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Abstract

Celiac disease (CeD) is a widespread, gluten-induced autoimmune disorder that lacks any 

medicinal therapy. Towards the goal of developing non-dietary treatments for CeD, research has 

focused on elucidating its molecular and cellular etiology. A model of pathogenesis has emerged 

centered on interactions between three molecular families: certain class II major histocompatibility 

complex proteins on antigen presenting cells, deamidated gluten-derived peptides, and T cell 

receptors on inflammatory CD4+ T cells. Growing evidence suggests that this pathogenic axis 

can be pharmacologically targeted to protect a patient from some of the adverse effects of 

dietary gluten. Further studies have revealed the existence of additional host and environmental 

contributors to disease initiation and tissue destruction. This review summarizes our current 

understanding of CeD pathogenesis and how it is being harnessed for therapeutic design and 

development.
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Celiac disease: from bench to bedside

Celiac disease (CeD) is a systemic inflammatory disorder caused by dietary gluten that 

affects around 0.5–1% of the world’s population [1]. This number is growing, especially 

among women and children, as disease awareness and the availability of screening become 

more widespread [2]. In recent years, effective diagnostic tools have been developed and a 

strong clinical understanding of the disease has emerged (Box 1). Despite these advances, 
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there are, as of now, no approved non-dietary therapies for CeD, and complications of 

disease persist even in patients who initiate dietary therapy (Box 2).

These clinical characteristics have inspired significant efforts in basic research and tool 

development for the study of CeD (Fig. 1). From this work has come an integrated 

model of celiac disease pathogenesis based on a prototypical interaction in the adaptive 

immune system between CeD-associated class II major histocompatibility complex (MHC) 

molecules, gluten-derived antigens, and CD4+ T cell receptors. Additionally, much has 

been uncovered about essential components of disease pathogenesis outside of this axis, 

including the role of certain microbes, the innate immune system, and B cells. These 

advances in our understanding of pathogenesis have inspired the development of many 

putative therapeutic agents whose modes of action are founded in recent biochemical 

and immunological insights. In this review, we discuss fundamental advancements in the 

study of CeD pathogenesis from a mechanistic perspective and how these discoveries have 

inspired clinical development towards the goal of identifying non-dietary CeD therapies.

The TCR-gluten peptide-MHC axis

At its core, CeD pathogenesis is driven by CD4+ T cells. More specifically, gluten-induced 

inflammation in a patient depends on the interaction of three key molecules: a gluten-derived 

antigen, a T cell receptor, and a class II MHC heterodimer capable of presenting the 

antigenic peptide to the T cell receptor (Fig. 2). Among autoimmune disorders, CeD is 

unique because the causative antigen and genetic background (i.e., the necessary MHC 

haplotype) have been extensively characterized.

Structurally related peptides derived from gluten proteins in many common cereal grains 

(e.g., gliadins and glutenins in wheat, hordeins in barley, and secalins in rye) are the 

causative antigens in CeD [3–5]. Glutens belong to a class of proteins known as prolamins, 

so called because of the abundance of proline and glutamine residues in their primary 

sequences. The over-representation of proline is important as the unique structure imparted 

by this amino acid renders gluten proteins resistant to complete digestion by the proteases 

and peptidases of the human gastrointestinal tract [6]. Because gluten proteins are only 

partially broken down, they persist in the upper intestine as long oligomers and can 

ultimately bind to the clefts of disease-relevant MHC proteins.

A genetic prerequisite of CeD is the possession of a specific set of HLA alleles encoding 

class II MHC heterodimers. Specifically, HLA-DQ2 (comprised of DQA1*05 and DQB1*02 

monomers) or HLA-DQ8 (DQA1*03 and DQB1*0302) are required for CeD [7]. Class II 

MHC receptors are expressed by professional antigen presenting cells (APCs) such as B 

cells, macrophages, and dendritic cells (DCs). They have evolved to hold antigens derived 

from foreign extracellular proteins and present them to CD4+ T cells. In the case of CeD, 

the structures of the HLA-DQ2 and HLA-DQ8 clefts are such that they can accommodate 

certain proline- and glutamine-rich motifs found in gluten peptides [8]. Previous work 

has demonstrated expansion of mucosal DCs and macrophages in the CeD small intestine 

following gluten exposure, suggesting a role for these cells in pathogenesis [9].
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While it was known that intestinal pathology in CeD occurs due to T cell-mediated 

inflammation in the gut, the link that defined the disease as autoimmune in nature was 

not identified until later. That link is the enzyme transglutaminase 2 (TG2). TG2 is a 

ubiquitously expressed enzyme in mammals that crosslinks two proteins or alternatively a 

protein and a biogenic amine [10]. Mechanistically, TG2 functions analogously to a cysteine 

protease, but acts on the δ-amide sidechains of select glutamine residues in its protein or 

peptide substrates. In its first half-reaction, TG2 forms a covalent thioester intermediate 

with a glutamine residue. In turn, the thioester intermediate is resolved through the attack 

of an incoming amine (such as the sidechain of a lysine residue from another protein or a 

small molecule amine), resulting in the formation of a new amide bond. In the absence of a 

suitable amine donor, TG2 can hydrolyze the enzyme-substrate thioester linkage leading to 

a net glutamine → glutamate conversion. The latter conversion, known as deamidation, is 

vital to the pathogenesis of CeD [11].

