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Abstract

Celiac disease is a chronic autoimmune enteropathy that develops as a consequence
of gluten consumption in genetically susceptible individuals. About 35-40% of ge-
netic predisposition is accounted for by Human Leukocyte Antigen class II haplo-
types DQ2 and DQ8 (HLA-DQ2/HLA-DQS); however, there is still a large amount
of heritability that is not explained. Genome-wide association studies have dis-
covered over thirty non-HLA loci, such as Interleukin-2/Interleukin-21 (IL2/IL21),
SH2B adaptor protein 3 (SH2B3), T-cell activation Rho GTPase activating pro-
tein, regulator of G-protein signaling 1 (RGS1), C-C motif chemokine receptor
gene clusters and cytotoxic T-lymphocyte associated protein 4, although their
functional contribution to immune system dysfunction and intestinal injury is still
not well understood. To this end, an integrative in silico multi-omics approach was
used, which included genomic variant discovery, functional annotation, regulatory
element mapping, protein-protein interaction network modeling, pathway enrich-
ment analysis, and network topology evaluation. Network analysis identified key
convergence in cytokine signaling, specifically in the Interleukin-2/Interleukin-21
signaling axis (IL-2/IL-21 axis), and janus kinase-signal transducer and activator
of transcription signaling in SH2B3. Enrichment was also found in immune cell
migration via C-C motif chemokine receptors 1, 2 and 3 and T-cell activation sig-
naling in TAGAP and the Cluster of Differentiation 28/cytotoxic T-lymphocyte-
associated protein 4 at CD28,CTLA4 region. These included pathways involved
in T helper type Imediated inflammation, epithelial stress response, activation
of intraepithelial lymphocytes, and increased intestinal permeability. In conclu-
sion, this article offers a systems biology approach to non-HLA-related factors in
CD and highlights regulatory nodes as potential biomarkers and therapeutic tar-
gets. Future work incorporating single-cell multi-omics and personalized genomic
profiling could allow for stratified risk assessment and mechanism-based precision
therapies.

Keywords: Celiac disease; non-HLA genetic loci; multi-omics integration; geno-
me-wide association studies; cytokine signaling; protein - protein interaction net-

work; precision medicine.
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Chapter 1

Introduction

Celiac disease represents lifelong immune system driven intestinal disease acti-
vated by gluten consumption in genetically susceptible persons. Gluten consists
of prolamin protein components, encompassing gliadin, glutenin found in hordein,
wheat present in secalin, barley occurring in rye all of which demonstrate resis-
tance to full enzymatic breakdown owing to their elevated proline and glutamine
composition [1]. In susceptible individuals these partially digested protein frag-
ments interact with the intestinal lining, initiating an abnormal adaptive immune
response that results in the destruction of villi, increased crypt cell growth, and on-
going inflammation of the small intestine. Historically, Samuel Gee first described
celiac disease in 1888, identifying chronic diarrhea and nutritional deficiencies as
key symptoms in children. The connection to gluten was identified in the mid-20th
century, particularly during the wheat shortages of World War II, which resulted
in symptom relief for those affected [2]. Over time, the understanding of CD has
evolved from being viewed as a localized disorder causing malabsorption to be-
ing recognized as a multisystem autoimmune disease. It is influenced by genetic,
ecological, immunological and microbial parameters affecting organ systems be-
yond gastrointestinal tract [3]. Celiac disease is estimated to occur one to two
percent among the population in Europe and North America, although it can be
affected by various considerations. These include geographical distribution, age

factors, eating habits, and diagnostic approaches. According to serological studies,

1
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it was found that prevalence is estimated to be relatively high compared to those

diagnosed through biopsy [4].

It was found that research studies showed an increase in the number of diagnoses
for celiac disease in areas known to contain a population of low incidence, such as
the Asian regions, Middle Eastern countries. This can be explained by growing
awareness for diagnosis, a considerable amount of consumption, as well as thorough
genetic analysis. Studies showed that it was found to occur more among females
as compared to males with a female to male ratio of 2:1. It was found that it was
not restricted to a particular age group; instead, it was seen to increase among
fifty to sixty-year-old adults, contrary to the fact that it was prevalent among

children exclusively [5].

Although it is not a prevalent condition among children, due to these changes it
is important to assess CD for symptoms that occur among adults. Studies on
Celiac disease is recognized as a global public health concern. A crucial step data
analysis was found that the overall global serologic prevalence indicated by positive
anti-tissue transglutaminase and anti-endomysial antibodies, was approximately
1.4 percent (95% CI: 1.1-1.7 percent). In contrast prevalence confirmed through
biopsy was about 0.7 percent (95% CI: 0.5-0.9 percent) among more than 275,000
individuals from different regions. The study also pointed out regional variations,
with Asia showing a serologic prevalence of around 0.6% and Europe/Oceania at
about 0.8% [2]. A distinct meta-analysis focusing on the Asia-Pacific region found
that the overall sero-prevalence in the overall population was around 1.2%, while

the prevalence confirmed by biopsy in low-risk groups was about 0.61% [4].

In Pakistan the available epidemiological data are limited and varied. A review
highlighted that the prevalence of celiec disease in the overall population is not
well-documented, although it is considered to be a very common disorder with
estimates suggesting that as many as 90% of cases might go undiagnosed [5].
Hospital-based studies in specific sub-populations reveal higher rates: for exam-
ple, among adults with iron deficiency anemia in Peshawar and Swabi, a study
found a prevalence of approximately 5.4% for positive IgA tTG screening, with

3.35% confirmed on duodenal biopsy [5]. Another survey in children suspected of
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PREVELANCE OF CD

0.8,22%
1,27%

0.6,16%
0.4,11%

0.4,11% 0.5,13%

FIGURE 1.1: Prevalence of celiac disease [4, 5]

CD in Lahore reported 17.8% anti-t TG positivity [6]. These findings suggest that
while true community-based prevalence remains to be established in Pakistan,
the burden particularly in at-risk groups may be considerable. Hence, the clar-
ity need for large representative population size based screening research and for
raising clinical awareness, especially given the potential for serious complications

in undiagnosed cases.

Hereditary parameters are crucial in causing celiac disease. Moreover, most well
documented risk elements include HLA class II molecules, specifically the HLA
DQ8 and HLA DQ2 heterodimers that are coated by DQB1 and DQA1lgene loci
located on chromosome 6p21 [7] [8]. Approximately 90-95 percent of individual
with celiac disease carry HLA DQ2 while most of the other cases have HLA DQS.
These specific molecules can bind to deamidated gluten peptides, allowing them
to be presented to CD4 T cells and initiating an inflammatory response in the
small intestine. Although HLA DQ2/DQ8 is present in percentage of 30-40 to
general population only a small percentage actually occurs the disease indicating

the necessity for other genetic and environmental factors [9].
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Beyond HLA alleles genetic regions also contribute to determining susceptibility
and clinical variability. GWAS have identified more than 40 non-HLA genetic
regions linked to CD highlighting genes vital for regulating immune responses
facilitating cytokine signaling pathways and maintaining strength of epithelial

barrier. Key non-HLA genes include the following

1.0.1 IL2 and IL21 Locus Chromosome 4q27

This region plays a key role in generating interleukin 2 and interleukin 21, two
cytokines essential for regulating the equilibrium between regulatory and effector
T cells. Any disturbance in their regulation can disrupt immune tolerance, increase

effector T-cell activity and result in the production of autoantibodies.

1.0.2 SH2B3 LNK Gene Chromosome 12q24

Acts as a blocker of cytokine signaling via the JAK-STAT pathway. Variants
may lower the activation threshold of T cells, resulting in increased inflammatory

responses to gluten.

1.0.3 CCR Gene Cluster Chromosome 3p21

The genes for chemokine receptors CCR1, CCR2, and CCR3 are responsible for
directing the movement of leukocytes. Variations in these genes can increase the
tendency of lymphocytes to migrate to mucosal areas, which plays a role in villous

atrophy and ongoing inflammation [10].

Beyond HLA variants other genetic factors identified including TAGAP, RGSI,
IL12A, and TNFAIP3. Many of genetic variants are connected to other autoim-
mune disorders like type 1 diabetes, autoimmune thyroid disorders and rheumatoid
arthritis. This shared genetic architecture indicates that CD may be part of a wider

range of immune system disorders with common genetic factors. [11].
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The combination of HLA and non-HLA genes contributes to a polygenic risk score
stratify disease susceptibility. Genetics alone does not suffice to cause disease;
environmental factors, the consumption of gluten, serve as triggers. The extent to
which the disease manifests is affected by factors like method of delivery the length
of breastfeeding, the timing of gluten introduction, early exposure to infections
and composition of gut microbiota. epigenetic processes like DNA methylation and
histone modifications are involved in regulating the expression of immune-related
genes and may account for differences in individuals with a genetic predisposition

[11] [10].

TABLE 1.1: Genetic Basis of celiac disease [10, 11]

Sr.# Features HLA Genes Non-HLA Genes

1 Types MHC Class II (DQ2, Immune & epithelial reg-
DQS) ulatory genes

2 Roles Present gluten peptides Amplify immune re-
to CD4™ T cells sponse,  regulate cy-

tokines, maintain barrier

integrity
3 Main genes DQ2 (DQA105 / 1L2, 1L21, SH2BS3,
DQB102) DQ8 (DQA103 TAGAP, MYQO9B,
/ DQB103:02) CTLA4, TNFAIP3, LPP
4 Effect Initiates celiac disease Modify disease severity

and chronicity
5 Contribution ~35-40% ~60 - 65%
to  genetic

risk

The gut microbiome, according to studies, is one of the crucial elements involved
in the development of CD. Analyses of microbial communities in both fecal and
duodenal samples show changes in composition and metabolic activity in those
with CD. Key observations include reduced abundance of protective species, in-

cluding genera such as Bifidobacterium and Lactobacillus, which produce SCFAs
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involved in maintaining epithelial barrier integrity. Increased prevalence of pro-
inflammatory species, including Bacteroides and certain Proteobacteria, which
may enhance gluten immunogenicity. Microbial enzymes can break down gluten
peptides, thereby either dampening or amplifying immune activation based on the
species and enzymatic activity .The microbiome also interacts with innate im-
mune pathways, influencing epithelial stress responses and cytokine production.
Although gluten-free diets can help restore some microbial balance they might also
decrease microbial diversity, making it challenging to determine whether dysbiosis
is a cause or a result of CD [20]. Environmental factors play an essential role in

CD onset and phenotypic diversity [21].

These factors include: Introduction of gluten, either early or very late in infancy,
can affect oral tolerance. The nature of infant feeding, whether introducing the
infant to gluten while exclusively nursing, may confer a degree of protection against
CD. Delivery mode, which means an infant born through a C-section, causes

microbial differences in gut microbiota.

Viral infections, specifically rotavirus and reovirus, affecting the gastrointestinal
system, can cause disturbances in oral tolerance, immune system activation, and,
as a potential result, CD development. Certain dietary factors, including the
nature of complementary foods, nutritional content, and overall dietary exposure

to gluten, can contribute to the probability of developing CD [22] [23].

More recent evidence points to thefact that epigenetics, DNA methylation, histone
acetylation, non-coding RNAs, can profoundly affect HLA and non-HLA genes
associated with CD [24]. Environmental factors, such as infection or diet, can be
responsible for epigenetics, potentially influencing immune system mechanisms,

thereby modulating CD initiation, progression, and severity [25].

Celiac disease is a complex immune-mediated disorder with a strong genetic basis
and a known environmental trigger, namely gluten. It affects about 1% of the
global population, with increased prevalence in first-degree relatives (2.8-22.5%)
and a concordance rate of 85% in monozygotic twins, suggesting a strong genetic

trait. The familial aggregation of celiac disease causes a relative risk of tenfold
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susceptibility, which emphasizes the influence of genetic components along with

other factors.

The mode of inheritance of this condition is non-Mendelian, suggesting a poly-
genic trait.The main genetic factor is found in the human leukocyte antigen HLA
region on chromosome 6, specifically the class II molecules HLA-DQ2 DQA10501,
DQB10201 and HLA-DQ8 DQA10301, DQB10302 which together account for
about 40% of the genetic risk. Over 90% of patients express HLA-DQ2, while
most of the remaining patients have HLA-DQS in either cis or trans configura-
tions (such as DR3/DR5 or DR5/DRT heterozygotes). Individuals who are ho-
mozygous for DR3-DQ2 or heterozygous for DR3-DQ2/DR7-DQ2 show increased
disease susceptibility, likely due to a gene dosage effect that boosts DQ2 expression

levels.

Beyond HLA other genes contribute modestly to susceptibility, including CTLA-
4/CD28 and MYO9B which may influence immune regulation and intestinal bar-
rier integrity, although their impact varies across populations. Overall, HLA genes
account, for nearly half of the heritable risk, while non-HLA genes provide addi-

tional but smaller contributions [26].

At the molecular level, the onset of disease occurs when gluten fragments pass
through the intestinal barrier and are altered by tissue transglutaminase an en-
zyme that converts specific glutamine residues into glutamic acid through a process
known as deamidation. This alteration enhances negative charge of gluten frag-
ments improving to interact with DQ2 and DQ8 present on antigen-presenting
cells. Once bound, fragments are identified by CD4% T cells in intestinal lam-
ina propria initiating a Thl skewed immune response marked by the release of
interferon gamma IFN-vy [27]. Many gluten-derived epitopes those from a- and
~-gliadin requiring deamidation by tTG for immune recognition. gluten-specific
T cells promote generation of anti-t TG autoantibodies through an intramolecular
help mechanism enabling gliadin-reactive T cells to stimulate B cells. This mech-
anism explains the decrease in antibody levels when gluten is eliminated from the
diet. Therefore, the molecular pathogenesis of CD is defined by a tightly linked

sequence involving genetic susceptibility, gluten exposure, enzymatic modification
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by tTG and abnormal immune activation, ultimately resulting in intestinal au-

toimmunity [28].

- =
.

FIGURE 1.2: Overview of Immune Pathogenesis of celiac disease

Celiac disease presents a wide array of clinical manifestations, ranging from typical
gastrointestinal problems to less common or even symptomless forms. Typical
symptoms encompass persistent diarrhea, fatty stools, abdominal bloating, weight
loss, and in children, growth delays and delayed puberty due to inadequate nutrient
absorption. Frequent deficiencies in iron, folate, vitamin B12, calcium and fat-

soluble vitamins can result in complications [29].

