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Abstract

Celiac disease is an immune-mediated disorder triggered by the ingestion of gluten in genetically susceptible
individuals carrying human leukocyte antigen (HLA)-DQ2 or HLA-DQ8 molecules. This Adverse Outcome Pathway
(AOP) describes the sequence of molecular and cellular events leading to celiac disease, beginning with key molecular
initiating events (MIEs) and culminating in intestinal damage and disease manifestation.

The pathway is initiated by the formation of HLA-DQ2/8-gluten complexes, the generation of gluten-reactive T cell
receptors, and the production of gluten- and transglutaminase 2 (TG2)-reactive B cell receptors. These MIEs facilitate
the co-localization of gluten-reactive adaptive T-cells with antigen-presenting cells (APCs), an essential step in the
immune response. This interaction triggers the activation of the innate immune response and subsequently leads to
the activation of gluten-reactive CD4+ T cells. The cascade continues with the activation of gluten- and TG2-reactive
B cells, which further amplifies the immune response and contributes to the disruption of the intestinal barrier. The
final adverse outcome (AO) is the development of celiac disease, characterized by chronic intestinal inflammation,
villous atrophy, and malabsorption.

The relationships between key events (KEs) in this AOP are supported by moderate levels of evidence, reflecting a
well-characterized yet complex immunopathological process. Understanding this AOP provides valuable insights for
risk assessment, the development of targeted therapies, and the refinement of strategies for gluten-related disorder
management.

Background

In 2017, the EFSA GMO Panel published a guidance document (EFSA, 2017) that, for the first time, outlined a specific risk
assessment strategy to predict the capacity of innovative or novel proteins to trigger celiac disease. This strategy,
characterized by an integrated, stepwise, case-by-case approach, was made possible due to the well-documented
pathogenesis of celiac disease and the known proteins involved. Specifically, gluten peptides presented by the disease-
predisposing Human Leukocyte Antigen (HLA) class Il molecules, HLA-DQ2 or HLA-DQ8, activate pro-inflammatory T-cells in the
inflamed intestines of patients.

Ongoing efforts to refine risk assessment methodologies in this area are driven by new findings that suggest proteins from
sources other than cereals may pose a hazard to individuals with celiac disease (Peterson et al., 2019) . This AOP is created to
integrate the scientific knowledge into a conceptual framework in the regulatory context.

The risk assessment strategy developed for evaluating the potential of innovative or novel proteins to induce celiac disease is
regarded as a benchmark, serving as an inspiration for the broader food safety assessment of novel proteins in the food sector.

Summary of the AOP
Events
Molecular Initiating Events (MIE), Key Events (KE), Adverse Outcomes (AO)

Event

Sequence Type D Title Short name
MIE 2252 Human leukocyte antigen DQ2/8-gluten Formation of HLA-DQ2/8-gluten
complexes, formation complexes
MIE 2253 Gluten-reactive T cell receptors, generation e
receptors
Gluten-reactive and transglutaminase 2 Generation of gluten-reactive and TG2-
MIE 2254 . . .
reactive B cell receptors, generation reactive B cell receptors
Gluten reactive adaptive T-cells with antigen Co-localization of gluten reactive
KE 2275 - . . -
presenting cells, co-localization adaptive T-cells with APC

Activation of the innate immune

KE 2255 Innate immune response, activation
response

Activation of gluten-reactive CD4+ T

KE 2260 Gluten-reactive CD4+ T cells, activation cells
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Sequence Type E\:eDnt Title Short name
Gluten-reactive B cells and transglutaminase 2- Activation of gluten- and TG2-reactive
KE 2256 ; A
reactive B cells, activation B cells
KE 1931 Intestinal barrier, disruption Disruption of the intestinal barrier

AO 2257 Celiac disease

Key Event Relationships

Upstream Event LT
Type

Human leukocyte antigen DQ2/8-

gluten complexes, formation

adjacent

Gluten-reactive and

transglutaminase 2 reactive B cell adjacent
receptors, generation

Gluten-reactive T cell receptors,
generation

adjacent

Gluten reactive adaptive T-cells

with antigen presenting cells, co- adjacent
localization

Innate immune response,
activation

adjacent

Gluten-reactive CD4+ T cells
activation

adjacent

Gluten-reactive B cells and

Celiac disease

Quantitative

Downstream Event Evidence Understanding

Gluten reactive adaptive T-cells
with antigen presenting cells, co- Moderate
localization

Gluten reactive adaptive T-cells
with antigen presenting cells, co- Moderate
localization

Gluten reactive adaptive T-cells
with antigen presenting cells, co- Moderate
localization

Innate immune response,
activation Moderate
Gluten-reactive CD4+ T cells,

L Moderate
activation

Gluten-reactive B cells and
transglutaminase 2-reactive B Moderate
cells, activation

transglutaminase 2-reactive B cells, adjacent Intestinal barrier, disruption Moderate
activation
Intestinal barrier, disruption adjacent Celiac disease Moderate
Stressors

Name Evidence
Gluten

Bacterial or viral Infections

Tissue transglutaminase 2 (TG2) enzyme
activity

Overall Assessment of the AOP

KER1: Formation of HLA-DQ2/8-gluten complexes leads to Co-localization of
gluten-reactive adaptive T-cells with APC

e Adjacency: Adjacent
o Evidence: Moderate
o Essentiality: High

Rationale: The formation of the HLA-DQ2/8-gluten complex is a fundamental event for initiating the immune
response in genetically predisposed individuals. The co-localization of gluten-reactive adaptive T cells with
antigen-presenting cells (APCs) depends on the recognition of these complexes by the immune system. This
relationship is essential for activating the adaptive immune system, a critical step in the development of celiac

disease.

Supporting Evidence: The interaction between gluten-HLA complexes and T cells is well-documented, and co-
localization with APCs is required for T-cell activation (Sollid, 2002; van de Wal et al., 1999).
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KER2: Generation of gluten-reactive and TG2-reactive B cell receptors leads to
Co-localization of gluten-reactive adaptive T-cells with APC

e Adjacency: Adjacent

o Evidence: Moderate

o Essentiality: High
Rationale: The generation of gluten-reactive and TG2-reactive B cell receptors facilitates the production of
antibodies that contribute to the autoimmune response in celiac disease. While the direct influence on T-cell co-
localization is less clear, the B-cell receptor generation is part of the broader immune response, influencing the
progression of celiac disease. The co-localization of T-cells with APCs is indirectly impacted by the production of
antibodies and antigen presentation.
Supporting Evidence: While there is strong evidence for the generation of gluten-reactive B cells, the direct
relationship with T-cell co-localization has moderate support, but it is still considered relevant for the disease
process (Kagnoff, 2007).

KER3: Generation of gluten-reactive T cell receptors leads to Co-localization of
gluten-reactive adaptive T-cells with APC

e Adjacency: Adjacent

e Evidence: Moderate

« Essentiality: High
Rationale: Gluten-reactive TCR generation is a critical early event in the immune response to gluten. Once
these TCRs are generated, the T-cells are able to recognize gluten peptides presented by APCs, facilitating their
co-localization. This step is essential for initiating the adaptive immune response, a key event in the
pathogenesis of celiac disease.
Supporting Evidence: There is strong evidence for the role of gluten-reactive TCRs in initiating immune
responses, and their interaction with APCs is fundamental for the disease process (Jabri & Sollid, 2017).

KER4: Co-localization of gluten-reactive adaptive T-cells with APC leads to
Activation of the innate immune response

e Adjacency: Adjacent

o Evidence: Moderate

o Essentiality: High
Rationale: The co-localization of gluten-reactive T-cells with APCs activates the adaptive immune system, which
in turn triggers innate immune pathways. Activation of the innate immune response amplifies the overall
immune reaction, driving inflammation and tissue damage seen in celiac disease. Without this co-localization,
the full immune activation needed for disease progression would not occur.
Supporting Evidence: Studies indicate that activation of adaptive T-cells by APCs is tightly linked to
subsequent activation of innate immune pathways (Lundin et al., 1993; Anderson et al., 2011).

KER5: Activation of the innate immune response leads to Activation of gluten-
reactive CD4+ T cells

¢ Adjacency: Adjacent

o Evidence: Moderate

o Essentiality: High
Rationale: The innate immune response plays a pivotal role in amplifying the activation of gluten-reactive
CD4+ T cells, which is essential for driving the adaptive immune response in celiac disease. This relationship is
critical because it ensures that the immune system's inflammatory reaction is properly mediated and directed
toward the intestines.
Supporting Evidence: The innate immune system is known to activate CD4+ T cells in response to antigenic
stimulation, further promoting the inflammatory cascade in celiac disease.

KERG6: Activation of gluten-reactive CD4+ T cells leads to Activation of gluten-
and TG2-reactive B cells

e Adjacency: Adjacent

e Evidence: Moderate

o Essentiality: High
Rationale: The activation of gluten-reactive CD4+ T cells is necessary to help activate B cells that produce
gluten- and TG2-specific antibodies. These antibodies are markers of disease and contribute to the autoimmune
responses that drive the pathology of celiac disease. Without T-cell activation, B-cell activation cannot occur, and
the autoimmune response would be incomplete.
Supporting Evidence: The interaction between activated T cells and B cells is well-established in the context of
autoimmune diseases like celiac disease, where T-helper cells provide necessary signals for B cell
activation (Kagnoff, 2007).
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KER7: Activation of gluten- and TG2-reactive B cells leads to Disruption of the
intestinal barrier

e Adjacency: Adjacent

e Evidence: Moderate

o Essentiality: High
Rationale: The activation of gluten- and TG2-reactive B cells results in the production of antibodies, such as
anti-TG2, which play a significant role in tissue damage. This damage contributes to the disruption of the
intestinal barrier, a hallmark of celiac disease. Without B-cell activation, the autoimmune-mediated intestinal
damage would be less pronounced, and the disease would not progress in the same way.
Supporting Evidence: The presence of anti-TG2 antibodies and their involvement in intestinal injury is well-
documented in celiac disease (Lundin et al., 1993; Green & Cellier, 2007).

KERS8: Disruption of the intestinal barrier leads to Celiac Disease

e Adjacency: Adjacent

o Evidence: Moderate

o Essentiality: High
Rationale: The disruption of the intestinal barrier is the key event that allows gluten peptides and other
immune activators to enter the mucosa, triggering the immune response and leading to celiac disease. This
barrier disruption is essential for disease progression, as it creates the conditions for subsequent inflammation,
villous atrophy, and clinical symptoms.
Supporting Evidence: The breakdown of the intestinal barrier is considered a critical step in the pathogenesis
of celiac disease. Without this disruption, immune activation would be limited, and disease symptoms would not
manifest (Anderson et al., 2011).

Domain of Applicability

Life Stage Applicability
Life Stage Evidence

All life

stages High
Taxonomic Applicability

Term Scientific Term Evidence Links

human Homo sapiens High NCBI
Sex Applicability
Sex Evidence

Unspecific High

The AOP applies specifically to humans, as celiac disease is inherently linked to the HLA-DQ2/8 genotype, which is
unique to humans. The described mechanisms are particularly relevant to individuals with genetic susceptibility.

Essentiality of the Key Events

MIE1l: Formation of HLA-DQ2/8-gluten Complexes

Essentiality: High

Rationale: The presence of HLA-DQ2/8 is a critical requirement for the development of celiac disease. Without these
alleles, individuals cannot form gluten-HLA complexes, and celiac disease does not occur. The formation of this
complex is a fundamental step in initiating the immune response against gluten in genetically predisposed
individuals. (Sollid, 2002; van de Wal et al., 1999)

MIE2: Generation of Gluten-Reactive T Cell Receptors

Essentiality: High

Rationale: The generation of gluten-reactive TCRs is essential for the immune system to recognize gluten peptides.
This step triggers the adaptive immune response, and individuals who lack gluten-reactive TCRs are unable to
develop the disease. Clinical data consistently shows the presence of these TCRs in celiac patients, which play a
direct role in the disease process (Lundin et al., 1993; Dieterich et al., 1997).