While native gluten peptides have weak affinity for HLA-DQ2 or -DQ8, gluten peptides 

that have been regiospecifically deamidated by TG2 bind these class II MHCs significantly 

better owing to a favorable electrostatic interaction with a cationic residue in the ligand-

binding cleft [8]. This chemical role for TG2 suggests the origin of the autoantigen in 

CeD; recognition of TG2-gluten peptide complexes by autoreactive B cells promotes the 

generation of TG2-specific antibodies. Notwithstanding their diagnostic utility, the precise 

role of these autoantibodies in CeD pathogenesis remains unclear and is of considerable 

interest.

Recognition of TG2-gluten peptide complexes is not only vital for the B cell response 

in CeD but is also important for the delivery of gluten peptides to other APCs such as 

DCs and macrophages. Recent work has shown that TG2-gluten peptide complexes, even 

when present extracellularly at very low concentrations, can be efficiently transported to the 

endo-lysosomal compartment of APCs (the site where class II MHCs are typically loaded 

with antigens). This occurs via a receptor-mediated endocytic mechanism that leverages 

the activity of LDL receptor-related protein 1 (LRP-1) [12], a scavenger receptor that is 

expressed on a variety of cells including macrophages and dendritic cells. In the process, 

a deamidated gluten peptide is delivered to the lysosome, allowing it to be efficiently 

presented to CD4+ T cells. Once the APC activates a T cell, CeD pathogenesis begins with 

the production of inflammatory cytokines such as IFN-γ [13].

Knowledge of these molecular players paints an elegant, albeit simplified, 

picture of CeD pathogenesis:

1. Dietary gluten is partially digested in the upper GI tract, resulting in a build-up 

of metastable gluten peptides that cross the intestinal epithelial barrier;

2. Upon encountering catalytically active TG2, some peptides undergo 

simultaneous lysosomal uptake and regioselective glutamine deamidation;

3. In the lysosomes of APCs, deamidated gluten peptides are loaded onto HLA-

DQ2 or -DQ8 for presentation to CD4+ T cells; and
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4. Once activated, CD4+ T cells orchestrate an inflammatory response that forms 

the basis of CeD pathology.

Celiac disease pathogenesis beyond CD4+ T Cells

Although the T cell-gluten peptide-APC interaction lies at the center of CeD pathogenesis, 

a complete description of CeD initiation and progression requires discussion of other 

molecules, cells, and pathways (Fig. 3). One clear illustration of this is the fact that only 

about 1% of Caucasian individuals will develop CeD despite 30–40% of them harboring a 

disease-specific HLA haplotype [14]. This raises questions regarding the biological features 

underlying the loss of oral tolerance to gluten in a genetically susceptible person. Indeed, 

while genome-wide association studies have unequivocally linked HLA molecules to CeD, 

more than 40 additional non-HLA genes have been found to be correlated to the disease, 

confirming there is more to pathogenesis than CD4+ T cell-mediated inflammation [15]. 

Many of these genes are involved in T and B cell immunobiology, antigen presenting cell 

function, and cytokine signaling [16,17].

The process by which gluten peptides cross the gut epithelium and enter the intestinal 

lamina propria remains an open question in CeD [18,19]. Some studies have found genetic 

variation in intestinal barrier and tight junction proteins that differentiate CeD patients from 

healthy individuals [20,21]. Others have shown the ability for gluten peptides or gluten 

peptide-antibody complexes to move transcellularly through gut epithelial cells [22,23]. 

Yet others have suggested a direct role for gluten peptides themselves in modulating 

barrier integrity [24]. Further work to determine mechanisms underlying gluten peptide 

translocation and the potential to intercept these pathways for therapy is necessary.

While dietary gluten is undoubtedly the principal environmental driver of CeD, a pathogenic 

role has also been proposed for viruses and bacteria in inducing the loss of oral tolerance 

to gluten. One well-described example is reovirus, whereby certain viral strains alter the 

intestinal immunologic environment and promote polarization of CD4+ T cells toward the 

inflammatory TH1 subset in the presence of gluten. The resulting inflammatory milieu 

is thought to license APCs such as CD103+ dendritic cells to aberrantly present dietary 

antigens such as gluten [25]. Previous cohort studies also showed a correlation between 

CeD and rotavirus, another double-stranded RNA virus [26]. However, the protective 

effect of rotavirus vaccination on the development of CeD in children is unclear [27,28]. 

