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Abstract: Pediatric inflammatory bowel disease (IBD) is a chronic and heterogeneous disease. IBD is commonly

classified into Crohn’s disease and ulcerative colitis. It is linked to serious symptoms and complications. The onset of

IBD commonly occurs during adolescence. Despite the significant number of cases globally (~5 million), the causes

of pediatric IBD, which constitutes 25% of IBD patients, are not yet fully understood. Apart from environmental

factors, genetic factors contribute to a higher risk of developing IBD. The predisposition risk of IBD can be

investigated using genetic testing. Genetic mechanisms of pediatric IBD are highly complex which resulted in

difficulty in selecting effective treatment or patient management. Genetic variation of IBD would serve as a basis for

precision medicine and allow for the discovery of more robust treatment avenues for this condition in pediatric

patients. This review aims to discuss the genetics of pediatric IBD, and current development in the screening,

diagnosis, and treatment based on genetic profiling of pediatric IBD subjects toward more personalized management

of this disease.

Introduction

Inflammatory bowel disease (IBD) is a chronic inflammatory
disorder that can be classified into two predominant forms;
Crohn’s disease (CD) and ulcerative colitis (UC) [1]. IBD
causes significant physical and psychological burden on
patients as it is an unpredictable condition and its onset in
subjects at a young age. IBD commonly starts to develop
during adolescence or young adulthood [2]. While IBD is
predominantly observed in young adults, this condition can
occur at any age and 10%-25% of IBD patients will develop
this disease in their childhood or adolescence [3,4].

Pediatric IBD refers to cases where the IBD onset starts
before 17 years of age. This is further divided into very early
onset IBD (VEO-IBD) involving subjects diagnosed before
the age of 6, infantile IBD for those that had the disorder
before the age of 2, and neonatal-onset IBD for children
diagnosed with IBD before reaching 28 days of life [5].
Early-onset IBD expresses different phenotypes than adult-
onset IBD [6]. However, this is controversial, as earlier
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reports from genome-wide association studies (GWAS)
showed similar results in both children and adults [7].

Pediatric IBD patients require close monitoring and care.
Treatment for IBD is still largely empirical. The complex
nature of this condition and evolving method of
investigation as well as the discovery of more treatment
avenues call for comprehensive input to warrant the optimal
outcomes for patients on a long-term basis [8].

Pediatric IBD is a heterogeneous disorder, and the
pathogenesis is multifactorial, encompassing a complex
interplay of genetics, environmental factors, dysfunctional
immune responses, and changes in the gut microbiome.
Research has shed insights into the genetic mechanisms
underlying the development and progression of pediatric.

IBD involves a significant number of genetic loci.
Although pediatric IBD cases only account for 10%-25% of
all IBD, in-depth studies into the genetic network of this
disorder have wunraveled exciting developments and
associated molecular pathways [9,10]. Despite this, the
genetic aspect of pediatric IBD is yet to be fully described
due heterogeneous nature of this condition, in which
multiple causes may contribute to the disease progression
including the genetic factor. In this review, we will discuss
the fundamentals of the genetics of pediatric IBD and the
latest discoveries as well as developments in promoting
precision medicine based on the genetic profiling of
pediatric IBD patients.
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Statistics

There were approximately 4.9 million cases of IBD globally
with the highest number of cases reported in China and the
United States (66.9 and 2453 cases per 100,000 people,
respectively, in 2019 [11]. From 1990 to 2019, the global
age-standardized incidence rate for IBD was 4.97 per
100,000 person-years while the age-standardized mortality
rate during the same year was recorded at 0.54 per 100,000
person-years. The highest incidence rates of IBD were
reported in high-income regions such as North America,
Australasia, and Western Europe with age-standardized
incidence rates of 24.51, 20.03, and 16.94 per 100,000
person-years, respectively, while emerging industrialized
areas such as East Asia, the Middle East, and South America
had rapid increases in IBD incidence, largely attributed to
industrialization, westernized diets, and urbanization.
Meanwhile, low-income regions reported the lowest
incidence rates, with areas like Oceania and Southeast Asia
reporting rates below 1 per 100,000 [12]. The IBD
prevalence in 2023 was estimated to be 825 per 100,000
(410 per 100,000 for CD, and 414 per 100,000 for UD and
other types [13]. Alarmingly, it is estimated by 2030, more
than 7 million people in Europe and the United States will
be diagnosed with IBD [14] and IBD incidence is estimated
to be more than 0.3% in North America, Oceania, and
various European countries by 2030 [15].