MIE3: Generation of Gluten-Reactive and TG2-Reactive B Cell Receptors
Essentiality: High

Rationale: B cells with receptors for both gluten and transglutaminase 2 (TG2) play a role in the immune response of
celiac disease. These B cells contribute to the production of antibodies such as anti-TG2, which are a hallmark of
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celiac disease. The formation of these receptors is crucial for the onset of the disease as they facilitate the
autoimmune response (Kagnoff, 2007).

KE1l: Co-localization of Gluten Reactive Adaptive T-cells with APCs

Essentiality: High

Rationale: Co-localization of gluten-reactive T cells with antigen-presenting cells (APCs) is essential for the activation
of T cells and the subsequent immune response. This interaction is necessary for the initiation of the adaptive
immune response, which drives the inflammatory processes seen in celiac disease. Without this step, the disease
cannot progress.

KE2: Activation of the Innate Immune Response

Essentiality: High

Rationale: Activation of the innate immune response is crucial for amplifying the immune response in celiac disease.
This step helps recruit additional immune cells to the site of inflammation and promotes further activation of adaptive
immune cells. Disruption of this pathway can prevent the development of disease (Lundin et al., 1993).

KE3: Activation of Gluten-Reactive CD4+ T Cells

Essentiality: High

Rationale: The activation of gluten-reactive CD4+ T cells is central to celiac disease pathology. These T cells
recognize gluten peptides and drive the autoimmune response, leading to intestinal inflammation and damage. This
step is directly linked to the development of disease symptoms and is essential for disease progression (Lundin et al.,
1993).

KE4: Activation of Gluten- and TG2-Reactive B Cells

Essentiality: High

Rationale: The activation of gluten- and TG2-reactive B cells leads to the production of antibodies such as anti-TG2
and anti-gluten antibodies. These antibodies contribute to the pathological immune response in celiac disease and are
markers of disease activity (Kagnoff, 2007).

KE5: Disruption of the Intestinal Barrier

Essentiality: High

Rationale: The disruption of the intestinal barrier is a key event in celiac disease and contributes to the leakage of
antigens, including gluten peptides, into the intestinal mucosa. This leads to further activation of immune cells and is
a critical step in disease pathogenesis. Without this disruption, the immune response would not be sufficiently
activated to trigger celiac disease (Anderson et al., 2011).

AO: Celiac Disease

Essentiality: High

Rationale: Celiac disease is the adverse outcome of the AOP. It is characterized by chronic inflammation of the small
intestine, leading to villous atrophy, malabsorption, and various systemic manifestations. Without the preceding key
events, the disease cannot occur. Therefore, celiac disease as an outcome is directly dependent on the successful
progression of the earlier KEs (Green & Cellier, 2007).

Considerations for Potential Applications of the AOP (optional)

This AOP holds significant translational value, particularly for:

e Diagnostic development: Insights into antigen presentation and immune responses support biomarker
identification (e.g., TG2 autoantibodies).

e Therapeutic strategies: Potential interventions targeting gluten processing, HLA binding, or immune modulation.

e Regulatory applications: Could support safety assessments of gluten-derived products or alternative treatments.
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Appendix 1

List of MIEs in this AOP

Event: 2252: Human leukocyte antigen DQ2/8-gluten complexes, formation

Short Name: Formation of HLA-DQ2/8-gluten complexes
Key Event Component
Process Object Action

antigen presentation Human leukocyte antigen

: occurrence
trait complex

AOPs Including This Key Event

AOP ID and Name

Aop:524 - Gluten-driven immune activation leading to celiac disease in genetically

predisposed individuals

Biological Context

Level of Biological Organization

Molecular
Cell term

Cell term

dendritic cell

Organ term

Organ term

duodenum

Domain of Applicability

Event Type

MolecularinitiatingEvent
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Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens NCBI
Life Stage Applicability
Life Stage Evidence
All life
stages
Sex Applicability
Sex Evidence

Unspecific

Human individuals with celiac disease, particularly those expressing HLA-DQ2 (including HLA-DQ2.5 and HLA-DQ2.2)
or HLA-DQ8 (Sollid, 1989; Lundin, 1993; Dieterich, 1997; Molberg, 1997; Dieterich, 1998; Molberg, 1998; Nilsen, 1998;
Van de Wal, 1998; Van de Wal, 1998b; Van de Wal, 1999; Arentz-Hansen, 2000; Vader, 2002; Vader, 2002b; Vader,
2003; Vader, 2003b; Meresse, 2004; Meresse, 2006; Tollefsen, 2006; Fallang, 2009; Qiao, 2011; Broughton, 2012; Di
Niro, 2012; Sollid, 2012; Petersen, 2014; Qiao, 2014; Steinsbo, 2014). Patients with a genetic predisposition to celiac
disease, especially those with specific haplotypes like DR3/DQw?2, are most affected (Sollid, 1989; Nilsen, 1998; Van
de Wal, 1998; Sollid, 2012).

Key Event Description

Celiac disease is an intestinal disorder triggered by gluten ingestion. It exclusively occurs in individuals who are

positive for HLA-DQ2, HLA-DQ8, or both (Sollid, 1989; Dieterich, 1997). In patients with celiac disease, CD4* T cells
specifically recognize complexes formed between HLA-DQ2/8 molecules and modified gluten peptides (Molberg, 1997;
Meresse, 2004; Sollid, 2012). The formation of these HLA-DQ2/8-gluten complexes is a prerequisite for T-cell
activation (Molberg, 1998; Arentz-Hansen, 2000; Vader, 2002).

Upon gluten ingestion, proteolytic fragments are generated through enzymatic cleavage in the upper gastrointestinal
tract. These fragments are subsequently modified by tissue transglutaminase (TG2), which converts specific
glutamine residues into glutamic acid (Dieterich, 1997; Molberg, 1998). This modification introduces negatively
charged residues, which are crucial for high-affinity binding of the modified peptides to HLA-DQ2 or HLA-DQ8, as
these molecules preferentially bind peptides with such negatively charged residues (Vader, 2003; Sollid, 2012). This
process underlies the immune response observed in celiac disease.

How it is Measured or Detected

e Peptide binding assays: To measure the direct binding of gluten peptides to HLA-DQ molecules (Sollid, 1989;
Arentz-Hansen, 2000; Sollid, 2012).

e Mass spectrometry: To analyze deamidated gluten peptides and their interaction with HLA-DQ (Van de Wal,
1998b; Vader, 2002; Fallang, 2009).

e HLA-binding assays: To assess the stability and affinity of peptide-HLA complexes (Molberg, 1998; Vader, 2002;
Sollid, 2012).

e T cell proliferation assays: To measure T cell response to gluten peptides (Lundin, 1993; Meresse, 2004;
Tollefsen, 2006).

e Tetramer staining: To detect gluten-specific T cells bound to HLA-DQ (Qiao, 2011; Broughton, 2012).

e Flow cytometry: To analyze cell surface markers for gluten peptide presentation (Meresse, 2004; Di Niro, 2012;
Steinsbo, 2014).

e Immunohistochemistry & Immunofluorescence: To visualize tTG-gluten complexes (Dieterich, 1997; Di Niro,
2012).

e ELISA: To detect IgA anti-tTG antibodies as a marker for gluten interaction (Dieterich, 1998; Di Niro, 2012).

e Surface plasmon resonance (SPR): To measure TCR affinity for HLA-DQ-gluten complexes (Vader, 2002b;
Broughton, 2012; Petersen, 2014).

e HPLC: To purify gluten peptides for further analysis (Van de Wal, 1998b; Van de Wal, 1999; Vader, 2002).
e Serological typing & ASO probes: To identify HLA-DQ alleles in patients (Sollid, 1989; Vader, 2003).
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Event: 2253: Gluten-reactive T cell receptors, generation

Short Name: Generation of gluten-reactive T cell receptors

Key Event Component

Process Object Action
gene alpha-beta T cell receptor occurrence
conversion complex

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:524 - Gluten-driven immune activation leading to celiac disease in genetically
predisposed individuals

MolecularinitiatingEvent

Biological Context

Level of Biological Organization

Molecular
Cell term

Cell term

T cell
Organ term

Organ term

thymus

Domain of Applicability
Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens NCBI
Life Stage Applicability
Life Stage Evidence

During development and at
adulthood
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Sex Applicability
Sex Evidence

Unspecific

Individuals with celiac disease, especially those expressing HLA-DQ?2 (such as HLA-DQ2.5) or HLA-DQ8 (Sollid et al.,
1989; Lundin et al., 1993; Molberg et al., 1997; Vader et al., 2002). The generation of these T cell receptors is specific
to patients with a genetic predisposition to celiac disease (Sollid et al., 1989; Molberg et al., 1997; Qiao et al., 2011,
Di Niro et al., 2012). Celiac disease patients with HLA-DQ2.2 are still susceptible to generating gluten-reactive T cell
receptors, but their risk of developing the disease is generally lower than for those carrying HLA-DQ2.5 (Sollid et al.,
1989; Vader et al., 2003; Tollefsen et al., 2006; Qiao et al., 2014).

Key Event Description

For T cell recognition of the HLA-DQ2/8-gluten complexes, T cell receptors specifically tuned to recognize these
complexes must be generated (Molberg et al., 1997; Arentz-Hansen et al., 2000; Vader et al., 2002; Broughton et al.,
2012; Qiao et al., 2014). This occurs through gene rearrangement during T cell development (Sollid et al., 1989;
Molberg et al., 1997; Molberg et al.,, 1998; Vader et al., 2002). Notably, T cell receptors specific for the
immunodominant gluten epitopes exhibit distinct characteristics, which are consistently shared among patients with
celiac disease (Lundin et al., 1993; Dieterich et al., 1997; Molberg et al., 1997; Molberg et al., 1998; Vader et al.,
2002; Vader et al.,, 2002b; Meresse et al., 2004; Tollefsen et al., 2006; Fallang et al., 2009; Qiao et al.,, 2011;
Broughton et al., 2012; Petersen et al., 2014).

How it is Measured or Detected

e TCR sequencing: To identify the specific gene sequences of gluten-reactive T cell receptors (Sollid et al., 1989;
Vader et al., 2002; Qiao et al., 2011; Qiao et al., 2014).

e T cell proliferation assays: To measure the activation and proliferation of gluten-reactive T cells in response to
gluten peptides (Lundin et al., 1993; Molberg et al., 1998; Meresse et al., 2006; Fallang et al., 2009).

e Flow cytometry: To detect TCR expression and cell surface markers on gluten-reactive T cells (Meresse et al.,
2004; Broughton et al., 2012).

e Tetramer staining: To identify gluten-reactive T cells by binding HLA-peptide complexes to T cells (Molberg et al.,
1997; Tollefsen et al., 2006).

e Cytokine production assays: To measure cytokine release (e.g., IFN-y) to assess T cell activation (Nilsen et al.,
1998; Meresse et al., 2004).

e Mass spectrometry: To analyze deamidated gluten peptides and their interactions with TCRs (van de Wal et al.,
1998; Vader et al., 2003).

e Chromium release assays: To measure the cytotoxicity of gluten-specific CD8+ T cells (Molberg et al., 1998;
Tollefsen et al., 2006).
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Event: 2254: Gluten-reactive and transglutaminase 2 reactive B cell receptors, generation

Short Name: Generation of gluten-reactive and TG2-reactive B cell receptors

Key Event Component

Process Object Action
n nversion of immunogl lin Bcellr tor
gene conversion o unoglobu cell recepto T,
genes complex

AOPs Including This Key Event

AOP ID and Name

Aop:524 - Gluten-driven immune activation leading to celiac disease in genetically
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Biological Context

Level of Biological Organization

Molecular

Event Type
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Cell term

Cell term

B cell

Organ term

Organ term

bone marrow

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens NCBI
Life Stage Applicability
Life Stage Evidence

All life
stages

Sex Applicability
Sex Evidence

Unspecific
Humans, with a female to male proportion of approximately 2 to 1
Key Event Description

The presence of TG2-specific antibodies is a hallmark of celiac disease and is commonly used in its diagnosis of celiac
disease (Fleur du Pre et al., 2020). Additionally, antibodies targeting deamidated gluten peptides are frequently
detected in patients with celiac disease. The persistent production of these deamidated gluten- and TG2-reactive
antibodies contributes to chronic inflammation and tissue damage in the small intestine.