Analogously, a connection between certain bacterial commensals and pathogens has 

also been invoked in the CeD literature [29–34]. Interestingly, the gut-colonizing protist 

Tritrichomonas arnold was shown to protect against the loss of oral tolerance to gluten 

induced by certain viruses through modulation of the intestinal DC compartment [35]. 

Future work is needed to assess the role of these organisms and others in the loss and 

maintenance of oral tolerance to gluten.

Notwithstanding the primary contributions of the adaptive immune response in CeD 

pathogenesis, innate immunity, orchestrated primarily by intraepithelial lymphocytes (IELs), 

also plays an important role. Indeed, intraepithelial lymphocytosis has been recognized as a 

hallmark histological feature of CeD since the pioneering studies of Marsh and coworkers 
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[36,37]. This group of cells is made up largely of CD8+ αβ+ T cells, but also contains some 

natural killer (NK) cells as well as γδ+ T cells [38,39]. One of the most important cytokines 

for this compartment is interleukin-15 (IL-15), a key signal for maintenance of homeostasis 

in DCs, NK cells, and CD8+ T cells [40]. Upregulation of IL-15 in the intestine of CeD 

patients has been shown to induce a pro-inflammatory environment in multiple ways. 

Polarization of DCs with IL-15 promotes the generation of an inflammatory phenotype and 

increases production of pro-inflammatory cytokines like IFN-γ and IL-12-p70 [41]. IL-15 

may also interfere with the protective Foxp3+ regulatory T cell response that is involved 

in maintaining tolerance to gluten [41]. Moreover, IL-15 stimulates the expression of the 

activating receptor NKG2D on IELs, licensing them for cytotoxic activity. Epithelial stress 

also leads to the upregulation of NKG2D ligands such as MICA and MICB on the gut 

epithelium [42]; this is thought to be one of the contributing factors to epithelial cell death in 

the CeD intestinal mucosa [43,44].

The other arm of the adaptive immune system, B cells and humoral immunity, contributes 

another essential facet to CeD pathogenesis. CeD is unique for many reasons, including 

the fact that a dietary antigen induces an autoimmune humoral response. This fact has 

led many in the field to question just “how autoimmune” celiac disease is [45]. In active 

disease, plasma cells create both TG2-reactive and gluten-reactive antibodies [46]. While 

these antibodies have incredible value in disease diagnosis, questions remain about the 

pathogenic function of these antibodies. One likely role of the B cell receptor is in mediating 

endocytosis of gluten peptides and TG2-gluten complexes, bringing about efficient delivery 

of gluten antigens to HLA-DQ2 or -DQ8 for presentation to CD4+ T cells [47]. Indeed, 

TG2-specific plasma cells are highly abundant in the intestine of celiac disease patients 

actively consuming gluten. These plasma cells are typically differentiated from naïve B cells 

and have a less mutated antibody repertoire [48]. Additional work has shown that these 

plasma cells express HLA-DQ, suggesting that the dual capacity to function as an APC 

while also secreting soluble immunoglobulins may be vital to the role of cells from the B 

cell lineage in CeD pathogenesis [49]. Recent reports have also identified gluten-reactive T 

follicular helper cells in both mice and CeD patients, further supporting a role for B cells in 

disease [39,50].

Emerging non-dietary celiac disease therapies

The practical, economic, social, and clinical shortcomings of maintaining a strict gluten-free 

diet have inspired a range of efforts to develop non-dietary therapies for CeD. Many of 

these potential treatment modalities hinge on the significant recent advancements in our 

understanding of disease pathogenesis at a molecular and cellular level. They can broadly 

be divided into two categories; those that act on the gluten-CD4+ T cell axis, and those that 

modulate off-axis pathways (Fig. 4).

Therapies that act on the gluten-CD4+ T cell axis

One place for intervention comes even before the ingestion of gluten; the genetic 

modification of wheat to ablate immunogenic T cell epitopes. The most successful of 

these non-immunogenic wheat varieties is E82, where RNA interference is used to degrade 
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various mRNAs encoding toxic gliadin and glutenin proteins while sparing nonpathogenic 

glutenins that contribute to the viscoelastic properties of bread [51]. In a short-term 

study, celiac disease patients challenged with E82 bread had lower glutendependent IFN-γ 
responses and lower gluten immunogenic peptides in stool compared to those challenged 

with regular wheat bread. However, gastrointestinal symptoms between groups were not 

significantly different, potentially because of the short (1-week) timeline of the challenge 

[52].

In addition to modifying gluten itself, another gluten-targeting therapy that has been 

explored is the administration of agents that sequester gluten in the intestinal lumen and 

prevent peptide translocation into the lamina propria. One such agent is BL-7010, a modified 

polystyrene that selectively binds gluten in the intestine [53]. Administration of BL-7010 in 

gluten-sensitized mice mitigated some gluten-induced decrease in Vh:Cd ratio and prevented 

CD3+ intraepithelial lymphocytosis following gluten exposure [54]. Results from a clinical 

trial of BL-7010 have not yet been reported (NCT01990885). The polyclonal egg yolk-

derived anti-gliadin antibody product AGY has similarly been shown to bind and prevent the 

absorption of gliadin in the intestine [55]. A phase 1 clinical trial showed safety of AGY 

in a small cohort of patients (NCT01765647) [56], and a phase 2 clinical trial has recently 

concluded with results expected soon (NCT03707730).