Similarly to adult-onset IBD, the prevalence of pediatric
IBD is also rising globally, yet complete epidemiological data
on children and adolescents are still lacking. More recent
statistics by Long et al. in 2024 reported 25,659 new cases
and 88,829 prevalent cases of IBD among children and
adolescents reported worldwide, representing an increase of
22.8% and 18.5%, respectively, compared to 1990 [16]. A
2022 systematic review reported an increasing incidence and
prevalence of pediatric IBD in 84% and 100% among 37
and 7 selected studies, respectively [17]. In the United
Kingdom, approximately 2500 pediatric IBD cases were
diagnosed between 2013 and 2022. A significant increase in
the incidence of IBD in children was reported from 6.0 per
100,000 population per year (2013) to 12.4 per 100,000
population per year (2022) [18]. In Canada, it was proposed
that the higher incidence of IBD is driven by pediatric-onset
IBD, which is estimated to rise by 1.23% per year from 15.6
per 100,000 in 2023 to 18.0 per 100,000 in 2035 [13].
Intriguingly, pediatric IBD incidence has increased
significantly during the last decade, more prominently in the
regions where the low incidence was previously reported [17].

IBD Classification

Classification of IBD is summarised in Fig. 1. IBD unclassified
refers to the subjects lying between UC and CD groups.
Characteristics that define UC and CD include disease
location and histological appearance. According to the
North American Society for Pediatric Gastroenterology,
Hepatology, and Nutrition; and Colitis Foundation of
America, CD is manifested throughout the gastrointestinal
tract and perianal region. It is characterized by transmural
inflammation, patchy disease activity, alternate segments
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FIGURE 1. Classification of IBD.

with inflammation and normal areas (skipped lesions),
strictures, and/or fistula presence. The most common
presenting phenotype of CD is the involvement limited to
the ileocolic region. The presence of granulomas
differentiates CD from UG, although this is not commonly
found [19].

UC is commonly confined to the colon. This condition is
characterized by continuous rectal inflammation which
extends proximally and results in proctitis, left-sided colitis,
or pancolitis [20], where the latter is most common in
pediatric patients [21]. Backwash ileitis and the involvement
of the upper gastrointestinal tract may occur, but this is not
common in pediatric UC [22].

Nevertheless, these characteristics are arbitrary where
significant overlap is found in therapies, disease location,
and genetic risk predisposition. Considering this, the IBD
term used strategically captures all condition phenotypes.
Further understanding of IBD would drive better risk
stratification and treatment modality considering the
severity of the disease, disease location, behavior, patient
response to therapy, and other factors including disease
recurrence. This subsequently will promote more
personalized treatment and management of IBD patients [23].

Pediatric IBD vs. Adult-Onset IBD

Both pediatric IBD and adult-onset IBD present various
similarities and differences in the mechanisms, patterns,
symptoms, and treatment modalities, as shown in Table 1
[24-27].

The Genetic Basis of the Etiology and Pathogenesis of
Pediatric IBD

The pathogenesis of IBD is multifactorial, involving a complex
interplay of genetic predisposition, environmental factors,
dysregulated immune responses, and alterations in the gut
microbiome [28,29] although the exact cause and
mechanisms of this disease are still not yet fully understood.
Fig. 2 summarises the general mechanism of IBD.