For the antibody-mediated recognition of deamidated gluten and TG2, B cell receptors must be generated during B
cell development. Similar to T cell receptors, this process occurs through gene rearrangement. During this process,
constant and variable gene segments are joined, encoding distinct light and heavy chains. Antibodies consist of two
light and two heavy chains, with a structure that includes two antigen-binding sites formed by the variable regions
and a single constant region. Notably, specific variable gene segments encoding TG2-specific antibodies are
consistently shared among patients with celiac disease.

How it is Measured or Detected

Gene rearrangement itself can be detected through molecular biological techniques. In practice, however, it is much
more common to detect antibodies specific for TG2 and deamidated gluten with enzyme-linked immunosorbent assay
(ELISA) or rapid test kits.
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associated with HLA-DQ2.5 or HLA-DQ2.2 are related to sustained gluten antigen presentation. Nat /mmunol.
10:1096-1101.
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List of Key Events in the AOP

Event: 2275: Gluten reactive adaptive T-cells with antigen presenting cells, co-localization

Short Name: Co-localization of gluten reactive adaptive T-cells with APC

Key Event Component

Process Object Action
T cell migration T cell occurrence
de.ndrltllc cell professional antigen presenting occurrence
migration cell

AOPs Including This Key Event

AOP ID and Name

Aop:524 - Gluten-driven immune activation leading to celiac disease in genetically predisposed
individuals

Biological Context

Level of Biological Organization

Cellular
Cell term

Cell term

T cell
Organ term

Organ term
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propria
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Sex Evidence
Unspecific
Taxonomic: Homo sapiens

Life-stage: any
Sex: Female to Male ration: approximately 2 to 1

Key Event Description

For the initiation of adaptive responses, the cellular components required need to be simultaneously present in lymphoid
structures present in the target tissue/organ. In the case of the gastrointestinal system these lymphoid structures are the
Peyer’s patches and the mesenteric lymph nodes. The relevant cellular components are professional antigen presenting cells
like dendritic cells, antigen specific B cells and T cells expressing gluten-reactive T cell receptors. Both dendritic cells and
antigen specific B cells can endocytose and degrade complex antigens, resulting in peptides of variable length. Upon
intracellular binding of such peptide antigens to HLA-class Il molecules, like HLA-DQ2.5 and HLA-DQ8, such HLA-peptide
complexes will be transported to the cell surface of the antigen presenting cells, where they can be recognized by T cells
expressing T cell receptors specific for the HLA-peptide complex. Thus, once all relevant cellular components are present in the
lymphoid structures, the stage is set for the induction of a gluten-specific T cell response.

How it is Measured or Detected

Detection methods could include the measureing of T-cell activation by T cell stimulation assays (e.g. cytokine secretion
assays, cytotoxicity assay), or could also include quantification of peptide-HLA-DQ complexes by ELISA (e.g. against HLA-
peptide complex) or mass spectrometry (e.g. peptide mass fingerprinting).

References
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Event: 2255: Innate immune response, activation
Short Name: Activation of the innate immune response
Key Event Component

Process Object Action

immune system process occurrence

AOPs Including This Key Event

AOP ID and Name Event
Type
Aop:524 - Gluten-driven immune activation leading to celiac disease in genetically predisposed e

individuals
Biological Context

Level of Biological Organization

Cellular
Organ term

Organ term

small intestine
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Domain of Applicability

Taxonomic Applicability
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human Homo sapiens High NCBI
Life Stage Applicability
Life Stage Evidence

All life
stages

Sex Applicability
Sex Evidence

Unspecific High
Homo sapiens
Key Event Description

An adaptive T and B cell response is only initiated after innate immune activation. While the exact nature of the agent
causing innate immune activation remains unknown, it could involve exposure to viruses or bacteria, particularly
when this occurs in the gastrointestinal tract, or exposure to environmental factors, such as gluten.

Certain infections may induce inflammation that promotes the activation of self-reactive B cells. Preexposure to IL-15,
a cytokine upregulated in inflammatory and infectious conditions (Meresse et al., 2006; Fehniger et al., 2001), plays a
key role in this process. IL-15 activates NK cells and intraepithelial lymphocytes (IELs) (CD8+ T cells), which become
cytotoxic, damaging epithelial cells in the intestine. This epithelial damage allows gluten peptides to cross into the
lamina propria, further perpetuating the immune response and inflammation.

Nilsen et al. (1998) hypothesized that a Thl-like profile, characterized by predominantly high levels of IFNy, results
from various types of intestinal immune responses. This was recently observed in studies following intestinal
astrovirus infection (Molberg et al., 1998) and in cases of cow’s milk-sensitive enteropathy.

Additionally, infections can cause molecular mimicry, where pathogen-derived antigens resemble self-antigens. This
can trigger an immune response that cross-reacts with the body’s own tissue, contributing to the development of
autoimmune conditions such as celiac disease (Petersen et al., 2020).

How it is Measured or Detected

Measured by biomarkers or functional tests. The assessment would focus on immune cell activation, cytokine
production and pathogen recognition. Methods could include, flow cytometry, microscopy and staining, ELISA, RT-PC,
oxidative burst assays, Toll-like receptor simuation assays.

References
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= Nilsen EM, Jahnsen FL, Lundin KE, Johansen FE, Fausa O, Sollid LM, Jahnsen ], Scott H, Brandtzaeg P. (1998).
Gluten induces an intestinal cytokine response strongly dominated by interferon gamma in patients with celiac
disease. Gastroenterology. 115:551-563.

= Petersen ], Ciacchi L, Tran MT, Loh KL, Kooy-Winkelaar Y, Croft NP, Hardy MY, Chen Z, McCluskey J, Anderson RP,
Purcell AW, Tye-Din JA, Koning F, Reid HH, Rossjohn J. (2020). T cell receptor cross-reactivity between gliadin and
bacterial peptides in celiac disease. Nat Struct Mol Biol. Jan;27(1):49-61. doi: 10.1038/s41594-019-0353-4.

Event: 2260: Gluten-reactive CD4+ T cells, activation

Short Name: Activation of gluten-reactive CD4+ T cells
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Key Event Component

Process Object Action

T cell activation involved in immune
response

T cell occurrence

AOPs Including This Key Event

AOP ID and Name Event
Type
Aop:524 - Gluten-driven immune activation leading to celiac disease in genetically predisposed KeyEvent

individuals
Biological Context

Level of Biological Organization

Cellular
Cell term

Cell term

T cell
Organ term

Organ term

duodenum

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens NCBI
Life Stage Applicability
Life Stage Evidence
All life
stages
Sex Applicability
Sex Evidence

Unspecific
Homo sapiens
Key Event Description

In the intestinal mucosa of celiac disease patients, gluten-specific CD4+ T cells recognize gliadin antigens,
particularly those deamidated by the tissue transglutaminase enzyme (TG2) (Lundin et al., 1993; Arentz-Hansen et
al., 2000). These antigens are presented by antigen-presenting cells (APCs) expressing HLA-DQ2 or HLA-DQ8
molecules (Arentz-Hansen et al., 2000; Broughton et al., 2012). Antigen presentation activates the gluten-specific
CD4+ T cells, initiating a cascade of immune responses.

Upon activation, gluten-specific CD4+ T cells undergo rapid clonal expansion and differentiation into a pro-
inflammatory population that secretes cytokines such as interferon-gamma (IFNy) and tumor necrosis factor-alpha
(TNFa) (Nilsen et al., 1998). Additionally, B cells with B cell receptors (BCRs) specific for TG2-gliadin complexes can
present these complexes to gluten-specific CD4+ T cells, further stimulating their activation (Di Niro et al., 2012).

The release of IFNy upregulates the expression of HLA class Il molecules on APCs, enhancing the efficiency of gluten
peptide presentation (Meresse et al., 2006). This creates a feedback loop that amplifies antigen presentation and
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intensifies the T cell-mediated immune response to gluten.
How it is Measured or Detected

¢ Isolation from Intestinal Biopsies: Gluten-reactive T cells can be isolated from patients with celiac disease but not
from healthy controls.

e T Cell Activation Measured by Phenotyping: Activated T cells, specifically CD25+ (expressing the IL-2 receptor a-
chain), can be identified through phenotyping. When small intestinal biopsies from celiac disease patients on a
gluten-free diet are challenged ex vivo with gluten, CD4+ T cells in the lamina propria become activated and
express CD25 (Lundin et al., 1993).

o Proliferation Assays: Proliferation assays are performed using antigen-presenting cells (APCs), specific peptides
or digested gliadin, and T cells labeled with a marker such as tritiated thymidine (3H). After incubation, plates are
harvested, and the incorporation of 3H is measured to assess T cell proliferation (Arentz-Hansen et al., 2000,
Broughton et al., 2012, Fallang et al., 2009).

¢ In Vitro T/B-Cell Cooperation Assay: T/B-cell cooperation is assessed by culturing A20 B-cells with TCR
transfectants in the presence of various complexes and conditions. Murine IL-2 secretion, a marker of T cell
activation, is measured by ELISA as the readout (Di Niro et al., 2012).

o Additional Applications of ELISA: ELISA is also used to quantify cytokines in biopsies, providing insights into
immune responses (Nilsen et al., 1998).

e Quantification of Cytokine mRNA Expression: Competitive PCR is employed to compare cytokine production at
the mRNA level. mRNA is reverse-transcribed, amplified by PCR, and visualized on agarose gels. Band intensities
are analyzed to determine the ratios of cytokine expression (Nilsen et al., 1998).
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Event: 2256: Gluten-reactive B cells and transglutaminase 2-reactive B cells, activation

Short Name: Activation of gluten- and TG2-reactive B cells
Key Event Component

Process Object Action

18/43


https://aopwiki.org/events/2256

AOP524

Process Object Action

B cell activation involved in immune
response B cell occurrence

AOPs Including This Key Event

AOP ID and Name Event
Type
Aop:524 - Gluten-driven immune activation leading to celiac disease in genetically predisposed KeyEvent

individuals
Biological Context

Level of Biological Organization

Cellular
Cell term

Cell term

B cell
Organ term

Organ term

duodenum

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens NCBI
Life Stage Applicability
Life Stage Evidence

All life
stages

Sex Applicability
Sex Evidence

Unspecific

Activation of B cells specific to tissue transglutaminase 2 (TG2) are well documented in humans. Although Irish setter
can develop partial lymphocyte infiltration in response to wheat diet, it is not a CD4 T cell mediated disease. Monkeys
can produce anti gliadins IgA and 1gG but the levels of these antibodies do not change with removal or reintroduction
of dietary gluten. In mice there is a clear antibody response to TG, but not in a gluten dependent way (Marietta et al.,
2011).

