-specific TCR/DQ2 transgenic mice
ia subcutaneous injections. This “gluten vaccination”
uppressed CD4� T-cell proliferation and IL-2 and IFN-�
roduction and increased the expression of Treg markers
y splenic CD4� cells in response to a gluten chal-

enge.262 A clinical study is on the way in Australia.
A simple, safe, and cost-effective method would be to
own-regulate the proinflammatory (microbial) milieu of i
he small intestine in patients with celiac disease. Thus,
ddition of Bifidobacterium strains suppressed the proin-
ammatory effect of fecal extracts on peripheral blood
ononuclear cells from patients with active celiac dis-

ase.263 Clinical studies have not yet been performed.
nother group from Australia has initiated a phase 1
linical trial in patients with celiac disease using nonin-
ectious larvae from the hookworm Necator Americanus. It
s hoped that, similar to Trichuris suis therapy of inflam-

atory bowel disease, this treatment will skew the proin-
ammatory Th1 T-cell response to a less aggressive Th2
r a suppressive Treg response.264 –266

Another approach used probiotic Lactococcus lactis
hat were engineered to secrete an immunogenic DQ8-
estricted deamidated gliadin peptide. These bacteria
ere then administered to HLA-DQ8 transgenic mice
fter parenteral sensitization to the peptide, resulting
n a diminished delayed-type hypersensitivity response,

diminished T-cell response to the peptide, and an
ncrease in Foxp3-positive Tregs in the mesenteric lymph
odes.267

Therapies Targeted at Immune Cells
Most of these targeted therapies are currently

sed or evaluated in autoimmune diseases such as rheu-
atoid arthritis and/or inflammatory bowel disease. Al-

hough they are not justified to treat classic celiac disease,
ue to side effects and costs in view of a usually effective
luten-free diet, they hold promise in the treatment of
efractory celiac disease and EATL. For most of these
herapies, there exist case reports on their clinical utility
t best (Table 1). The following discusses some of the
argets and treatments that show promise for (refractory)
eliac disease and EATL.

CCR9 and integrin �4�7 antagonists. Chemo-
ines and chemokine receptors play an important role in
he selective recruitment of leukocytes from the circula-
ion to target tissues. Effector/memory T cells that home
o the small intestine (ie, the intestinal segment affected
y celiac disease) express both CCR9 and integrin �4�7.
CR9 mediates small intestinal homing via binding to

hemokine ligand 25 (CCL25) that is secreted by the
ntestinal epithelium, and integrin �4�7 mediates attach-

ent to the mucosal vascular addressin MadCam-1 on
ntestinal high venular endothelium.268 –270 Thus, in-
reased CCR9 expression is found in Crohn’s disease,
oth in intestinal and peripheral lymphocytes.269 In ce-

iac disease, discordant results have been obtained; aug-
ented CCR9 expression was detected in peripheral lym-

hocytes,269 whereas CCR9 protein levels were reduced in
ELs and lamina propria lymphocytes of duodenal biopsy
pecimens and the decreased CCR9 expression was asso-
iated with activated peripheral blood mononuclear
ells.271 Blockage of CCR9/CCL25 improved histologic
amage in early phases of a mouse model of spontaneous
leitis,272 supporting the role of CCR9 as a possible ther-
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peutic target. Thus, CCX282-B, a CCR9 inhibitor, ame-
iorated the severity of ileitis in a tumor necrosis factor
– driven model of chronic ileitis,273 and a phase 2 clin-

cal trial in patients with moderate to severe Crohn’s
isease showed a reduction of the Crohn’s Disease Activ-

ty Index in 61% of patients versus 47% for placebo.274,275

study to evaluate the effect of CCX282-B compared
ith placebo on the villous height/crypt depth ratio of

mall intestinal biopsy specimens taken from subjects
ith celiac disease before and after gluten exposure has
een planned.276 CCX025, a second oral CCR9 inhibitor,

s currently in a phase 1 safety trial (ChemoCentryx,
ountain View, CA). A phase 2 clinical trial has been

lanned, but the inhibitors are currently on hold for
eliac disease. Similarly, the �4�7 integrin blocking an-
ibody LDP-02 is used in a phase 2 clinical trial for
rohn’s disease (NCT00655135), but no trial in celiac
isease has yet been initiated. The overall benefit of block-

ng lymphocyte homing to the small intestine in celiac
isease is not clear, because beneficial immunosuppressive
regs are equally inhibited.

IL-15 antagonists. The central role of IL-15 in the
athogenesis of (refractory) celiac disease has been high-

ighted in this review. IL-15– blocking antibodies have
een tested in patients with rheumatoid arthritis.277 Fur-
hermore, an inhibitor of the downstream Jak3 signal
ransducer is currently being tested in phase 2 clinical
rials for rheumatoid arthritis, transplant rejection, pso-
iasis, and inflammatory bowel disease.278 Much hope has
een invested in anti–IL-15 therapy, especially for refrac-
ory celiac disease type 2 and EATL in which the expan-
ion of malignant lymphocytes appears to be driven by
L-15, but industry has so far been reluctant to support a
linical trial.

Bone marrow transplantation. Autologous bone
arrow transplantation has been used to induce remis-

ion in patients with EATL.132 Although remissions have
een achieved, patients have experienced relapses due to
esidual cells that reside in the transplanted autologous
one marrow. Therefore, heterologous bone marrow
ransplantation using cells from unaffected donors is

ore promising but also more risky. No studies using
eterologous bone marrow transplantation have yet been
eported.

Mesenchymal stem cell therapy. A novel modal-
ty is the infusion of mesenchymal stem cells.279 Mesen-
hymal stem cells differentiate in vitro and in vivo into
ultiple mesodermal tissues, including bone, cartilage,

dipose tissue, tendon, ligament, or even muscle.280

hese cells can be produced in large quantities ex vivo
rom human donors. Importantly, they have low immu-
ogenicity due to the lack of HLA class I or II and of
ostimulatory molecules.281 Mesenchymal stem cells can
herefore be infused safely into allogeneic recipients.

esenchymal stem cells preferentially home to sites of

rgan damage, where they suppress lymphocyte prolif-
ration.282–284 Clinical studies (Prochymal; Osiris, Co-
umbus, MD) are ongoing in numerous inflammatory
nd degenerative diseases showing benefit in severe
intestinal) graft-versus-host disease and therapy-resis-
ant Crohn’s disease.280 It is conceivable that mesenchy-

al stem cell infusion can dampen or even abrogate the
mmune response to gluten in patients with celiac disease
nd perhaps in patients with refractory celiac disease or
ATL. A clinical trial is planned.

Conclusions
Due to advanced understanding of its pathogen-

sis, numerous therapeutic strategies have been devised
o treat celiac disease. With further advances in the de-
elopment of preclinical models and better noninvasive
ctivity markers, clinical validation of many of these
herapies is anticipated in the next years. Of particular
nterest are (1) immune-based treatments that induce
ral tolerance to gluten and are thus curative and (2)
ombination therapies that increase efficacy while at the
ame time having reduced side effects. The advances in
eliac disease will also spawn therapeutic developments
or other immune-mediated disorders such as inflamma-
ory bowel disease or autoimmune disease of other or-
ans for which celiac disease can serve as a well-defined
odel disease.
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