Upon exposure to external triggers such as smoking, diet,
and medication, patients with IBD develop microbial
dysbiosis. Mechanisms that maintain the intestinal barrier
are also dysregulated in the mucosa of IBD patients.
Activation of classic antigen-presenting cells including
dendritic cells, or direct stimulation through pattern-
recognition receptors drives the Thl differentiation in CD
patients (shown in the figure) or, possibly, atypical type 2
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TABLE 1

Comparison between pediatric IBD and adult-onset IBD

Conditions Similarities

Differences

pediatric IBD vs.
adult-onset IBD

Prevalence of surgery: Higher prevalence of
surgery in patients with CD than in patients with
ucC

Time of diagnosis: Within 1 year of the onset of
symptoms

Prevalence of extraintestinal manifestation (EIM): Higher in adults

Non-first-degree relatives: Higher in pediatric subjects

Symptoms: More systemic symptoms in children with IBD (loss of
weight, anorexia, developmental delay, delay in pubertal
development, skin changes, depression, and anxiety)

Treatment: More children with newly diagnosed UC given
combination therapies involving higher utilization of biological
therapy compared to adults

Incidence of hospitalisation: Higher in children with IBD

Smoking, diet, medication, microbiota

00—

Macrophage

TGFp

FIGURE 2. Mechanisms of IBD.

helper T cells in UC subjects. Products of Thl promote self-
activation with macrophages. Besides producing the vital
cytokines that stimulate Thl (IL-12 and macrophage
migration inhibitor factor), macrophages secrete various
inflammatory cytokines, including IL-1, IL-6, and TNF,
which target a broad range of other cell types. IL:
Interleukin; TGFp: tumour growth factor beta; Thl: type 1
helper T cells; TNFa: tumour necrosis factor-alpha.
Research has provided valuable insights into the
mechanisms underlying the development and progression of
chronic, immune-mediated intestinal inflammation in
pediatric IBD. Extensive genetic studies suggested that IBD
pathogenesis arises from dysfunction in interconnected and
codependent molecular pathways that maintain homeostasis
in the gastrointestinal tract [30].

A greater genetic component is implicated in pediatric
onset IBD compared to adult patients due to a lower
accumulation of exposure to external factors. Approximately
3%-6% of pediatric IBD cases are monogenic disorders
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FIGURE 3. Pathogenesis of polygenic vs. monogenic IBD in adult and
pediatric IBD cases.

[9,31]. Rare monogenic IBD and IBD-like syndromes
possess the genetic extreme, where a single highly
pathogenic variant leads to the IBD symptoms. Pediatric-
onset IBD involves a wide range of spectrum from extreme
monogenic variants to adolescent complex variants [32].
Fig. 3 depicts a comparison in the pathogenesis of polygenic
(conventional) and monogenic IBD. Linkage studies have
enabled the study of the inheritance pattern of polygenic
and monogenic IBD, in which the latter is transmitted
through Mendelian pattern as shown in the figure.

GWAS has identified genetic variants associated with
disease susceptibility, highlighting the importance of genetic
predisposition in IBD development. Several genes that were
widely reported in the pathogenesis of pediatric IBD are
summarised in Table 2. Genes related to IBD pathogenesis
mainly regulate the innate immune system response,
bacterial clearance, and epithelial functions [33]. Recent
GWAS have identified more than 200 risk loci connected to
IBD, underscoring the polygenic nature of the condition
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[34]. Additionally, investigations into monogenic forms of
IBD have unveiled approximately 60 causative genes to date,
showcasing the diverse genetic landscape of the disease [35].
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essential modulator (NEMO) deficiency caused by IKBKG
mutation can predispose to VEO IBD by both immune
dysregulation and epithelial dysfunction. Other mutations