Adults frequently display non-classical or extraintestinal symptoms such as unex-
plained anemia, osteopenia, neuropathy, gluten ataxia, headaches and cognitive
impairments. [30]. Silent or subclinical forms of disease are detected through
screening in high-risk populations. Although these people do not show clear
symptoms, they remain susceptible to long-term complications if the disease is
left untreated [31]. If left untreated, celiac disease can cause serious complications
as a result of malabsorption, which causes a continuous level of micronutrient
deficiencies, anemia, osteoporosis, and fractures [32]. The risk of developing an
autoimmune disease also increases [33]. In some rare cases, the intestinal inflam-
mation can, over time, develop into serious complications, including EATL or ade-
nocarcinoma of the small intestine. Apart from the physical burden, the disease
also causes serious psychological disturbances, thereby contributing to anxiety,

depression, and a poor quality of life [32] [25].
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Serological evaluations using IgA anti-tissue transglutaminase (tTG) and anti-
endomysial antibodies (EmA) are known for their high sensitivity and specificity.
In contrast, [gG-based tests, such as those for deamidated gliadin peptides, are
employed for patients who are deficient in IgA [33]. Histological analysis of duode-
nal biopsies continues to be the definitive method for identifying villous atrophy,
crypt hyperplasia and increased intraepithelial lymphocytes, as classified by Marsh
Oberhuber. According to ESPGHAN guidelines, in children, a diagnosis without
biopsy is possible in certain cases where there are high tTG levels and positive
EmA results. HLA typing for HLA-DQ2/DQ8 aids in diagnosis, as a negative
result rules out CD although a positive result is not conclusive due to its common
occurrence in the general population. New diagnostic methods, such as detecting
gluten immunogenic peptides in stool or urine and T-cell-based assays are promis-
ing for monitoring adherence and identifying refractory disease though they are

primarily research-focused at this stage [33] [34].

The main strategy for managing celiac disease is to strictly follow a gluten-free
diet for life. This approach typically leads to symptom relief, normalization of
serological markers and the restoration of the intestinal lining. Even a trace of
gluten can cause the immune system to react, increase the time span of inflam-
mation, and slow the healing of the intestine [35]. Even if the gluten-free foods
are effective, they can be a daunting experience to the patient because of the
widespread nature of gluten consumption and the possibility of contamination. It
is important to note that many gluten-free foods are often deficient in fiber, iron,

and some vitamins, which is a burden to those who are deficient [36] [37].

Because of these limitations, studies focus on complementary therapies. Gluten-
degrading enzymes, latiglutenase ALV003, are created to break down harmful
gluten peptides before they can stimulate the immune system. Barriers modula-
tors, such as larazotide acetate, focus on lowering permeability and inflammation.
Immune system modulators include peptide vaccines, for instance, Nexvax2, as
well as monoclonal antibodies that focus on modulating the inflammation path-
way, with the goal of inducing gluten tolerance. Although these are still under re-

search, these therapies may help complement nutritional management for patients
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[36] [38].Some patients continue to have symptoms even when they strictly follow
a gluten-free diet, a condition known as non-responsive celiac disease. The more
severe form called refractory celiac disease is categorized into type I and type II.
Type II is characterized by clonal growth of abnormal intraepithelial lymphocytes
and risk of developing enteropathy-associated T-cell lymphoma EATL. Treating
RCD involves use of corticosteroids, immunosuppressive or cytotoxic therapies.
Prompt referral to tertiary care centers is crucial for comprehensive evaluation

and treatment [39)].

Celiac disease is becoming a significant public health issue in Asia including Pak-
istan where it often goes undiagnosed due to a lack of awareness, insufficient
diagnostic resources and diets rich in wheat. The delay in diagnosis can result in
nutritional deficiencies and increased healthcare costs. Proper management neces-
sitates availability of gluten-free products, precise labeling, and dietary guidance
that is culturally appropriate. Education, community support and multidisci-
plinary care can enhance adherence and alleviate stress. There is debate over
population-wide screening due to concerns about overdiagnosis and the economic
impact. [40][41]. Current research efforts are combining genomics, microbiome
studies and immunology to create targeted treatments. Personalized approaches
may enhance quality of life. Preventive strategies such as optimizing timing of
gluten introduction and decreasing gluten’s immunogenic properties through food

processing show potential [42].

Celiac disease serves as an example of a multifaceted autoimmune condition. Al-
though a gluten-free diet remains the cornerstone of treatment, ongoing transla-
tional research is exploring various supplementary or alternative therapies that
could potentially enhance long-term outcomes and lessen the challenges of adher-

ing to a lifelong dietary regimen [34] .

Utilizing in silico tools is essential for revealing the genetic factors of celiac dis-
ease that remain unexplained by the well-known HLA-DQ2 and HLA-DQS alleles.
These methods facilitate the large-scale integration of genomic, transcriptomic
and proteomic data which in turn aids in identifying new susceptibility genes,

molecular pathways that play a role in the disease’s development. Researchers
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can use these tools to predict the functional impacts of genetic variants, examine
protein structures and interactions and investigate regulatory networks that lead
to immune system dysregulation and intestinal barrier issues in CD. Additionally,
in silico approaches are both cost-effective and time-saving, enabling the gener-
ation of hypotheses and the prioritization of potential targets for experimental
validation based on data. Therefore, applying bioinformatics and computational
biology to the study of non-HLA genes offers a comprehensive framework for un-
derstanding disease mechanisms and identifying new biomarkers and therapeutic

targets for better diagnosis and treatment.

1.1 Problem Statement

Celiac disease is a persistent autoimmune disorder affecting the intestines triggered
in individuals with a genetic predisposition when they consume gluten. While the
HLA-DQ2 and HLA-DQS8 alleles contribute to about 35-40% of the genetic risk
other genetic factors outside the HLA region also play a role by influencing im-
mune regulation and disease susceptibility. Genome-wide association studies have
identified several potential loci such as IL2/1L21, SH2B3 and CCR gene clusters
but their exact functional roles and the molecular mechanisms involved remain
largely unclear. The absence of comprehensive in silico analyses that connect
these non-HLA variants to biological pathways hinders our understanding of the
pathogenesis of celiac disease and obstructs the identification of new biomarkers

and therapeutic targets for accurate diagnosis and treatment..

1.2 Research Gap

Previous research has primarily focused on HLA-related genetic determinants of
celiac disease, leaving the non-HLA component underexplored. Although GWAS
have identified several non-HLA risk loci, these findings remain fragmented, under-

analyzed, and poorly integrated across molecular data types.
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There is currently no comprehensive in silico framework that integrates genomic,

transcriptomic, and protein-interaction data to understand how non-HLA variants

contribute to immune dysregulation and intestinal damage and there is no study

have been integrated genomic and protein interaction data of non-HLA genes in

celiac disease. This gap limits our ability to translate genetic associations into

meaningful biological and clinical insights.

1.3 Research Questions

11.

iii.

. Which non-HLA genetic variants and genes are significantly associated with

celiac disease according to genomic and literature data?

What are the functional and regulatory roles of these genes in immune sig-

naling and intestinal epithelial health?

How can an integrative in silico multi-omics approach uncover novel molec-

ular pathways and biomarkers involved in celiac disease pathogenesis?

1.4 Scope of the Study

This study will be conducted entirely in silico using publicly available genomic

and molecular datasets. The research will include:

il.

1il.

1v.

. Data mining and literature-based identification of non-HLA variants and

genes associated with celiac disease.

Functional and pathway annotation to predict gene functions, expression

impacts, and regulatory roles.

Integration of multi-omics datasets (genomic, transcriptomic, proteomic,

and interactomic) to develop a comprehensive molecular network.

Bioinformatics and network analysis to identify key genes, regulatory hubs,

and pathways contributing to disease mechanisms.
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Experimental validation will be beyond the scope of this study but can be pursued

in future research based on computational findings.

1.5 Aim

To interpret non-HLA genetic and molecular mechanisms underlying celiac disease
through integrative in silico analyses supporting discovery of novel biomarkers,

pathways and potential therapeutic targets

1.6 Objectives

i. To identify and prioritize non-HLA genes associated with celiac disease

through data mining and genomic analysis.

ii. To perform functional and regulatory annotation of these genes to under-

stand their biological significance and interactions in immune pathways.

iii. To integrate multi-omics datasets to uncover novel molecular networks and

key determinants driving celiac disease pathogenesis.

1.7 Impact on Society

This study will greatly improve the comprehension of genetic intricacies in celiac
disease and benefit public health by discovery of new molecular insights into
disease mechanisms beyond traditional HLA genetics. Identification of poten-
tial diagnostic biomarkers for early detection and better disease management.
Laying the foundation for personalized therapeutic strategies based on an
individual’s genetic and molecular profile. Advancing knowledge applicable to
other autoimmune disorders with shared genetic pathways. Supporting pub-
lic health awareness and improved diagnostic accuracy, reducing the burden of

undiagnosed and mismanaged celiac disease cases globally.



Chapter 2

Literature Review

2.1 Celiac Disease

Celiac disease is an autoimmune enteropathy that affects the intestines in in-
dividuals with a genetic predisposition, most commonly in individuals with the
HLA-DQ2 or HLA-DQS8 haplotype. It is triggered by gluten ingestion, a pro-
tein complex in wheat, barley, and rye. Following gluten ingestion, an abnormal
immune response is activated where the immune cells attack the epithelial cells
of the small intestine, resulting in damage to these cells through both antibody
and T-cell mediated mechanisms [35]. Immune damage results in villous atrophy,
crypt hyperplasia, and mucosal inflammation that is then quantified according to
the degree of severity based on bothMarsh (I-IIT) and Oberhuber (I-IV) systems
of classification. It is estimated that in the world, celiac disease affects about 1%
of all populations with a higher prevalence among women (1.4%) compared to
that observed in men (0.7%). It has also been estimated to affect a total of 17.4
per 100,000 person-years in women and 7.8 per 100,000 in men [36]. It has also
been observed to manifest with a wide range of symptoms that range from general
diarrhea, oily droppings, and inability to absorb nutrients to abdominal intesti-
nal pains in women including anemia due to decreased bone density, reproductive

abnormalities also.
14
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An important milestone in understanding celiac disease was the identification of
tissue transglutaminase as the predominant autoantigen, which established its
autoimmune etiology. Apart from genetic predisposition, several environmental
factors like viral infections, infancy exposure to gluten, and changes in micro-
biota patterns within the gastrointestinal tract are considered to trigger the dis-
ease. The diagnosis of this condition is made through a set of serologic assays
such as anti-t TG, anti-endomysial, and anti-deamidated gliadin peptide antibod-
ies, supplemented by histopathological examination of biopsy samples of the small
intestine, which remains the standard for diagnosis of this condition to date. Cur-
rently, the only proven management strategy for this condition is a strict, lifelong
gluten-free diet that helps in mucosal healing, managing symptoms, and prevent-
ing potential post-disease complications such as enteropathy-associated lymphoid
tissue lymphoma, ulcerative jejunoileitis, and others. However, this poses potential
nutritional deficits due to restricted dietary practices, warranting comprehensive

nutritional advice by healthcare professionals [38].

The rise in gluten-free diets among individuals who do not have CD, largely due
to concerns or possible gluten sensitivity, draws attention to the need for clearer
discrimination between CD, gluten-related disorders, and non-CD conditions. A
balanced gluten-free diet is crucial for optimal health for individuals with this
condition to prevent secondary deficiency symptoms related to malnutrition. Mal-
nutrition during infancy can lead to conditions such as stunted growth or failure

to thrive [39].

2.2 Normal Immune Responses in the Gastroin-

testinal Tract

An understanding of the normal immunological functions in the gut is important
for the discovery of the mechanism of celiac disease occurrence. Gluten, the major
environmental factor triggering the immunopathology, is composed of storage pro-

teins referred to as gliadins and glutenins. These proteins are highly proline and
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glutamine rich, making them not easily susceptible to degradation by enzymes.
Subsequently, partially degraded peptides of gluten are persistently observed in
the lumen of the gut, giving rise to the generation of several immunogenic peptides
responsible for the induction of the immunologic response in the gut [3]. When
the immunogenic peptides interact with the gut-associated lymphoid tissue, an
important constituent of the immunologic framework of the gut, an immunologic

response is induced, culminating in the characteristic damage observed in celiac

diseases [38].

In the normal state, the immune system maintains a delicate balance between
immune activation and tolerance. This aspect is of particular interest when con-
sidering the GALT, since the lining of the intestines is continuously challenged
with antigenic substances from certain foods and a sea of resident microbes. The
immune system needs to be able to distinguish and destroy pathogenic microbes
while tolerant of other antigenic substances like foods. The process of immune
tolerance is maintained by regulatory T cells (Tregs), and the condition of T
cell anergy. This process of immune tolerance at the mucosal lining of the gut
is maintained through the help of antigen dosages. Higher dosages lead to the
development of allergy, while the process of immune tolerance leads to the differ-
entiation of Tregs. The regulatory process of the immune system at the mucosal
lining of the gut is facilitated by the action of regulatory T cells with the help
of factors like transforming growth factor-g (TGF-5), and retinoic acids. The
process of immune tolerance of the mucosal lining of the gut is further maintained
by the action of the nuclear factor of activated T cells (NFAT), whose function

maintains the lack of responsiveness of the orally[40].

2.3 Morbidity

Celiac patients are predisposed to various other autoimmune disorders. The
propensity for these disorders has been mainly attributed to their genetic link
and immune system dysfunction due to exposure to wheat proteins. Some com-

monly established associations with celiac disease are type 1 diabetes mellitus;
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the incidence of CD has been shown to range between 5.1% and 6.0% in type 1
diabetes mellitus patients. A plethora of research carried out on a well-established
base of data has revealed positive associations between CD and various other au-
toimmune disorders such as autoimmune thyroiditis, juvenile idiopathic arthritis,

rheumatoid arthritis, psoriasis, and inflammatory bowel disease.