Key Event Description

B cells specific to tissue transglutaminase 2 (TG2) are activated in a CD4+ T-cell-dependent manner. Gluten-specific T cells,
once activated, provide the necessary "help" to TG2-reactive B cells, facilitating their activation and differentiation into plasma
cells that produce anti-TG2 antibodies in the lamina propria (Di Niro et al., 2012). TG2-specific B cells appear to undergo
limited affinity maturation, even under chronic antigen exposure, suggesting that their activation relies on naive B cells and is
sustained by ongoing gluten exposure (Di Niro et al., 2012; Steinsbo et al., 2014). The crosslinking of TG2 with B-cell receptors
(BCRs) may lower the activation threshold for naive TG2-specific B cells, enhancing their activation and subsequent
proliferation. This contributes to the high abundance of plasma cells secreting anti-TG2 antibodies, creating a feedback loop
that further amplifies antigen presentation to T cells (Di Niro et al., 2012).

Mechanistic Insights
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The selection of high-affinity B cells during affinity maturation depends on peptide presentation to T cells. Evidence from Di
Niro et al. (2012) supports the necessity of T-cell help, as mutations reducing affinity were linked to a loss of function. B cells
engineered to express anti-TG2 BCRs were shown to process and present TG2-gliadin complexes, activating gluten-specific T
cells derived from celiac patients, confirming a T-cell-dependent model for antibody generation (Sollid et al., 1997; Sollid et al.,
2002; Di Niro et al., 2012).

Further insights by Fleur du Pré et al. (2020) reveal that while most autoreactive B cells are typically removed or silenced
through central and peripheral tolerance mechanisms, in celiac disease these controls fail. Anti-TG2 B cells survive and
produce autoantibodies when T-cell help is available. These autoreactive B cells act as antigen-presenting cells (APCs), driving
the anti-gluten T-cell response, creating an amplification loop central to disease pathogenesis.

Failure of Tolerance Mechanisms

In healthy individuals, autoreactive B cells are controlled through receptor editing, apoptosis, or anergy (Gay et al., 1993; Tiegs
et al., 1993; Nemazee and Burki, 1989; Goodnow et al., 1988). However, in celiac disease, TG2-reactive B cells escape these
mechanisms. Some autoreactive B cells may remain "ignorant" in the absence of sufficient antigenic stimulation but become
pathogenic when gluten-derived peptides and TG2 form complexes. This failure enables both TG2- and gluten-reactive B cells
to survive and contribute to the disease state (Fleur du Pre et al 2020).

How it is Measured or Detected

B cell activation can be evaluated by measuring the generation of monoclonal antibodies. Single plasma cells can be
isolated from intestinal biopsies and cultured or sorted with gluten peptide tetramers. The resulting monoclonal
antibodies can be analyzed for their reactivity to gluten and TG2 antigens, by ELISA or AlphaLISA (Di Niro et al.,
2012). Alternatively, fluorescently labeled peptides (e.g., biotinylated gliadin peptides) can be used in flow cytometry
to sort and analyze gluten-specific IgA+ plasma cells, allowing for the detection and characterization of B cell
activation in celiac lesions (Di Niro et al., 2012).
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Event: 1931: Intestinal barrier, disruption
Short Name: Disruption of the intestinal barrier
Key Event Component

Process Object Action

barrier epithelial cell disrupted
AOPs Including This Key Event

AOP ID and Name

Aop:422 - Binding of SARS-CoV-2 to ACE2 in enterocytes leads to intestinal barrier disruption

Aop:530 - Endocytotic lysosomal uptake leads to intestinal barrier disruption

Aop:524 - Gluten-driven immune activation leading to celiac disease in genetically predisposed

individuals
Stressors

Name

Sars-CoV-2

Biological Context

Level of Biological Organization

Organ
Organ term

Organ term

intestine

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens NCBI
Life Stage Applicability
Life Stage Evidence
All life
stages
Sex Applicability
Sex Evidence

Male

Event Type
KeyEvent

AdverseOutcome

KeyEvent
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Sex Evidence

Female

Human

Key Event Description

A proper definition (and related ontology) of the intestinal barrier and permeability would benefit the understanding of this biological event central in
many diseases. However, it is generally accepted that the intestinal barrier is a multilayer system encompassing :

- a chemical barrier able to detoxify bacterial endotoxins,
- a mucus layer providing a physical barrier against bacteria,

- an one-cell-thick epithelial layer which physical barrier function is ensured by epithelial cell integrity and by tight junction proteins (occludins,
claudins and zonulins), adherence junctions and desmosomes 2:4:5

- the cellular immune system present in the lamina propria underlying the epithelial cell layer
- the antibacterial proteins secreted by the specialized intestinal epithelial cells or the Paneth cells.

Together with the chemical barrier of the mucosal layer and the cellular immune system, the intestinal epithelial cell layer has actually twdarrier
functions:1-3

i. It acts as a physical barrier against external factors (pathogens, toxins),
ii. It acts as aselective barrier by regulating the absorption of essential dietary nutrients and ions, meaning their transport from the lumen into
the blood.

Intestinal permeability® describes the movement of molecules across the intestinal barrier from the lumen to the blood (Figure 1), and as such, is
the measurable feature of the intestinal barrier.
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Figure 1. Created with Biorender.com

Molecules can cross the epithelium via paracellular or transcellular route. Transcellular permeability encompass passive diffusion from the apical to
the basal side (from the lumen to the blood), vesicle-mediated transcytosis and uptake mediated by a membrane receptor. Paracellular permeability
is regulated by the tight junctions between adjacent cells and by the integrity of the epithelium.

Alteration or disruption of one or more layers of the intestinal barrier leads to increased intestinal permeability, also called intestinal
hyperpermeability or “leaky gut”, enhancing the transport of pathogens, toxins (such as lipopolysaccharides), undigested nutrients and the

translocation of bacteria of the gut microbiota from the intestinal lumen into the systemic circulation3.
How it is Measured or Detected

The definition of intestinal permeability being relatively broad includes altered paracellular route, regulated by TJ proteins, transcellular routes
involving membrane transporters and channels, and endocytic mechanisms. Paracellular intestinal permeability can be assessed /in vivo via different
molecules and via putatiive blood biomarkers and ex vivo in Ussing chambers combining electrophysiology and probes of different molecular sizes.
The latter is still the gold standard technique for assessing the epithelial barrier function, whereas /in vivo techniques are also broadly used despite

limitations (doi: 10.3389/fnut.2021.717925).
In humans.

Virtually all in vivo methods to assess paracellular intestinal permeability rely on the urinary excretion of orally ingested probes. Several markers,
including different sizes of PEG, S1CrEDTA, and especially sugars have been used, each with advantages and disadvantages (doi:
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10.3389/fnut.2021.717925). Intestinal Permeability Assessment (IPA) directly measures the ability of two non-metabolized sugar molecules
(lactulose and mannitol) to permeate the small intestinal barrier by paracellular passage (sign of perturbed TJ-lactulose) or by transcellular passage
(giving information of the whole epithelial absorptive area-mannitol), respectively. The patient drinks a premeasured amount of those sugars and 6h
after, the ratio of Lactulose/Mannitol levels is measured in the urine 11,

Levels in plasma/serum or in feces of:

e Markers of epithelial cell damage, such as intestinal fatty acid binding protein (FABP)
o Markers of tight junction alterations, such as zonulin levels (doi:10.1080/21688370.2016.1251384)
e Microbial translocation, such as peptidoglycans and lipopolysaccharides (LPS) and gut microbiota alteration.

In vitro systems!?2

Transepithelial electrical resistance (TEER) or the Lucifer Yellow LY) leakage assay are techniques to measure barrier integrity and permeability of a
cell layer!3. Caco-2 cells are human epithelial colorectal adenocarcinoma cells with a structure and function similar to the differentiated small
intestinal epithelial cells (e.g. exhibit microvilli). Caco-2 cells can be plated in wells as monolayersl411, Other cell lines can be used, such as intestinal
epithelial cells (IEC) or primary epithelial cells from human intestinal biopsies!2. Co-culturing of enterocyte-like cells with immune cells in three-
dimensional structure and within a microfluidic gut-on-chip has been shown to reflect better the physiology of the gut epithelium. Epi-Intestinal™ is
an example of 3D human primary cell-based organotypic small intestinal model which allows evaluation of TEER and LY leakage assay (doi:
10.1007/s11095-018-2362-0).

In vivo system

In mice, one way to study intestinal paracellular permeability is by measuring the ability of fluorescein isothiocyanateFdTC)-dextran to cross from
the lumen into the blood. After gavaging mice with FITC-dextran, the concentrations are measured in collected serum samples (doi: 10.3791/57032).
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List of Adverse Outcomes in this AOP

Event: 2257: Celiac disease

Short Name: Celiac disease
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Key Event Component

Process Object Action
Celiac . . . . .
disease intestinal epithelial cell pathological

AOPs Including This Key Event

AOP ID and Name Event Type

Aop:524 - Gluten-driven immune activation leading to celiac disease in genetically predisposed
individuals

AdverseOutcome

Biological Context

Level of Biological Organization

Individual

Domain of Applicability

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens NCBI
Life Stage Applicability
Life Stage Evidence

All life
stages

Sex Applicability
Sex Evidence

Unspecific

Homo sapiens. Although irish setters have shown increased intestinal permeability, partial villous atrophy and intraepithelial
infiltration with lymphocytes in connection with gluten in the diet. However, this disease is paroxysmal gluten-sensitive
dyskinesia (PGSD) and it is connected primarily with the nervous system, not the small intestine. There is no serological test for
PGSD (Lowrie et al., 2018).

Key Event Description

The disease is characterized by an inappropriate immune response leading to changes in the gut (crypt hyperplasia and villous
atrophy), stomachache, malabsorption (accompanied by impaired growth in young children), diarrhea, and tiredness.
Interestingly, extraintestinal symptoms represent a substantial proportion of the clinical manifestations of the disease
(dermatitis herpetiformis, arthritis, neurological symptoms, anemia...) (Dieterich et al., 1998; Lindfors et al., 2019).

How it is Measured or Detected

The basis for the diagnosis of celiac disease is a combination of serology testing and the determination of small intestinal
mucosal morphology forms (e.g. endoscopy and biopsy). The most common serological tests various serological tests are
EmAs (antibodies specific for TG2 in the endomysium, which is a form of perivascular connective tissue) and TG2-Ab assays
(ELISA), reaching a sensitivity of 98.1% and a specificity of 94.7% in patients with biopsy-confirmed cases (Dieterich et al.,
1997; Dieterich et al., 1998).

Importantly, some patients are IgA deficient and around 10% of patients are seronegative. Although for these cases the gold
standard is the biopsy, other tests are:

e For patients IgA deficient, EMAs and TG2 assay with IgG, considering that IgG may be elevated due to other autoimmune
diseases, and the predictive value is lower (Dieterich et al., 1998)

e HLA typing is useful as the disease is unlikely when individuals do not carry HLA-DQ2 or HLA-DQ8 Lindfors et al., 2019).

e Detection of intestinal TG2-targeted celiac IgA isotype autoantibody deposits in intestinal mucosal tissue samples is
helpful but requires frozen biopsy samples.

e Detection of T cells. A 3-day gluten challenge induces the mobilization of memory T cells reactive against gliadin, which
can be detected by IFNy enzyme-linked immunospot (ELISPOT) assay. Otherwise, T cells can be detected with HLA-DQ-
gluten tetramers by flow cytometry.
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Regulatory Significance of the AO

Celiac disease may be considered as a public health problem as it increases the overall mortality risk, reduces quality of life
and yields extensive negative economic consequences. Although majority of patients experienced a good and long life after
the diagnosis, a subgroup may develop complications such as T-cell ymphoma (Lindfors et al., 2019; Dieterich et al., 1997).

Although Swedish epidemiological study of coeliac disease in the mid-1980s88 suggests that coeliac disease may be prevented
by the early introduction of small quantities of gluten into the diet of young children, two systematic reviews and meta-
analyses have concluded that the timing of gluten introduction and the duration or maintenance of breastfeeding do not
influence the development of coeliac disease. The use of primitive wheat varieties (kamut, einkorn and others) or the use of
oats to reduce the clinical symptoms have not been shown in proper trials (Lindfors et al., 2019).