TABLE 2

Genetic variants of pediatric IBD

Gene Role in IBD pathogenesis References
IL10 « Abolishes the pro-inflammatory cytokine (TNF-a, IL-1, IL-6, IL-12) secretion and Huang et al., 2017 [36]
regulates macrophage, T cell, and B cell differentiation and proliferation
» Mutation in ILIORA was widely reported in the VEO IBD Chinese population
Linked to pediatric IBD susceptibility Lin et al., 2017 [37]
NOD2 NOD2 mutation can impact NF-«B production, which is essential for regulating inflammatory Konidari et al., 2021 [38]
responses
o Involved in the downregulation of proinflammatory gene transcription Ashton et al., 2022 [39]
e Variation led to the downregulation of NF-«B transcription and upregulation of
proinflammatory genes such as NLRP3 and interferons
Mutation in NOD2 (previously known as CARDI5), is associated with defects in pathogen ~ Schmid et al., 2022 [40]
recognition receptors, thus reducing the expression of a-defensins leading to a breakdown of
the mucosal barrier
IL23R Covalently linked p19 and p40 protein subunits were transcribed by IL23 and IL12B, Sewell et al., 2022 [41]
respectively
The IL-23 signaling pathway enhances the survival and expansion of pathogenic Th17 cells by Schmitt et al., 2021; Sewell et
making them resistant to apoptosis by anti-TNF antibodies, which contributes to the al,, 2022 [41,42]
dysregulated immune responses
Regulates IL23/IL17 pathway, induces colitis, and promotes cells expressing pro-inflammatory Schmitt et al., 2021 [42]
cytokines, IFNy and IL17A
An uncommon variant in the IL23R gene (rs11209026) causes the substitution of arginine for Bank et al., 2014 [43]
glutamine at position 381 [R381Q], and subsequently downregulation of the IL-23 receptor
rs11209026 (IL23R variant) has been linked to protection against IBD in Caucasian Sewell et al., 2022 [41]
populations, due to downregulation of the IL-23 receptor protein thus reducing the
downstream effects of the IL-23 signaling pathway
ATGI6L1 Associated with pediatric CD, especially in ileal involvement Amre et al., 2009 [44]

Variants of ATGI6LI affect innate autoimmune autophagy vulnerability and increase

susceptibility to developing IBD

ATGI16L1 mutation has been associated with diminished Paneth cell function, defective

Noel et al., 2021 [45]

Schmid et al., 2022 [40]

antigen presentation, and altered proinflammatory cytokine secretion in IBD patients

Note: ATGI6L1I: autophagy related 16 like 1; IL10: interleukin-10; IL10RA: interleukin 10 receptor subunit alpha; IL23R: interleukin 23 receptor; NF-«kB: nuclear
factor-kappa beta; NOD2: nucleotide binding oligomerization domain containing 2; NLRP3: NOD-, LRR- and pyrin domain-containing protein 3; TNF: tumour

necrosis factor; Th17: T-helper type 17.

It is worth noting that variants shown in Table 2 were
discovered using various methods on different populations of
study subjects. These studies are limited by which a) exome
sequencing (WES) may be performed instead of whole
genome sequencing (WGS), which will generate larger data
output; b) differences between ethnicity or race may be
overlooked as the studies only involved subgroups of patients
in selected countries, and ¢) lack of information on the
association genetics variants with the severity of the disease.

A more recent report has shed light on various genes that
may play an essential role in pediatric IBD [46]. TTC7A
deficiency is the most common mutation resulting in
intestinal epithelial dysfunction as it results in reduced
cellular adhesion and induces early apoptosis. NF-«xB

such as ADAMI7 and FERMTI cause VEO IBD by
disrupting epithelial adhesion. Mutations related to chronic
diarrhoea such as GUCY2C and SLC26A3 mutations affect
intestinal epithelial integrity by impairing fluid absorption
and mucous production [46].

The role of epigenetics in the pathogenesis of IBD is still
being explored. Epigenetic modification occurs by
methylation, histone modification, or post-transcriptional
regulation by non-coding ribonucleic acid (RNA). Global
hypomethylation was found in the rectal mucosa of the
patient with ulcerative colitis compared to normal healthy
mucosa [47]. Hypomethylation of the RPS6KA2 gene which
regulates the autophagy-associated mTOR pathway has been
consistently demonstrated in IBD. There is also a significant
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correlation between methylation and gene expression,
especially in the OSM gene, which was upregulated in IBD.
Differential methylation in genes such as TESPAI, TAPI,
and RPTOR is associated with the escalation of treatment in
IBD. These findings might suggest the role of epigenetics in
IBD pathogenesis [48].