However, it is still unclear whether having undiagnosed or untreated celiac dis-
ease raises the likelihood of developing additional autoimmune conditions. If this
connection is confirmed it would highlight the crucial need for early diagnosis and
the prompt start of a gluten-free diet. Nonetheless, the current epidemiological
evidence regarding this relationship is inconsistent. Celiac disease has been linked
to various liver disorders, including autoimmune hepatitis, primary biliary cholan-
gitis, and primary sclerosing cholangitis. Furthermore, individuals with CD seem
to have a higher risk of metabolic dysfunction associated fatty liver disease a con-
dition that may be partly affected by gluten-free diets which are often higher in
sugar and fat content [47].

A meta-analysis that included cross-sectional, case control and prospective cohort
studies found that 4.6% of individuals with cryptogenic cirrhosis have celiac disease
a prevalence notably higher than in the general population. In addition to liver-
related symptoms CD is associated with a range of systemic comorbidities, though
a direct causal link is still uncertain. Studies based on population data have
shown that people with CD have an increased risk of cardiovascular disease and
a higher mortality rate from cardiovascular causes compared to matched controls.
Furthermore, older adults with CD seem to be more prone to end-stage renal

disease and frailty which adds to the overall disease burden [48].

2.4 Cancer and Mortality

Research in epidemiology suggests that people with celiac disease face a slightly
elevated overall risk of developing cancer compared to the general population, with

large national cohort studies reporting a hazard ratio of about 1:11. A particularly
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strong link has been identified between CD and non-Hodgkin’s lymphoma espe-
cially enteropathy-associated T-cell lymphoma. A nationwide case-control study
in France found that individuals with CD were nearly four times more likely to
develop NHL than those without the condition. Importantly, the risk of lym-
phoproliferative cancers is notably higher in patients who continue to show villous
atrophy in follow-up biopsies, as opposed to those who experience mucosal healing

after adopting a gluten-free diet.

Other cancers associated with CD include those of the small intestine, hepatobil-
iary system, pancreas, esophagus, stomach and non-melanoma skin, while several

studies have noted a decreased incidence of breast cancer among those affected.

Individuals with CD face a slightly elevated risk of death mainly due to cancer.
A comprehensive Swedish cohort study revealed a hazard ratio of 1:21 for overall
mortality in celiac patients compared to matched controls, with increased mortal-
ity rates linked to cancer, cardiovascular issues and respiratory diseases. Similarly,
a meta-analysis of 25 studies examining mortality in CD indicated a heightened
risk of death from all causes and cancer, especially non-Hodgkin’s lymphoma and
respiratory illnesses. Positively, recent studies indicate that this mortality risk has
diminished over time, likely as a result of earlier diagnosis, better management and

more widespread use of gluten-free diets [49].

2.5 Types of Celiac Disease

Celiac disease also occurs with varying clinical manifestations, meaning there are
differences regarding their manifestation, chronicity, and histopathologic findings.
This is an index of the complex interplay among genetic predisposition, immuno-

logical activation, as well as gluten exposure [50].

The main types of CD include classical, non-classical, silent, latent, and refrac-
tory celiac disease. An understanding of these types is very important for accurate
treatment because they all have different clinical and histopathologic manifesta-

tions [51].



TABLE 2.1: Types of Celiac Disease and Their Key Characteristics [52, 53]

Type Main Features Common Symptoms Histology Diagnosis Treatment / Ref.
Prognosis
1. Classical Clear malabsorption with  Chronic diarrhea, Villous atrophy, crypt Positive anti-tTG Gluten-free diet [52]
(Typical) small intestinal mucosal steatorrhea, weight hyperplasia,elevated / EMA; biopsy (GFD), excel-
damage. loss, growth failure IELs. confirmation. lent recovery.
(children), anemia.
2. Non- Minimal or no GI symp- Fatigue, anemia, osteo- Variable villous atro- Serology  (anti- GFD effective; [52]
Classical toms; extra-intestinal porosis, infertility, neu- phy. tTG, EMA) + often underdiag-
(Atypical) features. ropathy, dermatitis her- biopsy. nosed.
petiformis.
3. Silent CD Asymptomatic but ab- None; risk of osteo- Villous atrophy with Positive serology GFD to prevent [52]
normal serology and porosis, infertility, ma- inflammation. + biopsy. complications.
biopsy. lignancy.
4. Latent CD  Genetic predisposi- Usually asymptomatic; Initially normal; may HLA typing, sero- Monitor; start
tion (HLA-DQ2/DQ8); may develop later. progress to atrophy. logic follow-up. GFD if active.
normal mucosa initially.
5. Refractory Persistent symptoms de- Chronic diarrhea, Persistent villous atro- Exclude  gluten Immuno  sup- [52] [53]
CD (RCD) spite >12 mo GFD. weight loss, malnutri- phy; Type I normal contamination pressants

tion.

IELs, Type II clonal

MY dUNIDLIILT

61
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2.6 Pathogenesis

Celiac disease is an inflammatory condition of the human small intestine due to
an immune response involving both the innate immune system and the adaptive
immune systems that causes persistent damage to it that lasts for life [53]. The
immune response in celiac disease is initiated by certain peptides of gliadin that
have crossed the epithelial barrier of the intestine and have been acted upon by an
enzyme known as transglutaminase in the body to form glutamic acid by changing
glutamine molecules [54]. This process involves changing glutamine molecules
present in gliadin peptides to glutamic acids by the actions of an enzyme known
as transglutaminase in celiac disease; then, this complex adheres firmly to HLA-
DQ2/HLA-DQ8 molecules present in antigen-presenting cells; hence, the initiation
of an immune response in celiac disease [54]. The complexes are then recognized
by CD4 T-cells that are activated by an immune response in celiac disease; hence,
an immune response that leads to an influx of T-cells that eventually multiply in
huge numbers [2]. The T-cells activate an immune response by releasing cytokines
such as interferon gamma and IL-15 that cause an immune response that leans

towards T1 cells in celiac disease [2].

S0

l| Incomplete digestion |
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- 5 %

o Glutamate - Anti-gluten antibodies

FIGURE 2.1: Pathogenesis of celeiec disease [31]
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At the same time, activated CD4" T cells prompt B lymphocytes to generate
autoantibodies specific to the disease, such as anti-tissue transglutaminase and
anti-deamidated gliadin peptide antibodies. These antibodies form the humoral
aspect of the immune response in celiac disease and are crucial diagnostic markers.
Importantly, anti-tTG antibodies can interfere with transforming growth factor-
beta (TGF-3) signaling, a pathway essential for preserving villous structure and
aiding epithelial renewal, thus worsening villous atrophy. In the intestinal lining,
gliadin peptides that resist enzymatic breakdown cross the epithelial barrier due
to heightened intestinal permeability and activate innate immune cells like nat-
ural killer cells and intraepithelial lymphocytes with 0 T-cell receptors. These
cytotoxic cells trigger enterocyte apoptosis through NKG2D-MIC-A interactions,
which ultimately results in epithelial damage, crypt hyperplasia and mucosal re-

modeling [15] [12] [55] [40].

While having a genetic predisposition particularly the HLA-DQ2 or HLA-DQS8
alleles is necessary for celiac disease to develop it is not enough on its own to trigger
the condition. These alleles are present in about 40% of the general population,
yet only around 2-5% of those with the alleles actually develop the disease. This
highlights the significant roles that environmental factors and gut microbiota play
in the pathogenesis of CD [14] [15]. The hygiene hypothesis posits that insufficient
exposure to microbes during early childhood might impede the development of
immune tolerance, making genetically predisposed individuals more likely to have

an abnormal immune reaction when exposed to gluten [55] [40] [15].

2.7 Genetic Factors

The major genetic factor for the occurrence of celiac disease is the presence of the
HLA DQ2 and HLA DQS8 antigen. The gene for this antigen is present in the
major histocompatibility complex of the MHC class II region. This antigen pro-
duces around 35%-40% of the genetic predisposition for the disease [8]. More than
95% of the patients with celiac disease have the gene for the HLA DQ2 antigen.

The remaining patients have the gene for the HLA DQS8. Nonetheless, since about
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one-third of the general population carries these alleles and only 1-3% actually
develop the disease, these genes are considered necessary but not sufficient for the
disease to occur. Evidence from twin studies further supports the role of addi-
tional genetic contributors, as concordance rates remain below 100%. Genome-
wide association studies (GWAS) have identified over 39 non-HLA loci associated
with CD, encompassing genes involved in immune regulation and intestinal barrier
function. Notable examples include MYO9B, which may influence epithelial tight
junction integrity and the response to a gluten-free diet, and immune-related genes
such as IL2, IL21, SH2B3, CTLA/, and TAGAP, which modulate cytokine sig-
naling, T-cell activation, and immune tolerance. Both HLA-DQ2 and HLA-DQS
heterodimers, expressed on antigen-presenting cells, present deamidated gluten
peptides modified by tissue transglutaminase (tTG2) to CD4" T cells, leading to
cytokine production (e.g., IFN-, IL-15) and subsequent intestinal inflammation.

8] 9] [7].

Genetic susceptibility involving HLA-DQ2 and HLA-DQS alleles, together with
multiple non-HLA immune-regulatory genes, forms a critical foundation for the

development of celiac disease (CD).

However, the clinical manifestation of the disorder typically depends on the inter-
action between these genetic factors and environmental influences such as dietary
gluten exposure, intestinal infections, and gut microbiota dysbiosis, which act as

essential cofactors in disease initiation and progression [18].

2.7.1 HLA Genes

The majority of CD patients exhibit the DRB10301 - DQA10501 - DQB1*0201
haplotype, also known as DR3 - DQ2, or they are heterozygous carriers of DRB111
/ 12-DQA10505 - DQB1*0301 and DRB107 - DQA10201 - DQB1 * 0202 (collec-
tively referred to as DR5-DQ7 / DR7-DQ2). The a-chain encoded by DQA10501*
and DQA10505* differ by only a single amino acid residue in the leader peptide,
while the S-chain encoded by DQB10201* and DQB10202* differs by one amino
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acid in the membrane-proximal domain changes that are unlikely to have any func-
tional effect. Therefore, individuals possessing these haplotypes express the same
functional DQ molecule, whether the genes occur in cis (on the same chromosome)

or trans (on opposite chromosomes).

Recombination within the HLA region plays a critical role in generating these
haplotypes. Comparative analyses have revealed that DR3-DQ2, DR7-DQ2, and
DR5-DQ7 share a close evolutionary relationship, with DNA fragments around
the DQA1 and DQB1 genes being exchanged among them through recombination

events.

The combination of DQA1*05 and DQB1*02 alleles regardless of their chromoso-
mal arrangement is believed to be the main factor conferring susceptibility to CD,

as they encode the DQ2 heterodimer responsible for gluten peptide presentation.

People who lack the combination of both DQA1*05 and DQB1*02 will have the
DRB104 - DQA10301 - DQB1*0302 gene complex, known as DR4-DQS. In this
kind of association, the DQ8 antigen is considered the major contributing factor

for susceptibility [57].

2.7.1.1 Interaction between HLA and Gluten

Recent investigations have elucidated the interplay between genetic susceptibil-
ity and environmental triggers in celiac disease. The HLA-DQ2 and HLA-DQS
molecules, which confer risk and are encoded by particular alleles, play a key role
due to their ability to bind gluten-derived peptides and present them to T lym-
phocytes in the intestinal epithelium. Interestingly, T cells from individuals with
celiac disease recognize these gluten peptides only when they are presented by
HLA-DQ2 or HLA-DQS, indicating an unusually specific immunological interac-
tion that forms the basis of the disease mechanism .58. Immune recognition targets
gluten peptides that have been deamidated-a process catalyzed by tissue trans-
glutaminase, in which glutamine residues are converted to glutamic acid. This
modification enhances the peptides’ affinity for the binding grooves of HLA-DQ2
and HLA-DQS8 molecules, which preferentially bind negatively charged residues.
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Located subjacent to the intestinal epithelium, tTG catalyzes not only deamida-
tion but also can couple gluten peptides to lysine residues in juxtaposed proteins,
including itself. The creation of these tTG-gluten complexes allows gluten-reactive
T cells to stimulate tTG-specific B cells, resulting in the generation of anti-tTG
autoantibodies. This mechanism explains the gluten-dependent development of

anti-t TG antibodies a hallmark of celiac disease serology [31].

2.7.2 CTLA4 and CD28 Genes

Among non-HLA genes, the cytotoxic T-lymphocyte-associated antigen 4 gene
on chromosome 2q33 exhibits the most consistent association with CD. This gene
contains a single nucleotide polymorphism (SNP) at position 449 (A/G) in exon 1,
with the A allele reported to be more prevalent among CD patients in French and
Scandinavian populations. Additional studies in Finnish and Swedish/Norwegian
cohorts found supportive linkage near CTLA4, although research on Italian and

Tunisian patients yielded conflicting results.

CTLA4 plays a critical immunoregulatory role by inhibiting overactive T-cell re-
sponses. Variants carrying the G allele of the +49 SNP have been associated with
reduced suppression of T-cell proliferation, which may contribute to the autoim-
mune activation observed in CD. It is worth noting that the CD28 and ICOS genes
key regulators of T and B cell activation are located in close proximity to CTLA4,

suggesting a possible combined genetic effect within this chromosomal region [24].

2.7.3 Key Non-HLA Genes and Their Functional Roles

Although H LA-DQ2 and HLA-DQS8 are the primary genetic determinants of celiac
disease (CD), they explain only part of the heritability. Non-HLA loci have been
identified as critical modifiers of disease susceptibility, progression, and variability
in clinical presentation. Large-scale genome-wide association studies have revealed
multiple non-HLA genes that regulate immune function and intestinal homeosta-

sis. Each genetic locus contributes a small risk individually, with odds ratios
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generally between 1.1 and 1.5. Nonetheless, the overall effect of having multiple
risk alleles is substantial; people with thirteen or more non-HLA risk variants
face about a sixfold higher risk of developing CD. When these non-HLA variants
are combined with HLA genotyping, it improves the identification of individuals
at high risk, especially among those who are HLA-DQ2-positive facilitating early

monitoring and targeted preventive measures [59)].