About 20-50% of patients with coeliac disease have persistent or recurrent symptoms despite a long- term gluten- free diet,
usually due to other gastrointestinal disorders (irritable bowel syndrome, lactose intolerance...) or inadvertent gluten
exposure. To avoid this last one, US FDA in 2013 or EU 828/2014 enforced regulations to labelling products defining “gluten
free” as less than 20 mg/kg when measured by an approved system for testing, normally gluten-analysis R5 ELISA (Mendez),
as less than 20ppm is considered safe in celiac disease patients. Although there are a good range of products available, these
products are often inadequately labelled, less palatable, and more expensive, causing non-adherence to a strict gluten free
diet. Managing the disease involves an active effort from the patient to regulate feelings, actions and reactions during any
social activity that involves food (Lindfors et al., 2019).
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Appendix 2
List of Key Event Relationships in the AOP
List of Adjacent Key Event Relationships

Relationship: 3383: Formation of HLA-DQ2/8-gluten complexes leads to Co-localization of
gluten reactive adaptive T-cells with APC

AOPs Referencing Relationship

Weight of Quantitative
Evidence Understanding

AOP Name Adjacency

Gluten-driven immune activation leading to celiac disease in
genetically predisposed individuals

adjacent Moderate

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

humans Homo sapiens High NCBI
Life Stage Applicability

Life Stage Evidence
All life
stages
Sex Applicability

High

Sex Evidence
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Sex Evidence

Mixed High

This KER is primarily applicable to humans, particularly those with a genetic predisposition to celiac disease, such as
individuals expressing HLA-DQZ2/8 (Sollid et al., 1989; Vader et al., 2002). The life stage relevance extends to children
and adults, particularly in the context of gluten exposure triggering an immune response, though these mechanisms
are less pronounced in early infancy (Meresse et al., 2004; Qiao et al., 2011). Regarding sex applicability, the
relationship is generally relevant to both males and females, although differences in disease prevalence and immune
response between the sexes may influence clinical outcomes (Lundin et al., 1993; Dieterich, 1997).

Key Event Relationship Description

Professional antigen-presenting cells, like dendritic cells, survey the body for the presence of pathogens (Banchereau
and Steinman, 1998; Steinman, 2007). Their phagocytic properties endow them with the capacity to endocytose and
process such pathogens and bind peptides derived thereof to HLA molecules for presentation to antigen-specific T
cells (van der Most et al., 1996; Cella et al., 1997). Upon encounter with pathogens, the dendritic cells migrate to the
local organized lymphoid structures where the priming of naive T cells by the antigen-loaded dendritic cells takes
place (Banchereau & Steinman, 1998; Koni et al., 2001; Jenkins, 2017).

In the context of celiac disease, the relevant antigen is gluten, a protein complex found in wheat and related cereals.
After ingestion, gluten is partially digested in the gastrointestinal tract, and specific peptides—especially those rich in
proline and glutamine—are deamidated by tissue transglutaminase. These deamidated peptides have an increased
binding affinity for HLA-DQ2 or HLA-DQ8 molecules, which are expressed by APCs in genetically susceptible
individuals (Sollid, 2002). Upon uptake and processing, APCs such as dendritic cells present these immunodominant
gluten peptides in the context of HLA-DQ2/8 molecules.

Gluten-specific CD4+ T cells, which are expanded in the intestinal lamina propria of individuals with celiac disease,
recognize these peptide-MHC complexes via their T-cell receptors (TCRs) (Abadie et al., 2011). This antigen-specific
recognition promotes the stable co-localization of gluten-reactive T cells with the presenting APCs, enabling the
formation of immunological synapses that facilitate T cell activation. The interaction triggers a cascade of downstream
immune responses, including T-cell proliferation and cytokine production, which drive the pathogenic adaptive
immune response characteristic of celiac disease (Setty et al., 2008; van de Wal et al., 1998).

Evidence Supporting this KER

Biological Plausibility

A key concept within the field of immunology is the notion that adaptive responses are initiated in organized lymphoid
structures (Banchereau et al., 2000; Matzinger, 2002). Dendritic cells are scattered throughout the body and survey
the various tissues and organs for the presence of pathogens (Banchereau & Steinman, 1998; Steinman, 2007). One
mode of action is the uptake of pathogens and protein antigens in the tissues by (receptor-mediated) endocytosis
(Krautwald et al., 2006; Nimmerjahn & Ravetch, 2006). Once endocytosed, the protein antigens are degraded into
peptides in the endosomal/lysosomal compartment (Mellman & Steinman, 2001; Neefjes et al., 2011). Subsequently,
such peptides can bind to HLA-class Il molecules and the resulting HLA-peptide complexes are displayed on the cell
surface of the dendritic cells (Mellman & Steinman, 2001; Choi et al., 2014). To facilitate the initiation of adaptive
immune responses the dendritic cells migrate to the tissue/organ associated lymphoid structures (the mesenteric
lymph nodes in the case of the gastrointestinal tract) allowing direct interactions with T cells that survey the dendritic
cells for the presence of peptides derived from non-self proteins in the expressed HLA-peptide complexes
(Banchereau & Steinman, 1998; Joffre et al., 2012). Moreover, in the gastrointestinal tract, Peyer’s patches are
present just below the epithelium separating the lumen from the intestinal lamina propria (Brandtzaeg, 2010).
Dendritic cells in these Peyer’s patches can directly sample antigens transported into the Peyer’s patches through M
cells present in the epithelial layer and induce adaptive responses in T and B cells present in the Peyer’s patches
(Kelsall, 2008; McDole et al., 2012).

Empirical Evidence

This concept has been verified in animal models and there is extensive evidence that this concept is valid in humans
as well (Banchereau & Steinman, 1998; Miller & Inoue, 1999; Rossi & Zlotnik, 2000; Maloy & Powrie, 2001; Matsumoto
& Okada, 2002; Harvey & Khera, 2006; Forster & Davalos-Misslitz, 2008; Borsellino & Patrucco, 2009; Sauter & Schall,
2010; Lund & Denecker, 2013).

Uncertainties and Inconsistencies

While it can be assumed that the general concept described above applies in the case of celiac disease as well, there
is no direct evidence as to the site where the adaptive CD4 T cell response to gluten is initiated (Vader & van de Wal,
1998; Van de Wal & Mearin, 1998; Maki & Mustalahti, 2003; Meresse & Cerf-Bensussan, 2006; Tollefsen & @verland,
2006; Souto & Verbeek, 2011; Di Niro & Sollid, 2012). This could be in the Peyer's patches, in the mesenteric lymph
nodes, or in both (Molberg & Maki, 1998; Nilsen & Meresse, 1998; Lundin & Kallberg, 2003).

Quantitative Understanding of the Linkage
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Response-response relationship

The formation of HLA-DQ2/8-gluten complexes is essential for the co-localization of gluten-reactive T-cells with
antigen-presenting cells (APCs) in organized lymphoid structures, such as Peyer's patches and mesenteric lymph
nodes. This process initiates the activation of T-cells, as they recognize the gluten-derived peptides presented on HLA
molecules (Sollid et al., 1989; Meresse et al., 2004; Tollefsen et al., 2006). The successful priming of T-cells in these
locations underpins the adaptive immune response in celiac disease (Molberg et al., 1998; Qiao et al., 2011).

Time-scale

Adaptive immune responses develop over a timeframe of days, in which the migration of dendritic cells to secondary
lymphoid organs is a crucial first step, followed by encounter of the dendritic cells with naive T cells (Banchereau et
al., 2000; Steinman, 2007; Netea et al., 2015).

Known modulating factors

No relevant modulating factors are known.

Modulating Factor (MF) MF Specification Effect(s) on the KER Reference(s)

Known Feedforward/Feedback loops influencing this KER

There are no known feedback loops.
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The KER on the migration of naive gluten-reactive and TG2-reactive B cells to lymphoid structures in the
gastrointestinal tract is most relevant to humans, particularly those with the genetic predisposition of HLA-DQ2/DQ8,
which is commonly associated with celiac disease (Sollid et al., 1989; Vader et al., 2002). It is particularly applicable
during childhood and adulthood, as immune responses to gluten exposure are most pronounced in these life stages,
with less prominent mechanisms observed in early infancy (Meresse et al., 2004; Qiao et al., 2011). While this KER
applies to both sexes, it is important to note that females are more likely to be affected by celiac disease, and sex-
based differences in immune response can influence clinical outcomes (Dieterich, 1997; Lundin et al., 1993).

Key Event Relationship Description

B cells develop from stem cells in the bone marrow after which they migrate to secondary lymphoid structures
(Goodnow et al., 1991; Su et al., 2010). A crucial step in B cell development is the generation of a highly diverse B
cell receptor repertoire (Tonegawa, 1983). This is a stochastic process and occurs through rearrangement of the
heavy and light immunoglobulin genes, ensuring the generation of an antibody repertoire capable of recognizing a
vast number of different antigens (Schatz et al., 1989; Nussenzweig & Nussenzweig, 2010). The generated
immunoglobulins are clonally expressed: i.e., every mature B cell expresses a unique immunoglobulin (Bassing et al.,
2002). During this process, B cell receptors reactive with both gluten and TG2 will likely also be generated (Vader et
al., 2002; Koning, 2005). However, for activation of B cells, activated CD4 T cells are required that are specific for the
same antigens (Toellner et al., 2002; Chiba et al., 2011). For this to occur, the B cells must migrate to the lymphoid
structures where the initiation of gluten-specific T cell responses takes place (Banchereau et al., 2000; Maki et al.,
2003).

Evidence Supporting this KER

Biological Plausibility

A key concept within the field of immunology is the notion that adaptive responses are initiated in organized lymphoid
structures. It is well established that B cell development and immunoglobulin rearrangement leading to cell surface
expression of immunoglobulins occurs in the bone marrow, after which the B cells exit the bone marrow and
recirculate between the blood and secondary lymphoid tissues. Within the lymphoid tissue, the B cells are organized
in primary lymphoid follicles. Upon exposure to specific antigen, B cells can differentiate and develop into both
antibody-secreting plasma cells and memory B cells. This requires interaction with antigen-specific T cells in the T cell
area of the lymphoid structures (Goodnow et al., 1991; Tonegawa, 1983; Bassing et al., 2002).

Empirical Evidence

This concept has been verified in animal models and there is extensive evidence that this concept is valid in humans
as well (Banchereau et al., 2000; Steinman, 2007). Gluten-specific antibodies are commonly found in both healthy
controls and celiac disease patients. Antibodies specific for deamidated gluten and TG2 are typically observed in
celiac disease patients but not in healthy controls (Lundin et al., 2003; Vader et al., 2002).

Uncertainties and Inconsistencies

In a small percentage of celiac disease patients, antibodies specific for TG2 are not present (Dieterich et al., 1997;
Meresse et al., 2004).

Quantitative Understanding of the Linkage

Response-response relationship

The migration of naive gluten-reactive and TG2-reactive B cells to lymphoid structures in the gastrointestinal tract is a
crucial event in the initiation of adaptive immune responses in celiac disease. After encountering gluten and TG2,
these B cells migrate to lymphoid structures where they can interact with antigen-specific T cells, leading to
activation and differentiation into plasma cells capable of secreting antibodies (Lundin et al., 1993; Molberg et al.,
1997; Tollefsen et al., 2006). This process is essential for the subsequent production of antibodies, including those
specific to deamidated gluten and TG2, which are hallmark features of celiac disease (Qiao et al., 2011; Vader et al.,
2003).