The best studied class of CeD therapies is recombinant, engineered proteases or protease 

mixtures designed to degrade gluten peptides in the gastrointestinal tract. Human salivary 

and gastrointestinal proteases are unable to fully digest proteins derived from cereal grains. 

This leaves immunogenic peptides intact and free to cross the small intestine epithelial 

barrier to induce inflammation in CeD patients. Proteases from other organisms, however, 

have been discovered and optimized to digest these human protease-resistant fragments to 

short peptides and single amino acids that are unable to elicit immune responses. Within 

this therapeutic modality, the most comprehensively tested is latiglutenase, a combination 

enzyme product that contains a glutamine-specific endoprotease and a prolyl endopeptidase 

that can extensively degrade gluten peptides [57–59]. Initial assessments of this dual enzyme 

therapy confirmed it was well tolerated and successfully degraded dietary gluten in humans 

(NCT00626184 and NCT00669825) [60]. Subsequent phase 2 trials of latiglutenase have 

produced mixed results depending on the specific patient population studied and their 

diets. Patients who were initially on a GFD but then challenged with a gluten-containing 

diet and latiglutenase treatment were protected from mucosal damage (NCT00959114 and 

NCT01255696) [61]. This result was confirmed more recently in a similar gluten-challenge 

cohort of patients. In addition to preventing mucosal damage, a higher dose of latiglutenase 

decreased symptoms (NCT03585478) [62]. In a larger cohort of patients with persistent 

symptoms despite GFD, however, latiglutenase treatment was undifferentiated from placebo 

with respect to Vh:Cd ratio, intraepithelial lymphocytosis, or anti-tTG serology (likely due 

to dietary modifications by study participants, a phenomenon known as the Hawthorne 

effect) [63]. Despite the lack of positive changes in their clinical signs, patients in the high-

dose enzyme groups of this study did show symptomatic improvements (NCT01917630) 

[64]. A phase 2 trial of latiglutenase in symptomatic CeD patients on a GFD is ongoing 

(NCT04243551). In addition to latiglutenase, two other gluten-digesting agents have been 

evaluated in the clinic: a prolyl endopeptidase from Aspergillus niger (AN-PEP) [65] 
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and a computationally designed protease originating from Alicyclobacillus sendaiensis 
kumamolisin-As (TAK-062) [66,67]. Both AN-PEP (NCT00810654 and NCT04788797) 

[68] and TAK-062 (NCT03701555) [66] were well-tolerated and showed some benefit in 

short-term gluten challenge. A phase 2 trial of TAK-062 is ongoing (NCT05353985).

Gluten peptides must be deamidated by TG2, either in the intestinal lumen or lamina 

propria, to be effectively presented to inflammatory CD4+ T cells. As such, inhibiting TG2 

activity in the small intestine has been hypothesized to prevent the toxification of native 

gluten peptides. Significant work has been done towards the development of covalent and 

non-covalent TG2 inhibitors [69]. The most advanced candidate in this class is ZED1227, a 

covalent and irreversible TG2 inhibitor with promising potency and selectivity [70]. Phase 

1 trials of this compound demonstrated its safety and tolerability in humans (EudraCT 

2014–003044-13 and 2015–005283-42). In a phase 2 efficacy study, compared to placebo, 

ZED1227 attenuated mucosal damage as measured by Vh:Cd and decreased intraepithelial 

lymphocytosis and patient symptoms significantly in the highest dose group (EudraCT 

2017–002241-30) [71].

Yet another approach to clinically disrupt the CD4+ T cell axis in CeD pathogenesis is via 

peptide-MHC blockers, agents that prevent T cell activation by inhibiting the formation of 

an MHC-peptide-T cell receptor ternary complex. This strategy is particularly well-suited 

for CeD because of our knowledge of specific deamidated gluten peptide-HLA-DQ pairs 

[72–74]. Recent efforts have led to the generation of monoclonal antibodies (mAbs) and 

antibody-like proteins that bind peptide-MHC complexes (so called “TCR-like antibodies”) 

[75]. One such agent, DONQ52, has recently initiated clinical trials (NCT05425446).