Among the key non-HLA genes, the IL2/IL21 locus plays a crucial role in control-
ling T-cell growth and B-cell maturation while SH2B3 (LNK) acts as a negative
modulator of cytokine signaling, reducing the activation threshold for T cells and
thereby exacerbating immune-driven mucosal damage. The CCR gene cluster,
which includes CCR1, CCR2 and CCR3, is responsible for directing chemokine-
driven migration of immune cells, leading to inflammatory infiltration in the in-

testinal lining and worsening villous atrophy.

Other genes such as TAGAP, IL18R1, RGS21, PLEK, CCR9, CTLA4 and LPP
also influence immune responses. TAGAP is linked to Rho GTPase signaling
and T-cell activation, whereas IL18R1 is involved in the production of interferon-
gamma, connecting it to mucosal inflammation. Importantly, CTLA4 and LPP are
related to both early celiac autoimmunity and clinically diagnosed celiac disease,
while RGS21, IL18R1, PLEK, CCR9 and TAGAP have stronger ties to established
disease [60] [61].

2.8 Evidence from Prospective Studies and Gene-

Environment Interactions

Prospective cohort studies, notably the TEDDY study, have shed light on the
timing of non-HLA genes’ impact on disease development. In these cohorts, the
hazard ratios for individual non-HLA single nucleotide polymorphisms tend to be
higher than the odds ratios found in retrospective case-control studies, highlighting
their significance in the early stages of autoimmunity and disease progression.

Furthermore, disparities in the incidence of CD in different nations, for instance,
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higher rates in Swedish children than in other participants in TEDDY, suggest
that environmental factors play an important part in shaping the manifestation

of HLA and non-HLA risk gene variants [62].

Various non-HLA loci specific to certain regions have also been identified, including
chromosome 8q21.1, which is proximate to the gene for protein kinase A, insulin,
and chromosome 10p15, which comprises PFKFB3 and PRKCQ), regions that show
a very strong linkage to CD within Swedish populations.

The role of non-HLA regions in celiac disease can also be explained, as they are
supposed to influence intracellular signaling as well as T-cell activation, indicating
that certain environmental factors within regions could have a role in modulating

disease through non-HLA genes.

The findings from prospective studies also establish that non-HLA regions, aside
from modulating disease susceptibility, also modulate disease expression since early
events for seroconversion, as tested by anti-tissue transglutaminase antibodies,

have been identified [63].

2.9 Implications for Risk Prediction and Autoim-

mune Overlap

Other genetic factors outside of the HLA genes also have an important role in
susceptibility to CD. While each factor has a limited role, together these factors
substantially aid in the predictive potential of susceptibility with the inclusion
of HLA genotyping. Most of these genetic factors are also linked with other

autoimmune diseases, including type-1 diabetes, rheumatoid arthritis, etc.

This suggests a common path mechanism in T-cell modulation and innate immu-
nity.. By incorporating non-HLA genes into risk models, it becomes possible to
identify at-risk individuals early, allowing for preventive actions such as serologic

monitoring and early dietary changes.
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The ongoing identification of additional non-HLA loci will improve genetic risk
prediction, deepen the understanding of molecular mechanisms and inform early

detection strategies for CD and potentially other autoimmune diseases [64].

2.10 Environmental Factors

Gluten is the environmental factor most closely linked to celiac disease . Patients
who completely eliminate gluten from their diet generally achieve full clinical
remission, whereas reintroducing gluten results in the return of symptoms. These
findings clearly identify gluten as the main environmental trigger for the onset and

progression of the disease.

Nonetheless, the possibility of other environmental factors contributing to the dis-
ease remains an area of active research. Among the potential factors being studied
are intestinal infections, with adenovirus 12 once considered a candidate due to
its partial amino acid sequence resemblance to a-gliadin. Although this theory
initially seemed credible, the current understanding of CD immunopathogenesis
provides limited evidence for a causal link, and existing epidemiological data are

still inconclusive [65].

Celiac disease has been reported worldwide including Europe, North and South
America, Asia, Africa, and Oceania though prevalence rates vary considerably be-
tween regions. The disorder appears relatively uncommon in sub-Saharan Africa
and Southeast Asia, but recent studies from China suggest it may be underdiag-
nosed rather than rare. A meta-analysis estimated the global seroprevalence of
CeD at 1.4%, with a biopsy-confirmed prevalence of 0.7%. Data from the U.S.
National Health and Nutrition Examination Survey (NHANES) revealed a similar
seroprevalence of 0.7%, emphasizing that a large number of cases remain undi-
agnosed in the general population [29]. For this reason, active case finding is
considered a better approach than passive diagnosis. The prevalence of CeD de-
pends on several factors, including sex, age, geographic distribution, and genetic

predisposition. The two main determinants of disease frequency across populations
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are the presence of HLA risk haplotypes and the per-capita wheat consumption.
The disease is slightly more common in females, and familial clustering is fre-
quent about 10% of first-degree relatives of affected individuals are also diagnosed
with CeD. Concordance studies demonstrate that monozygotic twins show an 80%
concordance rate, compared with about 30% in HLA-identical siblings and 10% in
dizygotic twins, confirming the combined influence of genetic and environmental

factors in CeD development [54] [3].

Regions where wheat and gluten intake is high tend to show greater CeD preva-
lence, underscoring the dietary component of the disease. Nevertheless, gluten
exposure alone cannot explain why some genetically predisposed individuals never
develop CeD or why symptoms can emerge later in life despite decades of gluten
consumption. Significant differences between genetically similar populations with
comparable wheat intake such as those in Finland and Russian Karelia suggest
that non-genetic environmental variables also play a decisive role. Various ob-
servational studies have suggested that several additional factors, such as infant
feeding habits, viral infections, antibiotic use, and delivery method, may play a
role, although the evidence is varied and sometimes contradictory. The way infants

are fed could potentially affect their risk of developing diseases [32].
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FIGURE 2.2: Genetic and environmental factors in coeliac disease [66]
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Factors such as the length of breastfeeding, the timing of introducing gluten, and
early exposure to cow’s milk proteins are thought to influence immune tolerance.
Notably, rotavirus infection has been linked to an increased risk of developing
CeD autoimmunity, with prospective studies indicating that a higher frequency
of rotavirus infections is associated with a greater risk of the disease. Gluten is
a complex protein mixture, primarily composed of prolamins (gliadins in wheat,
secalins in rye and hordeins in barley and glutenins. Research suggests that con-
suming as little as 50 mg of gluten daily can cause noticeable damage to the
small-intestinal lining in susceptible individuals. Additionally, changes in the gut
microbiota such as decreased Bifidobacteria and increased Gram-negative bacteria
have been observed in CeD patients implying that microbial imbalance might play
a role in disease manifestation. Other potential environmental factors include ex-
posure to heavy metals and bacterial transglutaminase found in processed foods

although their precise roles are still being studied [21].

2.11 Immunological and Non-Genetic Factors

The immune system plays role in onset of celiac disease by triggering an abnormal
inflammatory reaction to gluten. When deamidated gluten peptides are presented
by HLA-DQ2 or HLA-DQ8 molecules, CD4™ T helper cells in the lamina propria
are activated and release pro-inflammatory cytokines interferon-gamma (IFN-v)

and interleukin-15 (IL-15).

These cytokines stimulate cytotoxic CD8" intraepithelial lymphocytes leading to
villous atrophy and damage to mucosa. The enzyme tissue transglutaminase acts
both as an autoantigen and a modulator of gluten peptides, which is the basis of
the autoimmune pathophysiology of the condition. In a susceptible individual, the
immune reaction to gluten can cross-react with tTG, leading to the production of

anti-t TG antibodies, which is a diagnostic feature of celiac disease [14].

This autoimmune reaction can continue without the presence of gluten, leading to

persistent inflammation and damage to the lining of the intestine. An impaired
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or “leaky” gut, which is the compromised integrity of the intestinal barrier, allows
the passage of gluten peptides and bacterial antigens into the lamina propria of
the intestine, exaggerating the reaction. The increased production of zonulin, a
modulator of the permeability of the tight junctions, has been implicated in the
pathophysiology of celiac disease, suggesting that the impairment and integrity of

the epidermis layer is both a consequence and a cause of the condition [24].

Environmental factors such as infections, food components, and other external
stimuli can result in epigenetics that provide a plausible explanation of why some
individuals who are genetically predisposed may develop the condition. It can

therefore be argued that the condition of celiac disease is a reflection[50].
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FIGURE 2.3: Epigenetic Modifications in CD [17]

2.11.1 Adaptive Immune Response to Gluten

Tissue transglutaminase plays role in triggering adaptive immune response in
celiac disease by deamidating gliadin peptides derived from gluten. This process
transforms glutamine residues into glutamic acid, introducing negative charges.
Additionally, TG2 is the main autoantigen targeted by disease-specific antibod-
ies, making it a significant diagnostic marker for celiac disease. Under normal
conditions, TG2 is found in subepithelial and connective tissues, where it aids
in apoptosis, wound healing, and the organization of the extracellular matrix.
TG2 assists in the transcytosis of gliadin peptides across the intestinal epithelium
through interactions with CD71 and secretory IgA (sIgA) and inhibiting TG2
prevents the uptake of immunogenic peptides like p31-49 [67]. TG2-mediated
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deamidation occurs preferentially in slightly acidic environments (pH j 7.0), espe-
cially when glutamine donors outnumber lysine acceptors. Since gliadin is rich in
glutamine, it is highly prone to TG2 modification, which enhances peptide bind-
ing to HLA-DQ2 pockets (P4, P6, P7) and increases immunogenicity, allowing

multiple immunogenic epitopes to activate distinct pathogenic pathways [30].

This alteration results in enhanced T-cell activation and the release of inflamma-
tory cytokines. Furthermore, TG2 has the ability to cross-link gluten peptides
with self-proteins including itself, creating complexes that trigger the production

of anti-TG2 autoantibodies, a characteristic feature of CD.

Although deamidation is not absolutely necessary to start immune activation, it
greatly exacerbates inflammation once the process is underway. The activation of
TG2 can also be heightened by factors such as infections, damage to the epithe-
lium or existing mucosal inflammation which may disrupt immune tolerance and

encourage the continuation of autoimmune processes in celiac disease [68].

2.11.1.1 T-Cell Response to Gluten

In celiac disease, the adaptive immune response is mainly directed by T lympho-
cytes in the lamina propria which depend on antigen-presenting cells that display
HLA-DQ2 or HLA-DQ8 molecules for antigen presentation. In a healthy duode-
num, APCs are mainly macrophages (~80%, CD163" CD1lc™) and tolerogenic
dendritic cells (DCs, CD103" CD11c™).

In contrast, celiac disease involves the recruitment of peripheral monocytes that
differentiate into proinflammatory DCs (CD14" CD11ct), accompanied by a de-
cline in tolerogenic macrophages and DCs. Increased levels of interferon-alpha
(IFN-«v) within the intestinal mucosa promote a pro-inflammatory environment.
This association is further supported by reports of celiac disease emerging in hep-
atitis C patients undergoing IFN-«a therapy, as well as by its higher occurrence in
individuals with Down syndrome, in whom the IFN-« receptor gene is located on

chromosome 21.
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The HLA-DQ2 and HLA-DQS8 molecules present gliadin peptides and TG2-gluten
complexes to CD4™ T cells in the lamina propria, leading to activation of a Thl-
type immune response characterized by increased production of IFN-v, TNF-q,
IL-18, and IL-21, along with a concurrent decrease in the regulatory cytokines IL-
10 and TGF-p3. This imbalance in cytokines initiates the breakdown of the matrix
through metalloproteinases, resulting in damage to the mucosa [62]. Under nor-
mal circumstances, TGF-£1 plays a crucial role in preserving epithelial integrity,
but its decrease in celiac tissue is associated with crypt damage and the infiltra-
tion of immune cells. IFN-a promotes the differentiation of Thl cells and main-
tains inflammation by inhibiting T-cell apoptosis and increasing the expression
of co-stimulatory molecules on APCs. Additionally, IL-18 which is produced by
macrophages, DCs and epithelial cells works in conjunction with IL-12 and IFN-«
to boost IFN-v production. The mature, active form of IL-18 is significantly ele-
vated in celiac lesions, likely due to its proteolytic activation by IL-15—converting

enzyme [69].

2.11.1.2 B-Cell Response to Gluten

Celiac disease is characterized by the generation of various autoantibodies that
target both self and foreign antigens. In 1997, tissue transglutaminase was discov-
ered to be the main self-antigen targeted by anti-endomysial antibodies. In the
duodenum’s lamina propria, plasma cells produce anti-TG2 IgA antibodies, with
concentrations two to three times higher during active disease than in remission.
Importantly, TG2-specific [gA deposits are detectable at all disease stages, even
before clinical symptoms or visible mucosal damage appear. Under normal condi-
tions, the intestinal mucosa has relatively few naive or memory B cells, with most
cells being plasma cells or plasmablasts that express low levels of HLA class II

molecules.

In celiac disease, B cells likely function as antigen-presenting cells in mesenteric
lymph nodes, thereby boosting gluten-specific T-cell responses. Although TG2-
specific T cells have not been definitively identified, gluten-reactive CD4% T cells
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can promote the differentiation of B cells into plasma cells that produce anti-TG2
IgA and IgG antibodies, both of which decrease when following a gluten-free diet
[14]. One suggested mechanism suggests that B cells take in TG2 gluten complexes
and present them through HLA-DQ molecules to gluten-specific T cells, which then

provide the co-stimulatory signals required for antibody production.

Anti-TG2 antibodies might further worsen intestinal inflammation by increasing
gluten uptake and activating Fc receptors on local granulocytes. In addition to
TG2, autoantibodies have been found against actin, various collagen isoforms other
members of the transglutaminase family (TG3, TG6) and clotting factor XIII. The
presence of IgA-TG3 complexes in the skin is linked to dermatitis herpetiformis
while antibodies targeting neuronal TG6 are associated with gluten ataxia. To-
gether, these findings underscore the role of antibody-mediated mechanisms in

driving the extraintestinal manifestations of celiac disease [70].

2.11.2 Innate Immune Response to Gluten

In addition to adaptive mechanisms certain gliadin peptides have the ability to
directly stimulate innate immune responses in intestinal epithelial cells and den-
dritic cells (DCs). These peptides, such as a-gliadin fragments p31-43 and p31-49
are not detected by gluten-specific CD4" T cells. Instead, they induce stress re-
sponses in epithelial cells and modify intracellular signaling pathways that remain

partially understood.