Besides genetics, pediatric IBD is also linked to
inflammatory reactions and the microbiome of the gut,
which are briefly described as follows. Th17 cells, a subset of
CD4+ T cells, are known for their pro-inflammatory
properties and have been implicated in the pathogenesis of
various autoimmune diseases, including IBD. In pediatric
IBD, the balance between regulatory T cells, which are anti-
inflammatory, and Th17 cells is crucial for maintaining
immune homeostasis. Dysregulation of this balance, often
seen in conditions like CD, can lead to excessive
inflammation and tissue damage in the gastrointestinal tract.
Studies have shown that despite the increase in the
protective FOXP3+ regulatory T cells in intestinal mucosa
in inflammatory bowel disease, it is still insufficient to
suppress the inflammatory action by Th17 cells, highlighting
the intricate interplay between different immune cell
populations in disease pathogenesis [49].

The gut microbiome, which plays a crucial role in
immune regulation and intestinal homeostasis, is implicated
in the pathogenesis of pediatric IBD. Alterations in the gut
microbiota, known as dysbiosis, have been associated with
inflammatory responses in CD and UC [50]. Environmental
factors such as diet, lifestyle, infections, smoking, and
antibiotics can disrupt the protective normal intestinal flora
resulting in the rise of pathogenic microorganisms and
inflammation of intestinal mucosa. In genetically susceptible
individuals with immune dysregulation and intestinal
epithelial dysfunction, this leads to prolonged chronic
inflammation =~ and  translocation = of  pathogenic
microorganisms across the intestinal epithelial barrier,
resulting in a vicious cycle of the inflammatory response
which also causes extensive mucosal barrier disruption and
more translocation of pathogens [51].

Diagnosis and Detection of Pediatric IBD

Recommendations for IBD diagnosis by the international
guidelines involve the evaluation of the patient’s medical
history and the incorporation of endoscopy, radiology,
histology, and biochemical assessment [52]. There are 5
steps in the evaluation for the diagnosis of IBD, listed in
Fig. 4 below.

In a previously reported study in the Danish population,
the majority of these subjects (more than 12,000) underwent
endoscopy (84%), biopsy (84%), and/or radiological
procedures (44%). A total of 7.5% of the subjects were
diagnosed with IBD (6% for CD and 8% for UC) although
not undergoing these clinical procedures. No registry was
detected for these subjects to establish the diagnosis of IBD.
These may be attributed to limited registry data or
shortcomings in IBD management [53].

Diagnosing pediatric IBD involves a comprehensive
approach that combines clinical evaluation, laboratory tests,
imaging studies, endoscopic procedures, and genetic testing.

Clinical suspicion of
the condition
(clinical symptoms,

examination and
screening of
laboratory tests)*

Assessment of Exclusion of other
extraintestinal IBD disorders with a
manifestations** . . similar presentation*
diagnosis

Differentiate
between CD and UC
phenotypes**

Localization of the

illness**

FIGURE 4. Steps in the evaluation for pediatric IBD diagnosis. The
first two steps (*) are commonly conducted by the general
pediatrician and the last three steps are performed by the pediatric
gastroenterologist (**).

The methods used to diagnose pediatric IBD aim to confirm
the presence of the disease, determine its extent and
severity, and guide appropriate treatment strategies. Several
diagnostic modalities are employed in the evaluation of
pediatric patients suspected of having IBD [52].

Clinical evaluation is a crucial initial step in diagnosing
pediatric IBD. Healthcare providers assess the patient’s
medical history, symptoms, and physical examination
findings to identify potential signs of IBD. Symptoms such
as abdominal pain, diarrhoea, weight loss, fatigue, and blood
in the stool are common in pediatric IBD and can guide
further diagnostic workup [54].

Laboratory tests play a significant role in the diagnostic
process of pediatric IBD. Blood tests, including complete
blood count (CBC), inflammatory markers (such as C-
reactive protein and erythrocyte sedimentation rate), and
tests for markers of inflammation and autoimmunity, can
provide valuable information to support the diagnosis of
IBD and monitor disease activity. Additionally, stool tests
may be performed to assess the presence of blood, infectious
agents, and markers of inflammation in the gastrointestinal
tract such as faecal calprotectin [54].

Imaging studies are often utilized in the diagnosis and
monitoring of pediatric IBD. Modalities such as ultrasound,
magnetic resonance imaging (MRI), and computed
tomography (CT) scans can help visualize the
gastrointestinal tract, assess for inflammation, and identify
complications such as strictures, fistula, or abscesses [54].
These imaging studies provide valuable information about
the extent and severity of the disease.