Time-scale

Adaptive immune responses develop over a timeframe of days, in which the migration of B cells to secondary
lymphoid organs is a crucial first step, followed by encounter with antigen-specific T cells (Cyster & Schwab, 2012;
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Nutt et al., 2015).
Known modulating factors

There are no known modulating factors.

Modulating Factor (MF) MF Specification Effect(s) on the KER Reference(s)
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Celiac disease, as it is currently understood, is a human-specific autoimmune disorder. Some animal models have
been developed to reproduce aspects of the disease, but celiac disease is exclusive to humans. (Marietta et al.,
2011).

While this KER applies to both sexes, it is important to note that females are more likely to be affected by celiac
disease, and sex-based differences in immune response can influence clinical outcomes (Janson-Knodell et al., 2019;
Klein and Fanagan, 2016).

Key Event Relationship Description

A key concept within the field of immunology is the notion that adaptive responses are initiated in organized lymphoid
structures (Alberts et al., 2002). TCRs specific for HLA-DQ2/8-gluten complexes are randomly synthesized during T
cell development in the thymus. However, for these gluten-reactive T cells to participate in an adaptive immune
response, they must encounter their specific antigen within the appropriate immune environment (Lundin et al.,

1993; Arentz-Hansen et al., 2000; Janeway et al., 2001).

The generation of gluten-reactive T cell receptors (TCRs) is a prerequisite for the co-localization of gluten-reactive T
cells with antigen-presenting cells (APCs) in organized lymphoid structures (Jabri & Sollid, 2017). For antigen
recognition to occur, gluten peptides must be processed and presented by APCs in the gastrointestinal lymphoid
tissues, and naive T cells expressing gluten-reactive TCRs must migrate to these sites (Qiao et al., 2009). Without this
migration and subsequent interaction with APCs, gluten-reactive T cells would remain functionally irrelevant.

For antigen recognition and T cell activation to occur, two coordinated processes are essential: (1) APCs must present
relevant HLA-DQ2/8-gluten peptide complexes, and (2) naive T cells expressing gluten-reactive TCRs must migrate to
the gastrointestinal-associated lymphoid tissues. There, the likelihood of antigen encounter increases due to the
spatial organization of the immune microenvironment (Qiao et al., 2009). Upon encountering their cognate antigen
presented by APCs, gluten-reactive T cells establish physical contact with APCs, forming immunological synapses that
initiate downstream activation cascades.

Without TCR generation, T cells would lack the specificity required to recognize gluten peptides and thus would not
localize to or engage with APCs presenting gluten antigens. Conversely, without co-localization and antigen
presentation, these gluten-reactive T cells would remain ignorant or anergic, unable to contribute to the adaptive
immune response.

Evidence Supporting this KER
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Biological Plausibility

T cell development occurs in the thymus, where the generation of a highly diverse T cell receptor (TCR) repertoire is
driven by a stochastic process (Alberts et al., 2002). This involves the rearrangement of TCR alpha and beta gene
segments, enabling the production of a repertoire capable of recognizing a wide array of antigens presented by HLA
molecules (Janeway et al., 2001). Within this process, TCRs with reactivity to both gluten and TG2 are also likely to
arise. For gluten-specific T cell responses to be initiated, T cells expressing gluten-reactive TCRs must migrate to
organized lymphoid structures, such as Peyer’s patches or mesenteric lymph nodes, where dendritic cells present the
appropriate HLA-gluten complexes.

Empirical Evidence

T cells specific for gluten peptides bound to HLA-DQ2 and/or HLA-DQ8 are readily detectable in individuals with celiac
disease but are absent in healthy controls . This suggests that in celiac disease patients, naive gluten-specific T cells
must have encountered dendritic cells presenting gluten-antigen complexes in secondary lymphoid structures.
Typically, T cells specific for immunodominant gluten peptides derived from alpha- and omega-gliadins are
consistently found in patients (Christofersen et al., 2014). Furthermore, these T cells often express public T cell
receptors, characterized by shared features across patients.

A hallmark of adaptive T cell responses is the clonal expansion of reactive T cells (Jabri & Sollid, 2017). The absence
of detectable gluten-specific T cells in healthy controls may result from their low frequency compared to the expanded
pool of such T cells in patients. Alternatively, because T cell repertoire generation is a stochastic process, it is possible
that the public gluten-reactive T cell receptors were not produced in controls.

Uncertainties and Inconsistencies

There are no known inconsistencies.
Quantitative Understanding of the Linkage

Response-response relationship

Initiation of antigen-specific T cell responses requires interaction between naive T cells and activated antigen-loaded
dendritic cells in secondary lymphoid structures. Therefore, co-localization of gluten-reactive adaptive T cells with
APCs is an essential to initiate the development of celiac disease. Gluten exposure leads to T cell proliferation in celiac
disease patients. Several studies have shown that reintroducing gluten in CD patients led to an increase of gluten-
specific T cells (Brottveit et al., 2011; Han et al., 2013; Raki et al., 2007)

Time-scale

Adaptive immune responses develop over a timeframe of days, in which the migration of T cells to secondary
lymphoid organs is a crucial first step, followed by encounter with gluten antigen-loaded dendritic cells (Qiao et al.,
2012).

Known modulating factors

Effect(s) on the
KER

Modulating Factor

(MF) Reference(s)

MF Specification

Diet Gluten load in the Increased effect Brottveit et al., 2011; Han et al., 2013; Raki et

diet al., 2007
Known Feedforward/Feedback loops influencing this KER

There are no known feedback loops.
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Relationship: 3386: Co-localization of gluten reactive adaptive T-cells with APC leads to
Activation of the innate immune response

AOPs Referencing Relationship

Weight of Quantitative

AOP Name Adjacency Evidence Understanding

Gluten-driven immune activation leading to celiac disease in
genetically predisposed individuals

adjacent Moderate

Evidence Supporting Applicability of this Relationship

Celiac disease, as it is currently understood, is a human-specific autoimmune disorder. Some animal models have been
developed to reproduce aspects of the disease, but celiac disease is exclusive to humans. (Marietta et al., 2011).

Key Event Relationship Description

A key concept within the field of immunology is that upon an infection the innate immune arm will respond
immediately to combat the invading pathogen. This is achieved through so-called pattern recognition receptors
that sense the presence of the pathogen, leading to various humoral and cellular responses to contain the
infection (Bouziat et al 2017). Simultaneously, innate dendritic cells are activated which is a crucial step towards
the development of adaptive, pathogen-specific immune responses. This concept has been verified in animal
models and there is extensive evidence that this concept is valid in humans as well. Innate immune activation
is thus required for the development of adaptive immune responses, such as gluten-specific T cell responses in
celiac disease.A key concept within the field of immunology is that upon an infection the innate immune arm
will respond immediately to combat the invading pathogen. This is achieved through so-called pattern
recognition receptors that sense the presence of the pathogen, leading to various humoral and cellular
responses to contain the infection. Simultaneously, innate dendritic cells are activated which is a crucial step
towards the development of adaptive, pathogen-specific immune responses. This concept has been verified in
animal models and there is extensive evidence that this concept is valid in humans as well. Innate immune
activation is thus required for the development of adaptive immune responses, such as gluten-specific T cell
responses in celiac disease.

Evidence Supporting this KER

-Petersen J, Ciacchi L, Tran MT, Loh KL, Kooy-Winkelaar Y, Croft NP, Hardy MY, Chen Z, McCluskey J, Anderson RP, Purcell
AW, Tye-Din JA, Koning F, Reid HH, Rossjohn J. T cell receptor cross-reactivity between gliadin and bacterial peptides in
celiac disease. Nat Struct Mol Biol. 2020 Jan;27(1):49-61. doi: 10.1038/s41594-019-0353-4. Epub 2019 Dec 23. PMID:
31873306.

- Bouziat R, Hinterleitner R, Brown JJ, Stencel-Baerenwald JE, Ikizler M, Mayassi T, Meisel M, Kim SM, Discepolo V,
Pruijssers AJ, Ernest |D, Iskarpatyoti JA, Costes LM, Lawrence |, Palanski BA, Varma M, Zurenski MA, Khomandiak S,
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McAllister N, Aravamudhan P, Boehme KW, Hu F, Samsom JN, Reinecker HC, Kupfer SS, Guandalini S, Semrad CE, Abadie
V, Khosla C, Barreiro LB, Xavier R}, Ng A, Dermody TS, Jabri B. Reovirus infection triggers inflammatory responses to
dietary antigens and development of celiac disease. Science. 2017 Apr 7;356(6333):44-50. doi:
10.1126/science.aah5298. PMID: 28386004; PMCID: PMC5506690.

- Matera M, Guandalini S. How the Microbiota May Affect Celiac Disease and What We Can Do. Nutrients. 2024 Jun
14;16(12):1882. doi: 10.3390/nul16121882. PMID: 38931237; PMCID: PMC11206804.

Biological Plausibility

In the case of celiac disease both bacterial and viral infections have been linked to disease development. Petersen
et al (2020) have found that several bacterial species express proteins that encode peptides that resemble known
immunogenic gluten epitopes. Moreover, they demonstrated that gluten-specific T cells isolated from celiac
disease patients cross-react with such bacterial peptides. This is compatible with a model where a bacterial
infection leads to innate immune activation, followed by the development of a pathogen-specific adaptive T cell
response that cross-reacts with gluten, and consequently development of celiac disease. In addition, Bouziat et al
(2017) observed in an animal model that reovirus infection can lead to adaptive T cell responses to dietary
antigens by promoting Thl immunity. In addition, they presented evidence supporting this concept in patients
with celiac disease as well.

Empirical Evidence

This is a well known concept of immunology and also described in celiac disease (Petersen et al 2020; Bouziat et al
2017; Voisin and Abadie 2021; Matera et al 2024).

Uncertainties and Inconsistencies

Despite the evidence linking bacterial and viral infections to celiac disease development, it is extremely difficult
to establish a causal relationship between these events in humans. As an animal model is lacking to confirm such
relationships there remains a certain level of uncertainty. In addition, various papers have suggested that gluten
itself may have innate stimulatory properties. However, a molecular mechanism through which gluten would
exert such an effect has not been established. Moreover, it is unclear why such effects would manifest in only a
minority of individuals.

Quantitative Understanding of the Linkage

Response-response relationship

Co-localization of gluten reactive adaptive T cells with APC in secondary lymphoid structures does not lead to the
initiation of T cell responses unless the APC are activated and loaded with the appropriate antigen which requires
innate immune activation.

Time-scale

Innate immune activation is immediate upon encounter with pathogens.
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Relationship: 3341: Activation of the innate immune response leads to Activation of gluten-
reactive CD4+ T cells

AOPs Referencing Relationship
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) Weight of Quantitative
AOP Name Adjacency Evidence Understanding

Gluten-driven immune activation leading to celiac disease in
genetically predisposed individuals

adjacent Moderate

Evidence Supporting Applicability of this Relationship

Celiac disease, as it is currently understood, is a human-specific autoimmune disorder. Some animal models have been
developed to reproduce aspects of the disease, but celiac disease is exclusive to humans. (Marietta et al., 2011).

Key Event Relationship Description

Innate immune activation in the gastrointestinal tract will activate dendritic cells resulting in the processing and
expression of specific antigens followed by migration to the draining lymphnodes. Alternatively, the antigens are
captured by dendritic cells present in the Peyer's patches. Subsequently interaction between these activated, antigen-
loaded dendritic cells with naive CD4 T cells expressing antigen specific T cell receptors will result in activation of these
CDA4 T cells, followed by proliferation and secretion of cytokines.