Ex vivo research using intestinal biopsies from individuals with celiac disease has
shown an increase in the expression of IL-15, cyclooxygenase-2 (COX-2) and ac-
tivation markers like CD25 and CD83 in lamina propria mononuclear cells after
exposure to gliadin. Concurrently, epithelial cells exhibit heightened expression
of MHC class I related chain (MIC) molecules which can activate intraepithelial
lymphocytes [67].

Some gliadin peptides can imitate the activity of epidermal growth factor by pre-

venting the endocytosis of the EGF receptor (EGFR) which extends receptor
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signaling and encourages the proliferation of epithelial cells. Even though EGFR
and its signaling pathway are already heightened in celiac patients regardless of
gluten consumption, this could account for the epithelial sensitivity and damage

observed in the disease.

Furthermore, gliadin peptides might interact with Toll-like receptor 4 on den-
dritic cells, stabilize non-classical MHC molecules like HLA-E, or engage with the
chemokine receptor CXCR3 thereby enhancing gut permeability and disrupting

the tight junctions between enterocytes.

Together, these innate processes intensify local inflammation, weaken barrier in-

tegrity and sustain the intestinal damage typical of celiac disease [67] [30].

2.11.2.1 Role of the Intraepithelial Lymphocytes

Intraepithelial lymphocytes (IELs) are a diverse group of immune cells located in
the basolateral area of intestinal epithelial cells, with their quantity and distribu-

tion differing across various sections of the intestine.

They are generally categorized into natural IELs (TCR af and TCR ~4) and
induced IELs (TCR af8 CD4" and TCR af CD8af'), playing crucial roles in
defending the host, promoting immune tolerance and preserving the integrity of

the epithelium [71].

In celiac disease intraepithelial lymphocytes play a role in damaging the mucosa
with a rise in TCR af™ T cells being linked to villous atrophy. Additionally, IELs
undergo a shift towards cytotoxicity, and the persistence of high levels of TCR 0™
IELs even on a gluten-free diet is a characteristic feature of CD. Inflammatory
conditions cause natural IELs to become activated locally by proinflammatory

molecules, leading them to develop autoreactive properties.

Cytotoxic IELs identify epithelial cells by using NKG2D and CD94 receptors to
bind to MICA and HLA-E ligands on intestinal epithelial cells resulting in intraep-
ithelial lymphocytosis, epithelial damage, villous atrophy and crypt hyperplasia

7).
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Other immune cell populations implicated in CD include natural killer and natural
killer T (NKT) cells. NK cells are primarily involved in eliminating virus-infected
and tumor cells, independent of MHC molecules and antibodies. Studies have
reported a marked decrease in natural killer (NK) cell numbers in patients with
active celiac disease compared to individuals adhering to a gluten-free diet or
healthy controls. NKT cells, on the other hand, represent a mixed population

that expresses both T-cell (TCR, CD3) and immunoglobulin receptors.

Some subsets express a semi-invariant TCR (such as TCR Va24/511) and can be
activated via TCR signaling, independently of MHC, to stimulate IL.-10 secretion
by epithelial cells. However, the precise role of NKT cells in CD remains unclear,
as these cells can produce a variety of cytokines, including both proinflammatory

and regulatory types [73].

2.11.2.2 Role of Interleukin IL-15 and IL-21

Interleukin-15 (IL-15) is a key cytokine mediating the gluten-driven innate immune
response in the intestinal mucosa. It binds to its high-affinity receptor, IL-15Ra,
which is structurally related to the IL-2 receptor. The interaction between 1L-15
and IL-15Ra occurs before the receptor is expressed on the cell surface and is
essential for the cytokine’s biological function. In celiac disease, IL-15 is over-
expressed by intestinal epithelial cells in response to gluten exposure, as well as
by macrophages, dendritic cells (DCs), and other mononuclear cells in the lamina
propria. This overexpression of IL-15 contributes to IEL reprogramming, upreg-
ulation of MICA stress ligands on enterocytes, and activation of DCs. It also
encourages the production of IL-21 another cytokine that plays a crucial role in
the development of CD. Gliadin peptides can trigger the release of IL-15 from the
intestinal lining in both individuals with and without celiac disease however, only
those with celiac disease show increased levels of IL-15Ra expression which might

reduce their activation threshold and increase their sensitivity to IL-15 [73].

Research in genetics has identified a link between the IL2/IL21 gene region and
the risk of developing celiac disease, highlighting the essential role of IL-21 in both
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the onset and continuation of the disease. Elevated IL-21 expression has been ob-
served in intestinal biopsies from patients with active CD, with its production
localized to lymphocytes in both the epithelium and lamina propria. IL-21 fre-
quently coexists with IFN-y and can also be secreted by natural killer T (NKT)
cells. Induced by IL-15, IL-21 contributes to the maintenance of mucosal inflam-
mation by disrupting immune regulatory mechanisms. Although IL-21 is primarily
produced by Th17 cells, other Thl7-associated cytokines generally do not show
significant upregulation in most CD patients, except in a subset of adults. 1L-15
and IL-21 can act synergistically through multiple signaling pathways to enhance
the resistance of CD4™ T cells to suppression by regulatory T cells (Tregs) within
the intestinal mucosa.IL-15 interferes with anti-inflammatory signaling pathways,
including TGF-£1/Smad3 and PI3K, thereby sustaining inflammation, while the

exact mechanisms of IL-21 remain under investigation [73] [74].

Moreover, IL-15 has been implicated in the pathogenesis of refractory celiac dis-
ease (RCD) and enteropathy-associated T-cell lymphoma (EATL). By promoting
the proliferation and survival of cytotoxic intraepithelial lymphocytes (IELs), I1-
15 contributes to their resistance to apoptosis and facilitates progression toward

lymphomagenesis [74].

2.12 Gut Microbiota

There is a general awareness that an imbalance in gut microbiota is a very im-
portant factor influencing the intestinal environment in celiac disease patients.
Ongoing imbalance has also been observed in the intestinal environment of CD
patients in whom a gluten-free diet is practiced meticulously, which provides a
clear indication that intestinal imbalance in microbes may be associated with
chronic intestinal symptoms in CD patients [33]. The altered microbial environ-
ment in CD is very significant in the regulation of immunity across these patients.
Microbes in CD influence immune reactions, inflammation, or allergic reactions
in this manner. Some microbes were observed to ensure increased immune acti-

vation. Moreover, probiotics possess protective and anti-inflammatory properties.
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Microbiota in the intestinal region prime/introduce intestinal immune cells mostly
to Toll-like receptors (TLRs), which results in the release of antimicrobial peptides
or chemokines that modulate local immunity in these regions. Some deleterious
microbes like P. aeruginosa were observed to enhance immunogenicity of gluten
by processing its peptides with enzymes. However, probiotics in CD work to
counter this mechanism by degrading immunogenic peptides of gluten and pre-
venting T-cell activation in immunity response. This clearly demonstrates that
gut microbiota has very complex functions in modulating gluten’s immunogenic-

ity in intestinal[70].

After the gut microbiota is established shortly after birth, its composition and
stability are influenced by various external influences. Studies have shown that the
timing of gluten introduction during infancy represents a critical turning point in
determining the risk of CD. The ESPGHAN recommends avoiding too-early or too-
late gluten introduction before 4 and after 7 months of age during breastfeeding.
Instead, this should take place during a window period moderately and gradually
to promote mucosal immune tolerance. Other factors besides the timing of gluten
exposure that have been claimed to influence microbiota development are the type
of infant feeding, delivery method, early infections, and antibiotic use. Microbial
imbalances have been consistently noticed in the oral cavity, intestinal tract, and
feces in several studies conducted on CD patients. Interestingly, though a GFD is
essential for the treatment of CD, most studies report that the complete restoration
of gut microbiota after the treatment rarely occurs. According to Marasco et
al. (2016), unintentionally, a GFD might reduce the intake of polysaccharides,
which are the main energy source for gut microbes, hence keeping dysbiosis. This
suggests that without dietary gluten, gut microbiota composition in CD patients

may remain altered in the long term[76].

2.13 Signs and Symptoms

Celiac disease is often missed when the symptoms of the disease are nonspecific.

Earlier, the disease was known for malabsorption problems in children. More
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recently, though, a pattern of more subtle or atypical symptoms presenting in
multiple systems in people of all ages has been recognized. While symptoms of
the gastrointestinal type, including diarrhea, abdominal pain, bloating, and gas,
have not decreased in frequency, most people experience only mild symptoms or
no symptoms at all. Advances in diagnostic tools and greater familiarity with the
disease on the part of physicians have made it possible to recognize the conditions

of a more nonspecific presentation [54].

Many symptoms of CD extend beyond the intestines, illustrating the wide-ranging
immunological effects of the disease. Dermatitis herpetiformis is a well-recognized
extraintestinal symptom that affects up to 10% of adult patients and is character-
ized by intensely pruritic vesicular rashes located on the elbows, knees, buttocks,
and scalp among other areas [55]. Other extraintestinal symptoms include arthral-
gias or joint inflammation, neurological problems such as peripheral neuropathy,
and hematological problems such as anemia, all of which make the diagnosis more
difficult. Due to the broad range of clinical presentations and lack of familiarity
among health care providers, these conditions have been known to be diagnosed
as long as ten years later in resource-rich nations, and longer when resources are
scarcer [3]. As such, it remains critical to identify both common and uncommon
presentations of CD as early as possible. In addition, asymptomatic CD may be
uncovered through targeted screenings among at-risk populations such as first-
degree relatives of those with the disease and other auto-immune conditions like
type 1 diabetes mellitus. In this regard, it becomes important that asymptomatic
disease be found in such populations for the prevention of long-term illness and

improvement in overall quality of life [77] [78].

2.14 Diagnosis

2.14.1 Histopathological Analysis

The mucosal damage in celiac disease typically takes years to develop; indeed,

pronounced villous atrophy is observed in most cases. The classical histological
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changes have long been categorized using grouped systems, but these systems have
demonstrated poor reproducibility, even in cases that are defined as borderlines
by these criteria. Indeed, an accurate assessment can be achieved by sophisticated
morphometric analysis; this assessment measures villus height to crypt depth ra-

tios and numbers of intraepithelial lymphocytes in each case individually [37].

2.14.2 Intestinal Biopsy

CD can only be properly diagnosed by histological proof of involvement, demon-
strating by biopsy the features of intraepithelial lymphocytosis, T cells, and plasma
cells infiltrating the lamina propria, villous atrophy, and crypt hyperplasia. The
classification described by Marsh et al. has widely been adopted to grade these
lesions. Though previous criteria required at least partial villous atrophy (Marsh
3A), it has recently become accepted that lesions of Marsh 1 indicative of active
disease could correctly be identified when assessed in the context of clinical and

serological criteria [54] [3] [34].

Biopsy of the duodenum, usually carried out by gastrodudenoscopy, represents
the gold standard. However, sampling errors may occur due to the patchy lesions;
therefore, it is essential to obtain at least four properly oriented biopsy samples.
Biopsy interpretation represents an important aspect, given that similar villous
lesions may be caused by other underlying processes, such as infections, drugs, or

autoimmune enteropathy.

Though immunohistological studies of v T-cell expression may add to enhanced
sensitivity, it is rarely done. Villous atrophy signifies the advanced stage of mucosal
damage, but the pathogenesis of CD often starts years before these morphological
changes are evident. Patients with positive CD-specific antibodies but normal
histology are considered to have potential CD, and their management, whether
through observation or a gluten-free diet, depends on the severity of symptoms
and clinical context. Since lesions can be localized, especially in the duodenal
bulb the biopsy site and specimen quality are vital. Misinterpretation can occur

due to poor orientation or the inclusion of Brunner’s glands. Therefore, obtaining
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high-quality, well-processed samples is crucial for dependable histopathological

assessment [79].

2.14.3 Serological and Other Biomarker Candidates

Serological testing is the initial step in diagnosing CD. Initially, antibody tests fo-
cused on reticulin (ARA), endomysium (EmA), and gliadin (AGA) using indirect
immunofluorescence, which was labor-intensive. After tissue transglutaminase 2
(TG2) was identified as the main autoantigen, more standardized and objective
serological tests were created. These TG2-based tests are now the preferred diag-
nostic method, though their specificity can be lower than EmA tests, especially in
those with other autoimmune diseases. Research indicates that serum antibodies
in CD patients recognize specific conformational TG2 epitopes not targeted by
antibodies from people with other autoimmune conditions. Another significant
advancement in CD diagnosis is detecting antibodies against deamidated gliadin
peptides (DGP). However, its accuracy may be affected in individuals with se-
lective IgA deficiency. To address this, newer POC tests measuring combined
IgA and IgG antibodies to DGP have been developed and are recommended for
professional use [80] [81].

Recent research has uncovered new potential biomarkers. One such candidate is
intestinal fatty acid-binding protein (I-FABP), which is quickly released into the
bloodstream after mucosal damage and can signal harm to the intestinal lining.
However, increased levels of [-FABP may also be present in other inflammatory
bowel conditions like Crohn’s disease. Another promising marker is related to cy-
tochrome P450 3A4 (CYP3A4) activity, an enzyme predominantly found in villous
epithelial cells but significantly diminished in cases of villous atrophy. As a result,
individuals with active CD might show elevated systemic levels of orally taken
simvastatin due to decreased metabolism by CYP3A4. Additionally, the combi-
nation of gut microbiota profiling and microRNA (miRNA) signatures is being
investigated as future biomarkers, though research is ongoing to pinpoint the spe-

cific miRNAs involved. Currently, the combination of serological testing and small
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intestinal biopsy is the diagnostic gold standard for CD. Among serological tests,
EmA and TG2 antibody (TG2-Ab) assays offer the highest sensitivity (90-100%)
and nearly perfect specificity. Although EmA testing is the reference method,
it is labor-intensive and subjective, whereas enzyme-linked immunosorbent assay
(ELISA) and radiobinding assays for TG2-Ab provide automated, reproducible
alternatives. However, the performance of these assays can vary based on the

conformation and quality of the TG2 antigen used [82].