Celiac disease therapies that act off-axis

An alternative approach for the treatment of celiac disease centers not on gluten itself, 

but instead on the interactions and cellular players involved in initiating and executing the 

immune response to gluten. Both mAbs and small molecules are being developed for this 

purpose. For example, because of the role of IL-15 in activating intraepithelial cytotoxic 

T lymphocytes and exacerbating small intestinal inflammation, mAbs against the cytokine 

itself or the IL-15 receptor have been clinically tested. AMG714, a monoclonal antibody 

against IL-15, was investigated in the setting of gluten challenge in CeD patients. While the 

AMG714 treatment group did not show improvement in Vh:Cd ratios, the cohort did exhibit 

improved symptom quality indices and the high dose group showed lower intraepithelial 

lymphocyte counts on biopsy (NCT02637141) [76]. A follow-up phase 2 trial of AMG714 

in CeD patients unresponsive to GFD showed no improvement in histopathologic features 

of CeD, but did show benefit in symptom quality indices (NCT02633020) [77]. A phase 1 

trial of a mAb targeting the IL-15Rβ1 subunit, Hu-Mik-β1, was completed in 2019 but the 

results have not yet been reported (NCT01893775). Separately, tofacitinib, a small molecule 

pan-JAK inhibitor that inhibits signaling downstream of IL-15, is being tested in patients 

with type 2 refractory CeD (NCT05636293).

In addition to compounds targeting the IL-15 signaling pathway, agents inhibiting key 

molecules for cellular migration and trafficking have been employed. For example, α47 

integrin is a critical signaling molecule for the homing of T and B cells to the gut [78]. 
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A mAb specific for α4β7 integrin, vedolizumab, has been approved for use in ulcerative 

colitis and is now being evaluated in CeD patients (NCT02929316). SIRT6 is a sirtuin 

transcriptional regulator that affects enterocyte biology and is thought to modulate barrier 

function of the small intestine. IMU-856 is an oral small molecule SIRT6 modulator that is 

being evaluated in CeD patients for safety and efficacy [79].

While all therapeutic candidates discussed above are intended to block active CeD 

pathogenesis, a different group of therapies has been designed to test the feasibility 

of eliciting immune tolerance to gluten in vivo. These desensitizing agents work at 

a cellular level to inhibit pathogenic immune reactions to gluten. The most clinically 

advanced of these is TAK-101. TAK-101 is a negatively charged poly(DL-lactide-

coglycolide) nanoparticle that encapsulates intact gliadin protein [80]. In nonclinical studies, 

nanoparticles such as these have been shown to induce a tolerogenic phenotype in APCs 

such as macrophages and dendritic cells [81,82]. In a phase 2 gluten challenge trial of 

TAK-101 in CeD patients, the treatment group had a decreased IFN-γ response to gliadin 

as well as protection from mucosal injury as measured by maintenance of baseline Vh:Cd 

ratio. Treated patients also showed lower proportions of gut-homing T cells in the peripheral 

blood, all supporting induction of tolerance to gliadin (NCT03486990 and NCT03738475) 

[83]. In theory, such drug candidates could also be used as vaccines. Indeed, Nexvax-2 is 

a mixture of three pre-deamidated gluten peptides that represent important immunogenic 

epitopes for CD4+ T cell recognition via HLA-DQ2.5 [84,85]. The vaccine is formulated 

without an adjuvant and administered intradermally. Initial phase 1 studies confirmed 

the safety and tolerability of the vaccine, despite induction of gastrointestinal symptoms 

following dosing [84]. The highest dosed group maintained duodenal integrity despite the 

administration of immunogenic peptides and may have demonstrated blunted IFN-γ release 

in response to the vaccine peptides, potentially suggesting the viability of this strategy for 

inducing immune tolerance following repeat injections (NCT02528799) [86]. Unfortunately, 

a follow-up phase 2 study was discontinued before completion because of futility.

Implications for other autoimmune diseases

Among autoimmune diseases, celiac disease is unique in that the most important causative 

environmental and genetic factors as well as their mutual interactions have been extensively 

characterized. Notably, the triggering antigens, gluten peptides, are derived from exogenous 

non-self proteins, which can be administered to CeD patients in a controlled manner. 

Furthermore, the principal affected organ in CeD, the small intestine, can be readily 

sampled via upper gastrointestinal endoscopic procedures. Together, these features have 

allowed researchers to interrogate the short-term and longer-term molecular, histological, 

and clinical sequelae of gluten exposure in patients with considerable precision. As just one 

example, impressive strides have been made in recent years with respect to characterizing 

the mobilization of gluten-reactive T cells from a patient’s small intestine to the peripheral 

blood and the concomitant burst of cytokine release in response to an acute gluten challenge 

[87]. It is possible that peripheral sampling and characterization of the immune compartment 

may also prove useful in the study of other autoimmune diseases [88], especially those with 

analogous dependences on HLA molecules (e.g., HLA-B27 in ankylosing spondylitis and 

HLA-DR2 in multiple sclerosis). Ultimately however, extrapolation of lessons learned from 
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CeD pathogenesis to other autoimmune diseases will hinge on the identification of driver 

antigens in those disorders.