Evidence Supporting this KER

Essential textbook knowledge
Biological Plausibility

Celiac disease is caused by an intolerance to gluten food proteins. There is an exceptionally strong association
between the occurrence of celiac disease and the presence of HLA-DQ2 and/or HLA-DQ8 molecules. This
association is explained by the observation that CD4 T cells specific for modified gluten peptides bound to either
HLA-DQ?2 or HLA-DQ8 are typically found in patients but not in healthy individuals. CD4 T cells belong to the
adaptive immune system. The initiation of adaptive immune responses depends on activation of the innate
immune system, dendritic cells in particular. Dendritic cells can be activated through pattern recognition receptors
(PRRs) that bind pathogen associated molecular patterns (PAMPs) like bacterial cell wall components (LPS) and
viral double-stranded ribonucleic acid (dsRNA). Upon activation of dendritic cells, they process antigen derived
from such pathogens and present them to adaptive T cells, resulting in the initiation of long-lasting T cell
responses to eradicate the pathogens. Thus, innate immune activation is required for the initiation of disease-
causing gluten-specific CD4 T cells.

Importantly, activated gluten-specific CD4 T cells typically produce cytokines, including IFN gamma, a cytokine
known to enhance the expression of HLA-molecules, like HLA-DQ2 and HLA-DQ8. This thus feeds back into MEI,
formation of HLA-DQ-gluten complexes, and constitutes an amplification loop enhancing the adaptive CD4 T cell
response to gluten.

Empirical Evidence
The fact that innate immune activation precedes adaptive immune response is essential textbook knowledge.
Uncertainties and Inconsistencies

There are no known uncertainties or inconsistencies.
Quantitative Understanding of the Linkage

Time-scale

Innate immune responses are immediate upon exposure to pathogens followed by adaptive immune responses
developing over a period of 1 to 2 weeks.

Known modulating factors
Gender is a strong modulator as females have an approximately 2 times higher chance of developing celiac

disease. Other potential modulating factors are the composition of the intestinal microbiota. IgA deficiency is
known to increase the risk of development of celiac disease.

Modulating Factor (MF) MF Specification Effect(s) on the KER Reference(s)

Known Feedforward/Feedback loops influencing this KER

Mucosal tolerance maintains homeostasis in the gastrointestinal tract by suppressing immune responses to
harmless food derived antigens. In part this is achieved by the activity of T regulatory cells that can suppress the
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activity of effector T cells, like the gluten-specific CD4 T cells typically found in patients with celiac disease.
References
o Essential textbook knowledge

Relationship: 3342: Activation of gluten-reactive CD4+ T cells leads to Activation of gluten-
and TG2-reactive B cells

AOPs Referencing Relationship

Weight of Quantitative

AOP Name S, Evidence Understanding

Gluten-driven immune activation leading to celiac disease in
genetically predisposed individuals

adjacent Moderate

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability

Term Scientific Term Evidence Links
H°”.“° Homo sapiens High NCBI
sapiens

Life Stage Applicability

Life Stage Evidence
All life
stages
Sex Applicability

High

Sex Evidence

Unspecific High

Celiac disease, as it is currently understood, is a human-specific autoimmune disorder. Some animal models have
been developed to reproduce aspects of the disease, but celiac disease is exclusive to humans. (Marietta et al.,
2011).

While this KER applies to both sexes, it is important to note that females are more likely to be affected by celiac
disease, and sex-based differences in immune response can influence clinical outcomes (Janson-Knodell et al., 2019;
Klein and Fanagan, 2016).

Key Event Relationship Description

The activation of gluten-reactive CD4+ T cells is a prerequisite for the activation of gluten- and TG2-reactive B cells.
Gluten-reactive CD4+ T cells interact with B cells in the gastrointestinal lymphoid structures, providing the necessary
signals for B cell activation and immunoglobulin class switching (Di Niro et al., 2012; Lindstad et al., 2021). This
interaction produces plasma cells secreting IgA autoantibodies specific for transglutaminase 2 (TG2) and IgG
antibodies specific for deamidated gliadin (Sollid et al., 1997). The production of these antibodies is a hallmark of
celiac disease and is absent in healthy individuals (Dieterich et al., 1997).

Evidence Supporting this KER

Evidence was collected through a combination of literature searches and expert consultations. Experts contributed by
reviewing drafted material asynchronously and participating in online discussions to refine the evidence base.
Additionally, they provided key articles relevant to the topic, which served as a foundation for further literature
searches in Scopus, PubMed, and Google Scholar. Keywords were tailored to each key event (KE) and key event
relationship (KER) to ensure comprehensive coverage of relevant studies. The collected literature was systematically
categorized in an Excel spreadsheet based on its relevance to specific KEs and KERs within the AOP. This approach
facilitated the organization of data supporting different aspects of the pathway.

Biological Plausibility

B cells require direct interaction with antigen-specific helper T cells for activation (Lanzavecchia, 1985). This
interaction is facilitated by the antigen serving as a bridge, allowing the T cell receptor (TCR) on T cells to engage with
the peptide-MHC complex on B cells. Such antigen-specific T-B cell cooperation is crucial for initiating and sustaining
adaptive immune responses, including those observed in celiac disease.
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In celiac disease, gluten-reactive CD4+ T cells recognize gluten peptides presented by HLA-DQ2/8 molecules on
antigen-presenting cells (APCs) (Koning et al., 2015). These activated T cells then provide essential help to B cells that
have internalized and processed gluten or TG2-gluten complexes. The T-B cell interaction leads to B cell activation,
proliferation, and differentiation into plasma cells secreting IgA autoantibodies against TG2 and IgG antibodies against
deamidated gliadin.

Empirical Evidence

e Du Pre et al., (2019) studied B cell tolerance and autoantibody formation to TG2 with immunoglobulin knock-in
mice. They demonstrated that gluten-reactive T cells assist autoreactive TG2-specific B cells through gluten-TG2
complex involvement.

e Lindstad et al., (2021) demonstrated that naive TG2-specific B cells and gluten-specific T cells can collaborate in
an antigen-specific manner in vitro. Additionally, they show that TG2-gluten complexes are efficient antigens for
TG2- and gluten-specific B cells and allow both types of B cells to receive help from gluten-specific T cells.

Uncertainties and Inconsistencies

There are no known inconsistencies.
Quantitative Understanding of the Linkage

Response-response relationship

e Lindstad et al., (2021) showed strong T-cell proliferation when exposed to TG2-specific B cells at concentrations
as low as 0.01 ug/mL.

Time-scale

e In the study carried out by du Pre et al., (2019) it is demonstrated that antibody production occurs after
exposure to gluten-specific T cell epitope, among other components, in contrast to not exposing the mice model
to the T cell epitope. The time scale is unclear in the study, as the IgG measurement is done 6 days after
administration, however, it indicates a sequential process.

Known Feedforward/Feedback loops influencing this KER

Deamidated gliadin—and TG2-specific B cells act as highly efficient antigen-presenting cells for the gluten-specific
CD4 T cells, amplifying the gluten-specific T cell response, which, in turn, enhances B cell activation. (Di Niro et al.,
2012).
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AOPs Referencing Relationship

Weight of Quantitative

AOP Name Adjacency Evidence Understanding

Gluten-driven immune activation leading to celiac disease in
genetically predisposed individuals

adjacent Moderate

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens High NCBI
Life Stage Applicability
Life Stage Evidence

All life Not
stages Specified

Sex Applicability
Sex Evidence

.. Not
Unspecific Specified

Human beings
Key Event Relationship Description

The activation of adaptive T and B cell responses to gluten due to loss of mucosal tolerance results in inflammation in the
lamina propria of the upper small intestine characterized by a highly significant increase in the presence of both innate and
adaptive immune cells. This is accompanied by a highly significant upregulation of the expression of HLA-class Il molecules,
the production of immune stimulatory and pro-inflammatory cytokines, including IFN-y, TNF-a, IL-2, IL-7, and IL-21, by the
gluten-reactive CD4+ T cells (Santos et al., 2024;De Nitto et al., 2009; Garrote et al., 2008). In addition, there is a massive
increase in the number and activation status of intraepithelial lymphocytes (IEL) in the intestinal epithelium, likely driven by a
combination of the pro-inflammatory cytokines produced in the lamina propria and local production of IL-15 by the enterocytes
(Abadie et al., 2020). Moreover, the expression of non-classical MHC molecules is upregulated in the epithelium. These
activated IELs mediate epithelial cell destruction, contributing to the flattening of the intestinal villi and leading to loss of
barrier function (Abadie et al., 2012).

Evidence Supporting this KER

o Intestinal epithelial cells in active celiac disease express elevated levels of MHC class Il molecules (HLA-DQ2/DQ8),
enabling direct presentation of deamidated gluten peptides to CD4+ T cells. Organoid models expressing HLA-DQ2.5
demonstrate gluten-dependent activation of CD4+ T cells, leading to IL-2, IFN-y, and IL-15 release (Rahmani et al., 2024).

e |IL-15 induces IEL survival, IFN-y production, and epithelial killing in refractory celiac sprue (Mention et al., 2003)

e There is a correlation between IEL activation, villous atrophy, and cytokine levels (IFN-y, IL-15) in active celiac disease
(Abadie et al., 2012)

Biological Plausibility

While the disease underlying gluten-specific CD4+ T cell response is located in the lamina propria, celiac disease is also
characterized by a pronounced increase in the presence of intraepithelial lymphocytes (IEL) that express Natural Killer-
receptors in the epithelium (Setty et al., 2015). In addition, while IEL normally reside in the basal portion of the intestinal villi, in
celiac disease they spread all over the epithelium, including the tip of the villi. These IEL are activated, express Natural Killer-
receptors, and can mediate epithelial cell destruction, contributing to the flattening of the villi and loss of barrier function. IL-15
expression by epithelial cells is a key cytokine involved in the activation of the IEL (James et al., 2021). Also, the cytokines
produced by the gluten-specific T cells in the lamina propria, including IFN-y, TNF-a, IL-2, IL-7, and IL-21 create a
proinflammatory environment that is likely crucial for the increased presence and sustained activation of the IEL compartment
as intestinal morphology normalizes upon the introduction of a gluten-free diet and is accompanied by a reduction of the
numbers of IEL. Thus, a cascade where activation of gluten-specific T cell leads to a pro-inflammatory environment, which
eventually results in activation of IEL, epithelial cell destruction and a loss of barrier function, and absorptive capacity in the
upper intestine.
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Empirical Evidence

The formation of HLA-DQ2/8-gluten complexes drives gluten-specific CD4+ T-cell activation by presenting deamidated peptides
with high affinity, particularly in HLA-DQ2.5 homozygous individuals who exhibit stronger T-cell responses due to broader
peptide presentation (Okura et al., 2023). Gluten-reactive T-cell receptor generation enables clonal expansion of T cells with
focused repertoires, licensing B-cell help via CD40L and IL-21 (Zou et al., 2022). Gluten/TG2-reactive B-cell receptor allow B
cells to internalize TG2-gluten complexes, process gluten peptides, and present them to T cells, facilitating epitope spreading
and autoantibody production (Zou et al., 2022). T-cell/APC co-localization ensures direct collaboration, with TG2-specific B cells
acting as APCs to amplify T-cell help. Innate immune activation via protease-resistant gluten fragments enhances APC
maturation and antigen presentation (Voisine et al., 2021), while CD4+ T-cell activation provides critical cytokines (e.g., IL-21)
that drive B-cell differentiation into plasma cells. Together, these upstream KEs create a feedforward loop where HLA-DQ2.5-
mediated antigen presentation, T-B cell collaboration, and cytokine signaling converge to activate gluten- and TG2-reactive B
cells, producing pathogenic autoantibodies (Zou et al., 2022).

Uncertainties and Inconsistencies

While the evidence supporting the role of the gluten-specific T and B cell response in disease pathogenesis is very strong, it is
less clear what drives the upregulation of IL-15 and non-classical MHC-molecules in the epithelium. It has been suggested that
gluten itself has the capacity to induce innate immune activation and could be responsible for the upregulation of IL-15 (Abadie
et Jabri, 2014; Abadie et al., 2020). However, it is entirely unclear why this innate effect of gluten would only manifest itself in
certain individuals, nor is there clarity about the molecular mechanism involved. Alternatively, viral and bacterial infections
play a role in this as these can induce the expression of type | interferons (McNab et al., 2015; Mancuso et al., 2007).