First-generation anti-gliadin antibody tests are no longer advised due to their
lack of accuracy. Contemporary tests that focus on DGP-specific antibodies can
identify CD cases that TG2 or EmA assays might miss, although they are not yet
commonly used in clinical practice. For patients with selective IgA deficiency, IgG-
based antibody tests are the preferred option. It is crucial to recognize that around
10% of CD patients do not show serological markers, making a biopsy-based di-
agnosis necessary. In these instances, histological improvement after adopting a
gluten-free diet confirms the diagnosis. Rapid POC tests for detecting anti-DGP
and TG2-Abs have shown promise for use in the field, especially in areas with
limited laboratory infrastructure, but further validation studies are needed before

they can be widely adopted [83].

2.14.4 Antibody Detection

Detecting antibodies through serological methods remains crucial for diagnosing
CD. Patients with untreated CD often show increased levels of IgA and IgG anti-
bodies against gluten and TG2, which decrease once a gluten-free diet is started. In
the past, the endomysial antibody (EmA) test was conducted using immunoflu-
orescence but it has mostly been replaced by ELISA-based assays that target
recombinant TG2, providing enhanced accuracy and automation. IgA antibodies
are more specific than IgG, so IgG tests are mainly beneficial for patients with IgA
deficiency, a condition more common in those with CD. Some individuals who are
HLA-DQ2 or HLA-DQS positive produce anti-TG2 antibodies and show gluten-

related symptoms even without clear mucosal changes leading to discussions about
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whether biopsy should continue to be the definitive diagnostic method. TG2 di-
rectly contributes to CD pathogenesis by deamidating gluten peptides, increasing
their binding affinity to HLA-DQ2/DQ8 molecules and enhancing T-cell recog-
nition. Deamidated gliadin peptide (DGP) antibody tests demonstrate similar
specificity and sensitivity to TG2 assays, and combining both slightly improves
detection rates. Innovative diagnostic techniques include (1) rapid blood-based
POC TG2 tests, (2) detection of mucosal IgA-TG2 deposits, and (3) ex vivo gluten
challenge assays that measure IgA-TG2 secretion by intestinal B cells though the

latter are not yet widely adopted in clinical practice [84].

2.14.5 Detection of Gluten-Specific T Cells After Gluten

Challenge

Diagnosing CD in patients already on a gluten-free diet can be difficult since serol-
ogy and histology normalize upon dietary restriction. Traditionally, diagnosis re-
quires a prolonged gluten challenge, but recent studies suggest that a short-term
(3-day) gluten challenge can elicit detectable gluten-specific T cells in peripheral
blood, identifiable using ELISPOT or HLA-DQ2-gliadin tetramer staining. These
methods offer promise for future diagnostic use but require further clinical valida-

tion [82].

2.14.6 HLA Typing

More than 95% of CD patients carry HLA-DQ2.5 (DQA105 / DQB102), while
most others possess HLA-DQS8. A minority may express variants such as DQ2.2
(DQA10201 / DQB102) or DQ7 (DQA105 / DQB10301). The absence of DQB1*02
effectively rules out CD, making HLA typing a valuable exclusion tool. However,
since HLA-DQ2 and DQS8 alleles are also common in the general population, their

presence alone does not confirm disease but rather indicates genetic susceptibility

[85).
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2.15 Additional Diagnostic Tools

In some diagnostically uncertain situations such as patients who are seronegative
or exhibit mild villous abnormalities non-traditional investigative methods are

often required for accurate identification of celiac disease.

HLA typing serves as an important exclusion test, since individuals who do not
carry HLA-DQ2 or HLA-DQS alleles have an extremely low likelihood of develop-

ing the disease.

Evaluating the inflammatory cell population within small intestinal tissue can
also support diagnosis. Although an increase in CD3" intraepithelial lympho-
cytes (IELs) alone is not specific to celiac disease, quantifying their distribution
particularly the presence of v0" IELs concentrated at villous tips can provide

valuable diagnostic insight in borderline cases [86] [79] [3].

Detection of tissue transglutaminase-2 specific IgA deposits in frozen intestinal
biopsy samples further strengthens diagnostic accuracy, especially in ambiguous
presentations. Moreover, detecting circulating gluten-reactive T cells presents
a possible diagnostic method for those who have already decreased their gluten

consumption.

A brief three-day gluten challenge can activate these memory T cells, which can

then be identified using IFN-v ELISPOT assays.

Although this test demonstrates high specificity its sensitivity is still limited. Al-
ternatively, flow cytometric detection with HLA-DQ gluten tetramers enables the
identification of gluten-specific T cells with high accuracy, regardless of the pa-

tient’s adherence to a gluten-free diet.

At present, HLA typing, immunohistochemical evaluation of IEL subsets, and
occasionally the detection of intestinal IgA deposits remain the primary supple-

mentary tools used outside of research environments [84].
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2.16 Non-Celiac Gluten Sensitivity

The symptoms of celiac disease are frequently vague and can resemble those of
conditions like irritable bowel syndrome or cereal allergies. Notably, many people
find relief from symptoms by removing wheat from their diet, even if they haven’t
been diagnosed with celiac disease. Controlled studies have shown that some
of these individuals have non-celiac gluten sensitivity where gluten consumption
causes symptoms without autoimmune or allergic reactions. According to epi-
demiological studies, non-celiac gluten sensitivity affects approximately 2-5% of

people making it more common than celiac disease.

At present, there is no specific biomarker for NCGS so diagnosing it requires a
comprehensive exclusion of celiac disease and wheat allergy. Typically, patients
exhibit normal intestinal histology and test negative for antibodies specific to
celiac disease. Diagnosis is confirmed through a double-blind gluten challenge to
verify that symptoms are indeed related to gluten consumption a procedure that is
both time-consuming and complex. Recent studies also propose that other wheat
components, like fructans, might contribute to symptom development suggesting

that gluten might not be the sole cause [87].

2.17 Treatment

2.17.1 Gluten-Free Diet and Nutritional Management

The only established treatment for celiac disease is a lifelong adherence to a strict
gluten-free diet, which requires the complete elimination of wheat, barley, rye
and their derivatives [50]. Most people experience improvement in a few weeks
to months after beginning the diet. The effectiveness of dietotherapy largely de-
pends on education and ongoing dietary counseling. Patients with celiac disease
are encouraged to avoid foods that contain gluten, such as bread and pasta, or pro-
cessed meats and even certain medications or supplements. The problem of cross-

contamination in common kitchens can become a serious issue and may arise due
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to the use of common cooking utensils, toasters, or contaminated cutting boards
[87] [88]. Patients with celiac disease may experience nutritional deficiencies due
to malabsorption for an extended period after being newly diagnosed with celiac
disease. The common deficiencies include iron, folic acid, vitamin B12, vitamin
D, calcium, zinc, and fat-soluble vitamins such as A, E, and K. It is important to
note that there is a high need for nutritional assessment and supplements during
the early treatment phases. Weight and blood level monitoring is crucial for long-
term health stability. For children with celiac disease, a gluten-free diet can aid
in growth and development, and for those with this condition who mature into
adults with this disease, the diet can decrease the potential complications thereof,
which include osteoporosis, infertility, or intestinal cancer. Therefore, in patients

with celiac disease, a gluten-free diet acts both therapeutically and preventively.

2.17.2 Monitoring and Refractory Celiac Disease

Long-term management of celiac disease extends beyond merely eliminating gluten
from one’s diet it also necessitates regular follow-up assessments to evaluate disease
control and patient adherence. Clinical evaluations, along with serological tests
like anti-tissue transglutaminase and anti-endomysial antibodies are useful for as-
sessing dietary compliance and mucosal healing. Typically, antibody levels decline
after several months of strict adherence, but persistently elevated antibodies or
recurring symptoms may suggest ongoing gluten exposure or the development of
complications [91] [53]. Even when patients strictly adhere to a gluten-free diet
some may still experience symptoms. In such cases, it is crucial to explore other
possible causes, such as lactose intolerance, small intestinal bacterial overgrowth,
microscopic colitis or irritable bowel syndrome. A small subset of patients may
develop refractory celiac disease a severe condition characterized by persistent vil-
lous atrophy and malabsorption despite following the diet for at least 12 months.
RCD is divided into Type I and Type II based on the immunophenotype of in-
traepithelial lymphocytes. Type I RCD features a normal IEL phenotype while

Type II involves clonal or abnormal IELs and has a higher risk of progressing to
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enteropathy-associated T-cell lymphoma a rare but severe complication. Manag-
ing RCD is intricate and necessitates expert care, frequently involving the use of
corticosteroids such as budesonide or prednisone to alleviate inflammation and
relieve symptoms. In more persistent cases, immunosuppressive drugs like aza-
thioprine, cyclosporine, or cladribine may be utilized to control abnormal immune
reactions. Supportive therapies, including nutritional supplements, parenteral nu-
trition, or enteral feeding, might be essential to avert severe malnutrition and
promote intestinal recovery. Consistent monitoring through histological evalua-
tions, imaging, and serological markers is vital to identify complications early and

maintain ongoing remission [53].

2.17.3 Emerging and Experimental Therapies

While a gluten-free diet is recognized for its considerable health advantages, strictly
following it can lead to social and financial challenges. As a result, scientists are
investigating alternative or complementary treatments to either improve or even-
tually replace the gluten-free diet as the main therapy. Recent advancements in
understanding the molecular mechanisms of gluten-induced autoimmunity have
identified new therapeutic targets at different stages of disease progression. One
promising strategy is oral enzyme therapy, which seeks to break down gluten
peptides into non-immunogenic fragments before they can initiate an immune re-
sponse. For instance, ALV003 (latiglutenase), a combination of glutamine-specific
cysteine protease (EP-B2) and proline-specific endoprotease, has proven effective
in degrading gluten peptides in the stomach. Similarly, a prolyl endoprotease from
Aspergillus niger has shown gastric activity that enhances gluten digestion. These
enzyme therapies are currently in phase II and III clinical trials and may serve
as protective measures against accidental gluten exposure [92]. Another poten-
tial therapeutic strategy involves strengthening the intestinal epithelial barrier,
which is compromised in celiac disease. Researchers are evaluating the zonulin in-
hibitor AT1001 (larazotide acetate) for its ability to reduce intestinal permeability,
thereby limiting the movement of gluten peptides and subsequent inflammation.

Other approaches include tissue transglutaminase (T'G2) inhibitors, which prevent



Literature Review 47

gluten deamidation and its presentation by HLA-DQ2/DQ8 molecules. Moreover,
the development of HLA-blocking agents and peptide-based vaccines aims at im-

mune tolerance-by selective desensitization of gluten-reactive T cells.

Researchers are also working on gene modification and plant breeding for wheat
varieties that do not express harmful gluten peptides. This would likely provide
a long-term preventive approach against the disease; however, the approach is

practically burdened by the extensive complexity of gluten genes.

Other investigational treatments include helminth (hookworm) therapy aimed at

changing gut immune responses and dampening gluten hypersensitivity.

Finally, biologic treatments, including monoclonal antibodies targeting cytokines
like I1-15, are in development for treatment-resistant celiac disease and may be
used for uncomplicated disease in the future. Overall, these novel therapeutic
approaches constitute a step toward comprehensive management of the disease,
offering new possibilities both for patients with poor dietary adherence and for

those with severe TRCD [93].

2.17.4 Novel Therapeutic Approaches

To ensure precision in chromosomal positioning, reference and alternate alleles
and the related gene or intergenic region each SNP was validated using databases
such as dbSNP and Ensembl. The final dataset included only human SNPs with
verified genomic information and strong evidence linking them to celiac disease

for further analysis.

Additionally peptide-based vaccines designed to induce immune tolerance against
dominant gluten epitopes are in development. These vaccines aim to desensitize
the immune system reducing its pathogenic response to gluten exposure.Other
experimental therapies include controlled hookworm infections hypothesized to
shift local immune balance toward tolerance and cytokine-targeted treatments.

Among these, anti-IL-15 therapy has shown particular promise for refractory celiac
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disease with the potential for broader application in uncomplicated cases if proven

safe and effective [95] [96].

2.18 Recent Studies on Celiac Disease using Bio-

informatics

Recent population-based and genomic studies confirm that celiac disease (CeD)
risk extends beyond classical HLA-DQ2/DQ8 alleles, with polygenic models cap-
turing substantial variation and robustly stratifying risk in both diagnosed and
screen-detected cases, implying comparable genetic architectures and a major in-
fluence of non-genetic modifiers [97] [98]. Modern polygenic risk score (PRS)
workflows built on PLINK-based quality control, GWAS summary statistics, and
LD-aware algorithms such as LDpred2, PRS-CS, and SBayesR are increasingly
applied to large cohorts to quantify genetic liability and assess cross-population
portability [99] [100]. Complementary HLA analyses have progressed from classi-
cal imputation frameworks (HIBAG, SNP2HLA) to high-resolution allele calling
from whole-exome and whole-genome sequencing, improving precision for diverse
populations and enabling dissection of non-HLA immune loci that interact with

HLA risk [101] [102].

Concurrently, high-throughput and single-cell technologies coupled with advanced
bioinformatic pipelines have refined mechanistic insight into CeD pathogenesis.
Single-cell RNA-seq, single-cell TCR-seq, and spatial transcriptomics analyzed
using tools such as Seurat, Scanpy, and Cell Ranger now map immune-epithelial
niches and disease-specific T-cell clonotypes, while integrative bulk RNA-seq,
ATAC-seq, eQTL/TWAS, and proteomic analyses reveal regulatory effects of non-
HLA loci [103]. Microbiome studies using 16S and shotgun metagenomics, func-
tional profiling, and metabolomics continue to uncover microbial contributions to
CeD expression, immune modulation, and variable response to a gluten-free diet
[104]. Machine-learning and deep-learning models including random forests, gradi-

ent boosting, and convolutional neural networks are increasingly applied for early
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prediction, PRS refinement, and automated histopathological diagnosis, while net-
work and pathway analyses enable prioritization of therapeutic targets and inter-

pretation of multi-omic data.

Although numerous studies have characterized the HLA contribution, my work
focuses on non-HLA factors because they remain comparatively underexplored yet
hold promise for revealing novel regulatory variants influencing immune tolerance,
intestinal homeostasis, and gluten-driven inflammation offering opportunities for
precision diagnostics and new therapeutic interventions beyond the canonical HLA

pathways [97] [104].
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Methodology

3.1 Identification of Celiac Disease - Associated

SNPs

The study focused on identifying genes and single nucleotide polymorphisms as-
sociated with celiac disease. Genes linked to celiac diseases were collected from

publicly available databases and previously published genome-wide association

studies (GWAS).