The role of transglutaminase 2 in CeD is another instructive aspect of the pathogenesis of 

this autoimmune disorder. Post-translational modification of gluten peptides by TG2 as well 

as the appearance of anti-TG2 antibodies led to a hypothesis regarding a role for gluten 

peptide-TG2 complexes. The activity of TG2 in CeD is highly reminiscent of the role of 

another enzyme, protein arginine deiminase 2 (PAD2), in rheumatoid arthritis (RA). PAD2 

carries out the conversion of arginine to citrulline in antigenic peptides in RA, allowing 

these less positively charged peptide products to be more favorably loaded into HLA-DR4 

[89]. The recent demonstration of TG2 inhibition as a potential therapeutic avenue for 

CeD raises the possibility of PAD2 inhibition for RA treatment. It remains to be seen if 

other autoimmune diseases share similar dependence on selfproteins for post-translational 

modification of their causative antigens.

Concluding remarks and future perspectives

The increasing prevalence, risk of significant morbidity, and lack of non-dietary 

therapy each demand vigorous fundamental mechanistic research and clinical therapeutic 

development for celiac disease. Over the past 70 years, the field has made significant 

progress in illuminating the core molecules, cells, and pathways that drive disease. Historical 

and recent work has unequivocally shown the central role of the class II MHC-deamidated 

gluten peptide-CD4+ T cell receptor interaction in pathogenesis. More recent efforts have 

begun to uncover essential players in the initiation of disease as well as the executers 

of tissue destruction. However, despite this increasingly clear picture of the mechanisms 

underlying CeD pathogenesis, many open questions remain (see Outstanding Questions). 

Perhaps the most important is why some people with an HLA genetic predisposition get 

disease while others do not. The identity of key professional APCs that present deamidated 

gluten antigens to pathogenic CD4+ T cells at various stages of the disease also remains 

to be established. Finally, one of the clearest areas for future research is in elucidating the 

influences of the greater than 40 non-HLA genes implicated in CeD. The development of 

CeD organoids from patient intestinal tissue appears to be an emerging field for the study of 

disease as well as for testing potential therapeutics before initiating human trials [90].

In a clinical setting, while paradigms for CeD diagnosis are generally well established, 

there remain questions about the optimal strategies for diagnosing and assessing response to 

gluten-free diet. In this context, the development of sensitive and specific tests for detecting 

inadvertent gluten exposure and adherence to the gluten-free diet may prove especially 

useful for the management of CeD patients [91]. Perhaps the most important practical 

transformation however is likely to come from the emergence of non-dietary medicines for 

managing this lifelong disorder. Whereas first-generation therapies are likely to be used as 

adjuncts to a GFD, eventually it may be possible to discover effective disease-modifying 

treatments that allow patients to consume a normal (or near-normal) diet.

The state of CeD research and clinical trials exemplifies the synergy that exists between 

fundamental discovery and therapeutic development. A salient example of this is the 
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relatively short 12-year gap between the first demonstration of prolyl endoproteolysis as 

a gluten detoxification strategy in vitro by Shan and coworkers [6] and the clinical report 

of latiglutenase offering histological benefit to patients undergoing gluten challenge [61]. 

Given the rapid pace at which new insights in pathogenesis are translated to putative 

therapeutic agents in the clinic, it is reasonable to expect that the coming decade will see the 

first approved non-dietary therapy for celiac disease reach patients.
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Glossary

Antigen presenting cells (APCs)
a subset of professional immune cells that are capable of loading peptides onto class II 

major histocompatibility complex (MHC) proteins and presenting them to CD4+ T cells. 

Classically, this group includes dendritic cells, macrophages, and B cells

Celiac disease (CeD)
an autoimmune disorder triggered by the ingestion of dietary gluten that occurs in certain 

genetically susceptible individuals. The primary affected organ in CeD is the small intestine, 

although extra-intestinal sequelae of gluten-induced inflammation are common

Gluten
Proline- and glutamine-rich storage proteins in certain cereal grains that harbor the causative 

antigens of celiac disease. Common gluten sources include wheat (whose grain contains 

glutenins and gliadins), barley (whose grain contains hordeins) and rye (whose grain 

contains secalins)

Gluten-free diet (GFD)
a diet that eliminates wheat, barley, and rye. At present this is the only acceptable form of 

lifelong therapy for celiac disease. For a dietary product to be gluten-free, it must contain < 

20 ppm gluten. As a point of reference, a typical 30 g slice of whole wheat bread contains 3 

g gluten

Human leukocyte antigen DQ2 and human leukocyte antigen DQ8 (HLA-DQ2 
and HLA-DQ8)
heterodimeric transmembrane proteins belonging to the family of class II MHC receptors. 