Quantitative Understanding of the Linkage

Response-response relationship

B cell activation is closely linked to changes in the intestinal barrier in celiac disease. Patients with active celiac disease
produce autoantibodies, predominantly targeting transglutaminase 2 (TG2). Recent studies have visualized plasma cells
producing TG2-specific antibodies within celiac disease lesions, achieved through the use of labeled TG2 antigens. On average,
approximately 10% of the plasma cells in a disease lesion are TG2-specific, with the majority producing immunoglobulin A
(IgA). These TG2-specific plasma cells diminish once patients adopt a gluten-free diet (Di Niro et al., 2012; Sollid et Jabri, 2013).

The strict association of TG2-specific antibodies with individuals carrying specific HLA types, combined with the observation
that antibody avidity decreases when reverted to their presumed germline configuration, suggests that these antibodies
undergo affinity maturation. This process indicates that their development is T cell-dependent (Sollid et Jabri, 2013; Bjorck et
al., 2010).

The levels of FABP2 (fatty acid binding protein), a marker of intestinal epithelial cell damage, are significantly elevated in celiac
disease patients, correlating with the levels of IgA antibodies to TG2 (Uhde et al., 2016).

Time-scale

The exact time-scale of the development of celiac disease is unknown as patients are usually only identified when disease
symptoms are manifest. However, based on the knowledge about the development of innate and adaptive immune responses
one may assume the gluten-specific T cell response could develop within a period of weeks to months. It is also noteworthy
that long-term exposure to gluten contributes to cumulative barrier disruption, suggesting a progressive timeline of damage
rather than a specific time point (Schumann et al., 2012).

Strict compliance with a gluten free diet in most CD patients leads to the disappearance or significant decrease of antibodies
within 12 months (18-24 months if the antibody titer is very high) together with regrowth of the intestinal villi (Caio et al.,
2019).

Known modulating factors
Modulating Factor (MF) MF Specification Effect(s) on the KER Reference(s)
Females have a higher Jansson-

Gender Female chance (2:1) of Knodell et al.,
developing celiac disease 2017

Composition of the intestinal For example, the vegetable-derived . .
. . . . . . . Higher chance of Abadie et al.,
microbiota and metabolites of phytochemical indole-3-carbinol, a ligand for developing celiac disease 2012
food derived compounds the aryl hydrocarbon receptor (AhR) ping
It increases the risk of Leonard et al
IgA deficiency development of celiac v

disease 22
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Modulating Factor (MF) MF Specification Effect(s) on the KER Reference(s)

Known Feedforward/Feedback loops influencing this KER

There have been observations on the transient presence of TG2-specific antibodies in children predisposed to celiac disease
development, suggesting that emerging gluten-specific adaptive immune responses may be controlled to maintain mucosal
tolerance to gluten (Tosco et al., 2011).

In addition, cytokine release (e.g., IL-15) may promote further activation of B cells and perpetuate barrier dysfunction (Abadie
et Jabri, 2014).
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Relationship: 3335: Disruption of the intestinal barrier leads to Celiac disease

AOPs Referencing Relationship

Weight of Quantitative

AOP Name AdJacency Evidence Understanding

Gluten-driven immune activation leading to celiac disease in
genetically predisposed individuals

adjacent Moderate

Evidence Supporting Applicability of this Relationship

Taxonomic Applicability
Term Scientific Term Evidence Links

human Homo sapiens High NCBI
Life Stage Applicability
Life Stage Evidence

All life .
stages aen
Sex Applicability
Sex Evidence

Unspecific High
Celiac disease is a human-specific condition linked to HLA-DQ2/DQ8, so most studies have been conducted in humans

Key Event Relationship Description

Inflammation in the upper gastrointestinal tract is a hallmark of celiac disease (CD). This inflammation is
characterized by a massive infiltration of lymphocytes in both the lamina propria and the epithelial layer of the small
intestine (Sollid & Jabri, 2013; Abadie & Jabri, 2014). The density of antigen-presenting cells (APCs), including
dendritic cells and macrophages, is significantly increased in the intestinal mucosa of CD patients, facilitating the
activation of gluten-specific T cells (Di Niro et al., 2012; Jabri & Sollid, 2009).

T cells specific for gluten peptides are readily detectable in the lamina propria. Upon activation, these T cells produce
pro-inflammatory cytokines such as interferon-gamma (IFN-y), which perpetuate the inflammatory response (Sollid &
Jabri, 2013). In addition, B and plasma cells are abundant in the lamina propria and secrete autoantibodies targeting
tissue transglutaminase 2 (TG2) and deamidated gluten peptides, which are hallmark features of CD pathogenesis (Di
Niro et al., 2012; Schumann et al., 2012).

IL-15, a pro-inflammatory cytokine, is overexpressed in the intestinal epithelium of CD patients, contributing to the
activation of intraepithelial lymphocytes (IELs). These IELs acquire cytolytic properties, leading to the destruction of
enterocytes and disruption of the epithelial barrier (Abadie & Jabri, 2014; McNab et al., 2015). This process culminates
in villous atrophy, characterized by flattening of the intestinal villi, loss of barrier function, and reduced intestinal
absorptive surface area (Abadie & Jabri, 2014; Schumann et al., 2012). The resulting epithelial damage contributes to
common symptoms such as diarrhea, abdominal pain, malabsorption, failure to thrive in children, and fatigue
(Leonard et al., 2017).

The withdrawal of gluten from the diet typically results in the resolution of symptoms and normalization of intestinal
morphology. Upon reintroduction of gluten, patients quickly experience a resurgence of symptoms and intestinal
damage (Leonard et al., 2017; Sollid & Jabri, 2013). Currently, a lifelong gluten-free diet (GFD) remains the only
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effective treatment for CD (Leonard et al., 2017; Fasano et al., 2012).
Evidence Supporting this KER

Biological Plausibility

The biological plausibility of this KER is well established. Dr. Willem-Karel Dicke first demonstrated in the 1940s that
the consumption of gluten is the primary trigger for the symptoms of celiac disease (CD). Gluten ingestion induces
inflammation in the small intestine, characterized by lymphocyte infiltration, villous atrophy, and loss of epithelial
barrier integrity, all of which are hallmark features of the disease (Sollid & Jabri, 2013; Abadie & Jabri, 2014). The
disruption of the intestinal barrier allows gluten peptides to interact with the immune system, triggering an
autoimmune response involving T cells and the production of antibodies against tissue transglutaminase (TG2) and
gluten peptides (Di Niro et al., 2012; Leonard et al., 2017).

Moreover, IL-15 overexpression in the intestinal epithelium contributes to the activation of cytotoxic intraepithelial
lymphocytes (IELs), which directly destroy epithelial cells and exacerbate intestinal damage (Abadie & Jabri, 2014).
This sequence of events explains how gluten ingestion disrupts the intestinal barrier, ultimately leading to the
pathology of CD.

Empirical Evidence

A large body of empirical evidence supports the link between gluten consumption and the onset of CD symptoms. The
therapeutic effect of a gluten-free diet (GFD) is well-documented, with studies showing rapid improvement in clinical
symptoms and normalization of intestinal morphology upon gluten withdrawal (Fasano et al., 2012; Leonard et al.,
2017). Conversely, the reintroduction of gluten into the diet quickly leads to the recurrence of symptoms, providing
strong evidence for the causal role of gluten in disease pathogenesis (Sollid & Jabri, 2013).

Studies have consistently demonstrated that gluten-specific T cells are present in the intestinal mucosa of CD
patients, and these cells produce pro-inflammatory cytokines upon gluten exposure (Sollid & Jabri, 2013; Di Niro et
al., 2012). Additionally, the observation that antibodies against TG2 and gluten peptides are present in nearly all CD
patients further substantiates the role of gluten in driving intestinal barrier dysfunction and subsequent autoimmune
responses (Leonard et al., 2017).

Uncertainties and Inconsistencies

Symptoms associated with celiac disease are highly variable. Also, not all patients are equally sensitive to gluten
exposure. It is at present unclear what causes these differences. There are:

Variability in Gluten Sensitivity Thresholds: The amount of gluten necessary to trigger symptoms and intestinal
damage varies significantly among patients. While some individuals react to minute quantities of gluten, others
tolerate small amounts without noticeable symptoms. This variability complicates efforts to establish uniform
thresholds for gluten exposure in dietary guidelines (Fasano et al., 2012).

Silent and Potential CD: A subset of patients with CD remains asymptomatic or presents with "silent" disease, where
characteristic intestinal damage is evident but symptoms are absent. Additionally, individuals with potential CD
exhibit positive serology but lack intestinal damage, raising questions about the progression and triggers of disease
activation (Tosco et al., 2011).

Overlap with Non-Celiac Gluten Sensitivity (NCGS): The differentiation between CD and NCGS remains challenging due
to overlapping symptoms. NCGS patients report gluten-related symptoms without the autoimmune or histological
markers of CD, suggesting additional, poorly understood mechanisms (Uhde et al., 2016). Role of Environmental and
Genetic Factors: Although HLA-DQ2/DQ8 is a necessary genetic factor, not all carriers develop CD. Environmental
factors, such as infections or gut microbiota alterations, are thought to modulate disease onset but remain
incompletely characterized (Abadie & Jabri, 2014).

Quantitative Understanding of the Linkage

Response-response relationship
Gliadin Dose and Immune Response:

Studies have shown a dose-dependent relationship between gluten exposure and immune activation. Even small
amounts of gluten (as low as 10-50 mg/day) can induce detectable mucosal damage and T-cell activation in
individuals with CD. Higher doses lead to more severe villous atrophy, increased intraepithelial lymphocyte
infiltration, and elevated antibody levels (Fasano et al., 2012).

IL-15 Expression and Cytotoxicity:

Increased levels of IL-15 correlate with enhanced cytotoxic activity of intraepithelial lymphocytes (IELs), promoting
epithelial cell death and barrier disruption. Animal models and human biopsy data have confirmed that IL-15
overexpression accelerates epithelial destruction in response to gluten exposure (Abadie & Jabri, 2014).

Time-scale
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The exact time-scale of the development of celiac disease is unknown as patients are usually only identified when
disease symptoms are manifest. Besides, the progression of CD following intestinal barrier disruption varies
depending on individual factors:

Acute Response: In gluten challenge studies, symptoms can appear within hours to days of gluten reintroduction. This
aligns with the rapid activation of gluten-specific T cells and the early release of pro-inflammatory cytokines.

Histological Changes: Structural changes, such as villous atrophy and crypt hyperplasia, typically develop within
weeks of continuous gluten exposure, as observed in longitudinal biopsy studies of gluten reintroduction in CD
patients (Tosco et al., 2011).

Recovery Timeline: Following the initiation of a gluten-free diet (GFD), most individuals show significant symptom
improvement within weeks. However, full histological recovery of the intestinal mucosa may take months to years,
especially in adults (Fasano et al., 2012).

Known modulating factors
Modulating MF

Factor (MF) Specification Effect(s) on the KER Reference(s)
- . . . . Abadie &
Certain infections e.g. rotavirus  may exacerbate celiac disease Jabri, 2014
Quantity and individuals consuming high amounts of gluten are at
. . T Fasano et al.,

frequency of gluten increased risk of symptomatic disease and more pronounced 2012
intake intestinal damage
iLI_tjsstiLnalthe overexpression exacerbates tissue destruction and modulates the severity of Abadie &

) . P disease progression Jabri, 2014
epithelium

Known Feedforward/Feedback loops influencing this KER

Not known
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