These genes were selected based on their known roles in immune regulation, in-
testinal barrier function, and inflammatory responseSNPs linked to celiac disease

were sourced from GWAS data and scientific publications.

To ensure precision in chromosomal positioning, reference and alternate alleles,
and the related gene or intergenic region each SNP was validated using databases
such as dbSNP and Ensembl. The final dataset included only human SNPs with
verified genomic information and strong evidence linking them to celiac disease

for further analysis.

20
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3.2 Identification and Analysis of Celiac Disease

Associated SNPs

After defining the gene set, single nucleotide polymorphisms SNPs associated with
these genes were identified using genomic databases such as dbSNP and HaploReg
v4.2. Each variant was examined to determine its chromosomal position, reference
and alternative alleles and whether it was located in a coding, intronic or intergenic
region. The information was further corroborated by consulting existing literature
and the UCSC Genome Browser. For each SNP the corresponding amino acid
sequence was retrieved to facilitate later functional analysis and prediction of
variant impacts although specific sequence findings were elaborated in the results

section.

3.3 Prediction of Potential Deleterious SNPs

The identified SNPs were then evaluated for their potential detrimental effects
using computational prediction tools such as SIFT, PolyPhen-2, MutationTaster
and the Likelihood Ratio Test . These algorithms assess the probability that a
particular amino acid substitution or nucleotide change affects protein function
by analyzing sequence conservation, physicochemical properties and evolutionary
context. SNPs classified as damaging or possibly damaging by multiple tools were

prioritized for further investigation.

3.4 Functional Analysis of Celiac Disease Asso-

ciated SNPs

To better comprehend their biological importance a functional analysis was per-

formed on the selected SNPs. Each variant was annotated according to its genomic
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position, whether exonic, intronic or intergenic and evaluated for possible regula-
tory roles such as transcription factor binding or enhancer activity. RegulomeDB
and HaploReg were utilized to assess the regulatory potential by incorporating
data on epigenetic marks, DNase hypersensitivity sites and histone modifications.
This approach provided insights into how non-coding variants might affect gene

expression changes linked to celiac disease.

3.5 Structural Stability Analysis of Protein Vari-

ants

In addition to functional annotation, an examination of nonsynonymous SNPs
nsSNPs was performed to evaluate their impact on protein structural stability.
The tools I-Mutant 3.0 and SNPs3D were employed to assess the variations in
Gibbs free energy AAG between the wild-type and mutant proteins. A negative
ANAG value indicated reduced stability suggesting that the amino acid substitu-
tion could destabilize the protein and impair its normal function. This structural
stability analysis was crucial in identifying the SNPs most likely to cause detri-

mental conformational changes in proteins linked to diseases.
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3.6 Pathway Enrichment Analysis

To explore the overall biological significance of the identified genes, a pathway
enrichment analysis was conducted using Enrichr. The pathways enriched among
genes with detrimental SNPs were pinpointed using the Kyoto Encyclopedia of
Genes and Genomes (KEGG) and Reactome databases. This analysis aimed to
determine if these genes were clustered within particular biological pathways par-
ticularly those associated with immune signaling cytokine activity or apoptosis

processes which are frequently dysregulated in celiac disease.

3.7 Protein-Protein Interaction Network Analy-

Sis

The final phase involved examining the protein protein interaction network to re-
veal potential molecular interactions among proteins encoded by the chosen genes.
Utilizing the STRING database an interaction network was constructed with a
minimum confidence score of 0.7 to ensure its dependability. This visualization
of the network allowed for the identification of key hub proteins and functional
modules that might play a significant role in disease progression. This comprehen-
sive systems biology approach provided an in-depth understanding of how genetic

variants collectively influence molecular and cellular processes in celiac disease.
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Results

4.1 Identification of Celiac Disease - Associated

Genes

A comprehensive compilation of genes associated with celiac disease was created
by examining literature and exploring databases. Genes previously recognized
for their roles in immune response, intestinal barrier regulation and inflammation
were gathered from genome-wide association studies and academic publications.
To verify these genes and their functional significance, resources such as the GWAS
Catalog, UCSC Genome Browser and HaploReg v4.2 were employed. As a result a
group of genes related to immunity and signaling including 112, SOCS1, UBE2L3,
PFKFB3, DAD1, PKIA, ABCC9 and KCNK10 was identified for further single
nucleotide polymorphism SNP analysis.

TABLE 4.1: List of SNPs associated with celiac disease from HaploReg v4.2
and UCSC Genome browser.

rsID Position Gene Ref/Alt Region
rs117128341  chr8:79449773 PKIA G/A Intronic
rs73687528 chr8:79430748 PKIA A/G Intronic
rs79215674 chr8:79479883 PKIA c/T Intronic
rs74450608 chr8:79587012 IL7 T/C Intronic
rs79374792 chr8:79590478 IL7 G/A Intronic

o4
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Table 4.1 continued from previous page

rsID Position Gene Ref/Alt Region
rs117139146  chr10:6200555 PFKFB3 c/T Intronic
rs17810546 chr3:159665049  I112A /SCHIP1 A/G Intergenic
rs183665868  chrl8:8103224 PTPRM G/A Intronic
rs189838725  chr2:216021219  ATIC G/T Intergenic
rs192900921  chr6:40402691 LRFN2 G/A Intronic
rs32723 chr5:3451905 LINC01019 T/G Intronic
rs32726 chr5:3452577 LINCO01019 T/C Intronic
rs32727 chr5:3452885 LINC01019 G/C Intronic
rs3748816 chr1:2526745 MMEL1 A/G Missense
rsb76626084  chr2:54974118 EML6 C/G Intergenic
rs761616279  chrl2:22005548  ABCCY T/C Intergenic
rs769377780  chrl4:88777583  KCNK10 C/T Intergenic
rs5979785 chrX:12971523 TLR7 c/T Intergenic
rs653178 chr12:112007755 SH2B3 c/T Intronic
rs13010713 chr2:181996044 ITGA4 A/G Intergenic
rs13151961 chr4:123115501  IL2 A/G Intronic
rs11712165 chr3:119118795  CDS80 T/G Intronic
rs10936599 chr3:169492100 MYNN C/T Synonymous
rs13098911 chr3:46235200 CCR1,CCR3 C/T Intergenic
rs17810546 chr3:159665049  I112A/SCHIP1 A/G Intergenic
rs2327832 chr6:137973067  OLIG3 A/G Intergenic
152298428 chr22:21982891  UBE2L3 c/T Missense
rs3184504 chr12:111884607 SH2B3 T/C Missense
rs76830965 chr3:159637677  IL12A/SCHIP1 C/A Intergenic
rs7616215 chr3:46205685 CCR1,CCR3 c/T Intergenic
rs17264332 chr6:138005514  OLIG3 A/G Intergenic
rs243323 chr16:11361201  SOCS1 A/G Intergenic
rs13132308 chr4:123551113  IL2 A/G Intergenic
rs990171 chr2:103086769  IL18R1, ILISRAP A/C Intergenic
rsb51170288  chr2:60664485 MIR4432HG, BCL11A C/G Intergenic
rs780153546  chr14:22910739  LOC105370401, DAD1 C/A Intergenic
rs137888770  chr15:46555534  LOC105370802, SEMAGD G/A Intergenic
rs1002929661 chrl5:55560198  RAB27A c/T Intergenic
rs894868996  chrl5:55868822 PYGO1 G/A Intergenic
rs945505625  chrl7:60075777  MED13 T/C Intergenic
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4.2 Identification and Analysis of Celiac Disease

Associated SNPs

Following the identification of the genes, SNPs linked to the selected genes associ-
ated with celiac disease were collected through a combination of literature based
evidence and bioinformatics databases. The literature review ensured the inclusion
of variants already acknowledged as clinically or functionally important, while ad-
ditional variants were obtained from databases such as HaploReg v4.2 and dbSNP
to ensure a comprehensive and current collection. This thorough approach allowed
for the inclusion of both experimentally validated and computationally predicted
variants. A total of 41 SNPs were identified across various genes. Each SNP was
associated with its chromosome, genomic region, and corresponding allele variants.
Most were located in intronic or intergenic regions, suggesting potential regulatory
roles rather than direct coding changes. A smaller subset of variants, including
rs3748816 MMEL1, rs2298428 UBE2L3 and rs3184504 SH2B3 were found within
exonic or missense regions, indicating possible structural impacts. Table 4.1 pro-
vides the complete dataset of these SNPs including chromosomal coordinates, gene
associations and variant types, offering an overview of the genomic architecture of
the analyzed variants and serving as a foundation for further functional, structural

and pathway-based evaluations.

RegulomeDB-based graphical view of SNP effects on transcription factor bind-
ing and chromatin accessibility. SNPs (k) rs243323 (1f) and (ke) rs11712165, (g)
rs13098911, (ij) rs2298428, (jl) rs3184504 (3a) show the highest regulatory po-
tential while (bj) rs32726, (de) rs13151961 and (lo) rs13132308 (6) exhibit the

weakest evidence.
4.3 Prediction of Potential Deleterious SNPs

To predict the functional importance of the identified SNPs, multiple in-silico
tools were used. RegulomeDB and RegPotential scoring revealed several vari-

ants with high regulatory potential. SNPs with low RegulomeDB scores (1f-3a)
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demonstrated strong evidence of transcription factor binding or enhancer activity.
Notably, rs243323 SOCS1, rs11712165 CD80, rs13098911 CCR1/CCR3 rs2298428
UBE2L3 and rs3184504 SH2B3 were predicted to play key regulatory roles. Regu-
latory potential and conservation metrics are detailed in Table 4.2, with Figure 7
illustrating the graphical effects of SNPs on transcription factor binding and chro-
matin accessibility. These results reveal that specific variants likely affect gene
expression by modifying promoter accessibility and transcriptional regulation in

immune related genes.

TABLE 4.2: Functional analysis of celiac disease associated SNPs

Sr. SNP ID RegPotential* Conservation** Regulome DB Score***
1 rs117128341 - - No Data
2 rs73687528 - - No Data
3 rs79215674 - - No Data
4 rs74450608 - - No Data
5 rs79374792 - - 6

6 rs117139146 - - No Data
7 rs17810546 0 0 4

8 rs183665868 - - No Data
9 rs189838725 - - No Data
10 1rs192900921 - - 5

11 1rs32723 0.001756 0 5

12 rs32726 0 0 6

13 1s32727 0 0 No Data
14 rs3748816 0.206919 0 4

15 1s576626084 - - -

16 rs761616279 - - -

17 rs769377780 - - -

18  1rs5979785 0 0 No Data
19 1rs653178 0 0 5

20 rs13010713 0 0 5

21 rs13151961 0 0.001 6

22 1811712165 0.049487 0.847 3a

23 1rs10936599 0.272578 1 5

24 1s13098911 NA 0.001 3a

25 rs17810546 - - 4

26 1rs2327832 0 0.066 6
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Table 4.2 continued from previous page
Sr. SNP ID RegPotential* Conservation** Regulome DB Score***
27  rs2298428 0.366729 1 4
28  rs3184504 0.287954 0.005 3a
29  1s76830965 - - 5
30 rs7616215 NA 0 4
31 rs17264332 0 0 6
32 1s243323 0 0.086 1f
33 1s13132308 0 0.02 6
34 18990171 NA 0.199 5
35 18551170288 - - -
36  rs780153546 - - -
37 rs137888770 - - 6
38  1s1002929661 - - -
39  rs894868996 - - -
40 15945505625 - - -
41 rs117128341 - - No Data
4.4 Functional Analysis of Possibly Deleterious

SNPs

Functional characterization revealed variants influence celiac disease. Variants

impacted critical pathways including cytokine signaling, apoptosis and immune

regulation.

Regulatory SNPs modulate transcription factor activity while coding variants

likely impair protein function or signaling. Table 4.3 details significant SNPs

with their predicted structural /regulatory impacts.

rs243323 displayed both strong regulatory effects and modest destabilization AAG
= -1.04 while rs192900921 (LRFN2) represented the most destabilizing variant
ANG = -5.22.
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TABLE 4.3: Summary of high impact SNPs associated with celiac disease

SNP ID Gene Region DB AAG Functional Predicted Impact
Score Category
rs 243323 SOCS1  Intergenic 1f -1.04 Regulatory /  Highest regulatory potential;
Structural may influence TF binding and

immune-gene regulation

rs 11712165 CD80 Intronic 3a -0.63 Regulatory Moderate enhancer activity;
possible effect on T-cell co-
stimulation

rs 13098911 CCR1 Intergenic 3a -0.33 Regulatory May alter promoter accessibil-

/ ity in immune-cell loci
CCR3
rs 2298428 UBE2L3 Missense 4 -1.12 Structural / Deleterious coding variant; po-
Regulatory tential effect on ubiquitin-

pathway signaling

rs 3184504 SH2B3  Missense 3a 1.11 Regulatory Reported autoimmune-risk
variant; alters cytokine signal-
ing

rs 192900921 LRFN2  Intronic 5 -5.22 Structural Strongly destabilizing; may
disrupt protein folding

rs 769377780 KCNKI10 Intergenic 5 -3.46 Structural Predicted to decrease protein
stability; affects ion-channel
regulation

rs 894868996 PYGO1 Intergenic - -1.87 Structural Reduces stability of Wnt-
pathway co-activator

rs 780153546 DAD1 Intergenic - -1.83 Structural Destabilizing variant; may af-
fect apoptosis-related protein

rs 137888770 SEMAG6D Intergenic 6 -1.32 Structural Mild destabilization; may in-
fluence neuronal/immune sig-
naling

rs 551170288 BCL11A Intergenic - -1.44 Structural Slightly destabilizing; may af-
fect transcriptional regulation

rs 13151961 IL2 Intronic 6 -1.04 Structural / Weak regulatory evidence but

Regulatory

minor destabilizing effect on

cytokine structure

4.5 Structural Analysis of Protein Variants Bas-

ed on Stability

I Mutant 3.0 analysis evaluated how amino acid changes affect protein stability.