These isoforms of human class II MHC proteins have the unique ability to bind gluten-

derived peptides and present them to CD4+ T cells

Immunoglobulin G (IgG) and immunoglobulin A (IgA)
different isotypes of antibodies secreted by plasma cells of the B cell lineage

Intraepithelial lymphocytes (IELs)
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immune cells that reside within the epithelial layer of mucosal organs such as the intestine 

and lungs. They consist primarily of effector (CD8+) T cells harboring an αβ or γδ T 

cell receptor. In the small intestine of CeD patients, IELs play a role in mediating tissue 

destruction

Oral tolerance
the active immunologic state of unresponsiveness to orally delivered antigens (such as 

gluten). The process by which oral tolerance to gluten is lost (i.e., transformation of gluten 

from innocuous to immunotoxic) is an open question in CeD

Transglutaminase 2 (TG2) or tissue transglutaminase (tTG)
a widely expressed enzyme in mammals whose primary physiological function has not 

yet been established. In CeD, this enzyme post-translationally modifies gluten peptides 

via deamidation of select glutamine residues (resulting in a net glutamine → glutamate 

conversion). TG2 is also the major target of autoantibodies in CeD patients

Villous height to crypt depth ratio (Vh:Cd)
The small intestinal surface is covered with finger-like projections (villi) separated from 

each other by invaginations (crypts). This morphology can be microscopically visualized 

in a thin slice of a small intestinal biopsy sample. Because villi appear blunted and crypts 

become deeper in CeD patients, the average villous height to crypt depth ratio is a definitive 

and quantitative marker of intestinal tissue damage in CeD
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Box 1.

Clinical presentation and diagnosis of celiac disease.

The clinical presentation of CeD is diverse [92]. Pathology occurs only in response to 

the consumption of cereal grains and, as a result, typically begins following introduction 

of wheat, barley, or rye into a child’s diet. However, symptoms can begin and disease 

can be diagnosed at any age [93]. The typical symptoms associated with CeD are 

gastrointestinal (e.g., abdominal pain, bloating, nausea, diarrhea) but there can be extra-

intestinal manifestations of disease as well (e.g., fatigue, blistering skin rashes) [94]. 

In more severe cases, patients may present with iron-deficiency anemia, osteopenia, 

weight loss, and failure to meet growth milestones (especially among children) [93]. As 

diagnostic tools have improved, a growing proportion of CeD cases are diagnosed in the 

absence of overt symptoms [94].

The formal diagnosis of CeD is multi-pronged and varies around the world. When a 

physician suspects CeD, the most useful (and least invasive) initial test is a serum IgA 

assay for the presence of autoantibodies against tissue transglutaminase (tTG or TG2). 

Notwithstanding high specificity (typically >90%), the positive predictive value of this 

test is insufficient for definitively diagnosing a lifelong condition such as CeD [95]. In 

cases of IgA deficiency or equivocal test results, alternative serologies can be assessed 

(e.g., anti-tTG IgG, antibodies against deamidated gliadin peptides, anti-endomysial 

IgA). In the United States, definitive diagnosis of CeD requires an upper-gastrointestinal 

endoscopy and duodenal biopsy that reveals evidence of villous atrophy, as quantified 

through a decreased villous height to crypt depth ratio (Vh:Cd) [96]. Other histologic 

changes observed in the duodenal biopsy are also informative, such as an increased 

number of intraepithelial lymphocytes (IELs) [36]. The guidelines for a formal diagnosis 

of CeD are less strict for children in Europe. There, the combination of serum anti-tTG 

IgA titers at least 10-fold higher than the upper limit of normal and a positive anti-

endomysial IgA titer on a second sampling override the need for confirmatory biopsy 

[97]. Importantly, the entire diagnostic protocol for CeD hinges on a patient retaining 

gluten in their diet, as its removal promotes mucosal healing [98] and normalization of 

anti-tTG serology [99]. As such, there remains a need for clinically useful diagnostic 

protocols in cases where patients have self-initiated a gluten-free diet (GFD).
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Box 2.

Clinical preseCurrent treatment and complications of celiac disease.

Because enteropathy in CeD depends on the presence of the causative antigen (i.e., 

gluten proteins from wheat, barley, or rye), the therapy for disease is lifelong gluten 

exclusion. Currently, gluten-free diet (GFD) is the only approved treatment for CeD. 

While theoretically simple, maintaining a GFD is challenging for many patients. This 

is because small doses of gluten (~50 mg/day) can induce intestinal inflammation and 

symptom exacerbation in some patients [100]. Low levels of gluten exposure can result 

from inadvertent cross-contamination of gluten-free meals at home or in a restaurant or 

through ingestion of a product containing an unspecified source of gluten. Moreover, 

even when implemented perfectly, a GFD carries with it a risk of nutrient deficiencies, 

especially in fiber and micronutrients such as iron and zinc, because of the cooccurrence 

of these substances with gluten-containing foods or supplementation of these nutrients in 

flours [101]. There are additional psychosocial implications of the GFD including food-

anxiety and the increased financial burden of purchasing gluten-free foods [102]. Despite 

these shortcomings, GFD can be an effective treatment that results in symptomatic 

resolution and mucosal healing in many patients [98]. In rare cases (estimated 1–2%) 

termed refractory CeD, GFD does not palliate symptoms and mucosal inflammation 

persists [103,104].