Several non-synonymous variants showed negative AAG values, indicating confor-

mational destabilization; those with AAG < -1.0 were considered unstable. Table
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4.4 details these predictions.

The most destabilizing substitutions were rs192900921 in LRFN2 AAG = -5.22
rs769377780 in KCNK10 AAG = -3.46 and rs894868996 in PYGO1 AAG =-1.87.

Variants such as rs551170288 BCL11A and rs780153546 DAD1 also displayed sub-
stantial negative energy shifts, implying disrupted folding or degradation vulner-

ability. This evidence links protein destabilization to disease risk.

TABLE 4.4: SNPs involved in destabilizing protein structure.

rsID Position Gene/ Re- Ref/ AA Pos I-MUTANT 3D SNP
gion Alt Score
rs117128341 chr8:79449773 PKIA G/A S/N 59 -1.22 2.38
rs73687528 chr8:79430748 PKIA A/G S/N 59 -1.22 8.69
rs79215674 chr8:79479883 PKIA c/T S/N 59 -1.22 1.55
rs117139146 chr10:6200555 PFKFB3 c/T A/T 115 -1.33 6.24
rs183665868 chr18:8103224 PTPRM G/A A/T 75 -1.08 1.03
rs192900921 chr6:40402691 LRFN2 G/A S/G 68 -5.22 1.7
rs761616279 chr12:22005548 ABCC9 T/C N/D 8 -1.42 2.4
rs769377780 chr14:88777583 KCNK10 c/T T/A 4 -3.46 2.98
rs13151961 chr4:123115501  IL2 A/G T/A 23 -1.04 1.24
rs2298428 chr22:21982891 UBE2L3, c/T K/E 20 -1.12 63.92
YDJC
rs243323 chr16:11361201 SOCS1 A/G V/1 13 -1.04 7.76
rs13132308 chr4:123551113  IL2 A/G T/A 23 -1.04 1.84
rs551170288 chr2:60664485 MIR4432HG C/G A/G 129 -1.44 9.48
BCL11A
rs780153546 chr14:22910739 LOC105370401 C/A I/T 20 -1.83 0.71
DAD1
rs137888770 chr15:46555534 LOC105370802 G/A V/F 3 -1.32 1.12
SEMA6D
rs1002929661  chr15:55560198 RAB27A c/T S/N 56 -1.79 39.91
rs894868996 chr15:55868822 PYGO1 G/A S/A 11 -1.87 5.8
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TABLE 4.5: Genes list from enricher kegg pathway

Gene list

Suppressor of Cytokine Signaling 1 (SOCS1)

Ubiquitin Conjugating Enzyme E2 L3 (UBE2L3)

Interleukin 2 (IL2)

6-Phosphofructose-2-Kinase/Fructose-2,6-Bisphosphate 3 (PFKFB3)
Defender Against Apoptotic Death 1 (DAD1)

ATP Binding Cassette Subfamily C Member 9 (ABCC9)

Protein Tyrosine Phosphate, Receptor Type M )PTPRM)

Potassium Two Pore Domain Channel Subfamily K Member 10 (KCNK10)
Semaphoring 6D (SEMAGD)

Protein Kinase Inhibitor Alpha (PKIA)

4.6 Pathway Enrichment Analysis

Pathway enrichment analysis via Enrichr emphasized major biological networks in-
fluenced by the genes of interest. Using KEGG and Reactome databases, we iden-
tified significant enrichment in immune related pathways notably IL2 signaling and
cytokine cytokine receptor interactions among SNP harboring genes. Reactome
(Figure 8A) and KEGG (Fig 8B) enrichment maps illustrate clusters involving
immune, signaling and apoptotic pathways. Table 4.5 details the enriched KEGG
pathway genes Suppressor of Cytokine Signaling 1, Ubiquitin Conjugating Enzyme
E2 L3, Interleukin 2, 6-Phosphofructo-2-Kinase / Fructose-2,6-Bisphosphatase 3,
Defender Against Apoptotic Death 1, TP Binding Cassette Subfamily C Member
9, Protein Tyrosine Phosphatase, Receptor Type M, Potassium Two Pore Domain
Channel Subfamily K Member 10, Semaphorin 6D

Table: 4.6 provides a comprehensive breakdown of the IL2 signaling pathway fea-
turing cytokine IL2 receptors interleukin receptor 2(alpha,beta and gamma), janus
kinases 1,3 transducers, signal transducer and activator of transcription proteins
(3,5,alpha ,beta) transcription factors and SOCS1 negative regulation. As shown
in Fig 9 this pathway emphasizes ligand-receptor interactions and downstream

mechanisms governing T cell production.
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FIGURE 4.1: a) Reactome pathway from enrichr b) Kegg Pathway from en-
richer.

TABLE 4.6: Genes involved in IL2 signaling pathway identified from enrichment
and KEGG analysis

Functional Role Gene Symbol Description
Cytokine (ligand) 1L.2 Activates proliferation and differentiation of T
cells

Receptor subunits IL2RA, IL2RB, Form the IL2 receptor complex

IL2RG
Signal transducers JAK1, JAK3 Kinases that activate STAT proteins
Transcription factors STAT3, STAT5A, Induce expression of IL2-responsive genes
STAT5B
Negative regulator SOCS1 Feedback inhibitor of IL2-JAK-STAT signal-

ing
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First he KEGG pathway diagram shows key cytokine families and receptor com-
plexes. IL2 highlighted in red binds its receptor subunits Interleukin 2 receptor
subunit alpha, interleukin 2 receptor subunit beta, interleukin 2 receptor subunit
gamma to form the high-affinity IL2 receptor complex initiating downstream im-
mune signaling by the interleukin 2 Janus kinases signal transducer and activator
of transcription proteins pathway that regulates T cell proliferation and immune
responses. Secondly magnified view of the interleukin 2, interleukin 2 receptor
complex illustrating ligand receptor binding within the class one helical cytokine

~ chain family.

4.7 Interaction Network, Chemical Association

Analysis of Protein

Using STRING v12.0 we generated a protein protein interaction network to exam-
ine connections among prioritized genes. As shown in Fig 10 the network reveals
robust interactions within the central cluster of SOCS1, 1L2, DAD1 and UBE2L3
connecting immune signaling to apoptotic regulation. However, the genes on the
periphery includes PFKFB3, KCNK10, PKIA and PTPRM, exhibit limited direct

links but contribute to secondary pathway functions.

UBE2L3

KCNK10

PFKFB3

SEMAGD v
SRS
9
I PTPRM @

FIGURE 4.2: PPI network illustrating interactions among proteins from prior-
itized genes, constructed via the STRING v12.0 database.
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It highlights high-confidence associations score > 0.7 for proteins encoded by dele-
terious SNP-containing genes linked to celiac disease. Proteins are depicted as
nodes, with edges representing functional links supported by experimental and
predictive data. The central cluster formed by SOCS1, IL2, DAD1, and UBE2L3
indicates strong regulatory connectivity within immune and apoptotic pathways,
while peripheral nodes (PFKFB3, KCNK10, ABCC9, PTPRM, SEMAG6D, and
PKIA) suggest gene-specific or indirect involvement in immune regulation and

signaling processes.
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Discussion

In this study, in silico approach was used to examine non-HLA genetic factors in
celiac disease (CD) susceptibility by utilizing literature-based selection of genes
and SNP annotation, functional and regulatory forecasting, structural stability
estimation, pathway enrichment, and protein-protein interaction evaluation. Al-
though HLA-DQ2 and HLA-DQS8 haplotypes are the most powerful inherited de-
terminants of CD, there is growing evidence that non-HLA loci are instrumental
in the regulation of immune dysregulation, heterogeneity of the disease, and clin-
ical expression. This opinion is justified by the current results which prove that
non-HLA risk is mediated by a set of regulatory and structural and network-level
processes that influence immune signaling, epithelial homeostasis, apoptosis, and
metabolic processes. Past genome-wide association investigations have revealed
over 40 non-HLA-linked loci linked to the occurrence of CD, and most of those
changes are in the intronic or intergenic regions, and not within the protein-coding
sequence. This distribution indicates that regulation difference, and not an ex-
plicit change in protein structure, is a significant constituent of non-HLA genetic
vulnerability. In line with this paradigm, the current analysis laid more emphasis
on variants that are enriched with regulatory factors like enhancers, promoters,
and transcription factor binding sites. The loci that were well developed, such
as the IL2IL21 region, SH2B3, CCR family of genes, and UBE2L3, were dupli-
cated and further contextualized in the immune regulatory pathways. The fact
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that a number of the prioritized loci overlap with the ones reported in other au-
toimmune disorders such as type 1 diabetes, rheumatoid arthritis that indicates
the pleiotropy of immune regulatory genes and reinforces the idea of common

pathogenic processes between autoimmune diseases.

The genes that have been given priority in this research paper are going to focus
on biologically consistent pathways at the centre of CD pathophysiology. Cytokine
signaling, activation of T cell, and tolerance(immune). One of the fundamental
functions of core immune regulators, such as IL2, SOCS1, and SH2B3 is to regulate
the JAK-STAT pathway. The disturbance in the functioning of these processes is
a characteristic feature of gluten-mediated inflammation of the intestines. On the
same note, genes in the co-stimulatory signaling and leukocyte recruitment like
CD80 and CCR family members also indicate the significance of aberrant immune
activation and cellular movements into the intestinal mucosa. Notably, the fact
that regulatory forms of the genes influence them most supports the hypothesis
that rather than structural gene disruptions, altered thresholds of gene expression

influence much of the non-HLA genetic risk of CD.

In addition to regulation of immunity, the results also refer to the role of metabolic,
epithelial, and stress-response pathways. PFKFB3, KCNK10, and DAD1 are some
of the genes indicating that metabolic reprogramming, ion transport imbalance,
and apoptosis could be among the causes of epithelial barrier dysfunction and
severity of the disease. These observations are in line with developing evidence
that the pathogenesis of CD cannot be entirely attributed to the immune mecha-
nism, but its occurs because of complex interplay between the immune cells and
intestinal epithelium. A combination of metabolic and epithelial stress pathways
and immune signaling offers more detailed models of disease progression and de-

velopment.

The structural stability analysis determined a wide range of variants that are
predicted to destabilize protein structure, meaning that protein instability and
dysfunctional molecular interactions could be an alternate, although less frequent,
pathway of non-HLA genetic risk. Although these predictions must be interpreted

carefully, since in silico predictions of AAG do not always relate to defective
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functioning in vivo, their occurrence in genes associated with epithelial integrity,
apoptosis and signaling networks could have biological significance. It is interest-
ing to note that the discovery of destabilizing variants in genes which have not
been viewed as inherent CD loci expands the breadth of the genetic contribu-
tors and utilizes the importance of structural analyses in tandem with regulatory

annotation.

The analysis of pathway enrichment and protein-protein interaction further sup-
ported the systems-level of non-HLA genetic risk of CD. The abundance of cy-
tokine signaling and immune interaction pathways is indicative of well-developed
disease pathways, and the crosstalk between immune signaling, ubiquitination,
and metabolic regulation is suggestive of the interrelation of these processes in
chronic intestinal inflammation. The analysis of a central cluster of interactions
between IL2, SOCS1, UBE2L3, and DAD1 confirms the notion that CD is due to
the combined effect of several variants with small individual effects but not because
of the malfunctioning of one gene. More precise fine-tuning of disease susceptibil-
ity and severity may be accomplished by peripheral network components, such as

signaling modulation genes and epithelial activity genes.

The integrative approach used in this study is a strength of the research paper be-
cause it goes beyond the traditional association-related interpretations, where the
other variants are prioritized on the basis of their functional relevance, structural
impact, and network connectivity. However, there are also a number of limitations
that should be admitted. These datasets might be biased to the population as
most of the GWAS data are collected on people of European descent, and thus it
may not be generally applicable. Furthermore, regulatory annotations are tissue-
and context-specific and can have divergent functional impacts of prioritized vari-
ants across cell types and disease stages. This lack of experimental support also
limits the possibility of causality inference and it is important to highlight the

requirement of functional experiments to test predicted effects.

Overall, the present study suggests that the non-HLA genetic risk of celiac dis-
ease represents a multifactorial process where regulatory processes that mediate

non-HLA genetic risk through changes in immune thresholds, epithelial functions,
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and metabolic homeostasis have a significant role, and structurally destabilizing
variants influence the process to a minor degree. Combining regulatory, struc-
tural, and network-based methods to analyze the data, the results will offer a
narrower perspective on the non-HLA genetic makeup of CD and the relevance of
systems-level analyses to the interpretation of complex autoimmune diseases. It
will be necessary to apply the insights in better risk prediction and therapeutic ap-
proaches, which future studies combining functional validation with transcriptomic

and epigenomic profiling and gene-environment interactions will be necessary.
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Conclusion

This study aimed to identify and prioritize non-HLA genetic features responsible
for celiac disease (CD) susceptibility through a systematic in silico framework inte-
grating literature-based gene selection, SNP annotation, functional and regulatory
prediction, structural stability analysis, pathway enrichment, and protein-protein
interaction mapping. This approach allowed for deeper understanding of genetic
risk. The results indicate that celiac diseas, non-HLA genetic risk is mainly driven
by regulatory variants with most disease-linked SNPs found in intronic or inter-
genic regions. The key genes identified are involved in cytokine signaling, immune
regulation, epithelial homeostasis, apoptosis, metabolism, and ion transport, em-
phasizing the complex nature of CD pathogenesis. Network and pathway analyses
uncovered coordinated involvement of immune signaling pathways ubiquitin me-

diated regulation, metabolic reprogramming and epithelial stress responses.

Beyond regulatory effects, structural analyses revealed potentially destabilizing
variants in several genes, changes in protein stability might also play a role in
disease susceptibility. these findings support a systems-level model where CD re-
sults from the combined effects of multiple non-HLA variants impacting immune,
epithelial, and metabolic pathways, rather than the disruption of a single gene
or process. Although this study offers a computational framework for non-HLA
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genetic contributors to CD. Future research should include functional assays, tran-
scriptomic and epigenomic data, gene environment interactions, and polygenic risk
modeling to validate and expand these findings. This work enhances the under-
standing of the non-HLA genetic architecture in celiac disease and highlights the

regulatory and network-based mechanisms in determining disease susceptibility.
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