Inability to maintain a GFD by CeD patients leads to a spectrum of complications 

primarily due to chronic small intestinal inflammation. Beyond the symptoms resulting 

from ongoing gluten exposure, the most common complications are nutrient deficiencies 

from decreased absorptive surface area in the gut leading to anemia and osteopenia 

[94]. Inflammation carries with it a low but especially problematic risk of malignant 

transformation of normal epithelium or immune cells into adenocarcinoma or intestinal 

lymphoma, respectively [105].
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Outstanding Questions

• What are the roles of non-HLA genes in celiac disease pathogenesis? Can the 

products of these genes and/or pathways be targeted for CeD therapy?

• How is oral tolerance to gluten broken? What are the key molecules, 

pathways, viruses, organisms, and cells involved in the loss of oral tolerance?

• Which antigen presenting cells are responsible for gluten antigen presentation 

to T cells at different stages of the disease?

• Which CeD testing criteria and methods offer the greatest diagnostic 

accuracy and clinical utility? What are the best methods for assessing dietary 

compliance and response to treatment?

• Will a non-dietary CeD therapy show broad utility for the treatment of CeD 

in a large trial? Will a non-dietary therapy for CeD allow a patient to resume 

consumption of gluten, or will medical therapy function only as adjunct to the 

GFD?
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Highlights

• Celiac disease (CeD) is a chronic inflammatory disorder that occurs in 

response to gluten-derived peptides in genetically susceptible individuals.

• Currently, the only approved treatment for CeD is life-long dietary exclusion 

of wheat and related cereal grains.

• The causative antigens, genetic background, and their interactions have been 

well-characterized in CeD pathogenesis.

• Recent work has begun to elucidate additional genetic and environmental 

factors important for the initiation of disease and execution of tissue 

destruction.

• This molecular and cellular understanding of CeD pathogenesis has led to the 

development of numerous putative therapies that are currently being tested in 

the clinic.
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Figure 1. Abriged history of celiac disease insights and tool development.
Brief timeline of fundamental advancements in our understanding of celiac disease 

pathogenesis and tool development for the study, diagnosis, and/or treatment of celiac 

disease [6,25,37,42,43,61,71,106–120].
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Figure 2. Central pathogenic axis of celiac disease.
(A) Gluten proteins are partially digested by gastrointestinal proteases to yield gluten 

peptides (blue). Specific glutamine residues within these liberated peptides are deamidated 

by transglutaminase 2 (TG2). The deamidated peptides (red) or TG2- gluten peptide 

complexes undergo endocytosis by professional antigen presenting cells and the peptides 

are subsequently presented on disease-associated HLA-DQ receptors. Upon recognition by 

T cell receptors on disease-specific CD4+ T cells, these MHC-peptide complexes trigger 

the hallmark inflammatory response. (B) (1) shows the digestion of α2-gliadin by gastric 

and intestinal proteases into long peptides (bold) [6]. (2) depicts the two-step process of 

TG2 catalyzed gluten peptide deamidation. (3) zooms in on the central HLA-peptide-TCR 

interaction.
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Figure 3. Expanded pathogenesis of celiac disease beyond the core MHC-peptide- TCR 
interaction.
Following activation, CD4+ T cells produce cytokines (e.g., IL-2, IFN-γ, IL-21) and 

proliferate. Epithelial stress (e.g., from microbes and viruses) induces cytokine release 

from epithelial cells and upregulation of stress molecules like HLA-E and MICA/B 

on the intestinal epithelium. Simultaneously, epithelial stress modulates APCs like DCs 

towards a pro-inflammatory state. This overall inflammatory milieu licenses intraepithelial 

lymphocytes (IELs) towards a cytotoxic phenotype. Signaling between IELs and gut 

epithelium (e.g., through NKG2D-MICA interactions) induces cell death, causing tissue 

destruction. Additionally, B cells recognize deamidated gluten peptides and TG2-gluten 

peptide complexes through their receptors and subsequently present gluten peptides to CD4+ 

T cells through class II MHC. Positive signaling induces maturation of B cells to antibody-

producing plasma cells.
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Figure 4. Targets of putative celiac disease therapeutics currently being clinically tested.
Therapeutic classes and their targets are indicated on the expanded model of pathogenesis. 

Therapies can operate before, within, or after the gluten-APC-CD4+ T cell interaction 

(ie., the core pathogenic axis). “On-axis” therapies include genetically engineered non-

immunogenic wheat varieties, gluten sequestering agents, gluten degrading proteases or 

protease mixtures, TG2 inhibitors, and MHC blockers. “Off-axis” therapeutic modalities 

include anti-cytokine and anti-migration agents, JAK pathway inhibitors, barrier integrity 

modulators, and gluten tolerizing agents and vaccines.
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