Endoscopic procedures, including upper endoscopy and
colonoscopy, are essential for the diagnosis and evaluation of
pediatric IBD. These procedures allow direct visualization of
the gastrointestinal mucosa, collection of tissue samples for
histological examination (biopsy), and assessment of disease
activity and complications. Despite being invasive,
endoscopy is considered the essential tool for diagnosing
IBD and guiding treatment decisions in pediatric
patients [55].
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Limitations in the current methods of diagnosing IBD
pose challenges in accurately identifying and managing the
condition. Despite advancements in diagnostic techniques,
several limitations persist in the current approaches to
diagnosing IBD in pediatric patients.

One of the primary limitations is the lack of a definitive
diagnostic test for IBD. The diagnosis of IBD which rely on a
combination of clinical evaluation, laboratory tests, imaging
studies, and endoscopic procedures, can be invasive, time-
consuming, and costly. The absence of a single diagnostic
test and the limited availability of special tests in the
presence of non-specific presentation can lead to delays in
diagnosis and treatment initiation, potentially impacting
disease outcomes [56].

Another limitation is the overlap of symptoms between
IBD and other gastrointestinal disorders. The nonspecific
nature of symptoms such as abdominal pain, diarrhoea,
growth failure, and rectal bleeding can make it challenging
to differentiate IBD from other conditions, leading to
diagnostic uncertainty and potential misdiagnosis [54,56].
This  diagnostic ambiguity can delay appropriate
management and result in suboptimal patient care.

Furthermore, the invasiveness of certain diagnostic
procedures, such as endoscopy, can pose challenges in
pediatric patients. Endoscopic procedures, while essential for
diagnosing IBD, may be associated with discomfort,
sedation risks, and potential complications, particularly in
young patients. The need for repeated endoscopies for
disease monitoring can also be burdensome for pediatric
IBD patients and their families [55]. Parents and children
alike both express discomfort with invasive imaging
procedures such as endoscopy in the diagnosis and
monitoring of IBD [57].

In addition, the reliance on subjective interpretation of
histological findings from biopsy samples obtained during
endoscopy can introduce variability in the diagnostic
process. Variations in interpreting histopathological features
of intestinal tissue samples can impact diagnostic accuracy
and consistency, potentially leading to diagnostic errors.
Standardizing histological assessment criteria and improving
interobserver agreement are essential for enhancing the
reliability of histopathological diagnosis in IBD [58].

VEO IBD subjects may also be referred for immunologic
assessment and genetic sequencing to confirm monogenic
forms of IBD [59]. Advances in genetic testing especially
next-generation sequencing have enabled the identification
of specific gene mutations associated with pediatric IBD,
known as monogenic or Mendelian disorder-associated IBD
(MD-IBD) [59]. Genetic testing can help confirm the
diagnosis, guide treatment decisions, and provide valuable
information about disease prognosis.

However, the limitations of genetic testing in diagnosing
IBD, particularly in pediatric patients, should be
acknowledged. While genetic testing can provide valuable
information about disease susceptibility and pathogenesis,
its utility in routine clinical practice for diagnosing IBD is
still limited [60]. The complex interplay between genetic
factors, environmental triggers, and disease phenotypes in
IBD necessitates a comprehensive approach to genetic
testing and interpretation.
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Diagnosis of pediatric inflammatory bowel disease
involves a multidisciplinary approach that integrates clinical
evaluation, laboratory tests, imaging studies, endoscopic
procedures, and genetic testing. By utilizing a combination
of these diagnostic modalities, healthcare providers can
accurately diagnose pediatric IBD, assess disease severity,
and tailor treatment strategies to meet the individual needs
of each patient.

Current Treatment Modalities for Pediatric IBD

Treatment for pediatric IBD involves a multidisciplinary
approach aimed at inducing and maintaining disease
remission, managing symptoms, and improving the quality
of life for affected children. Several treatment modalities are
utilized in pediatric IBD management, as outlined below.
Medical management plays a central role in the treatment
of pediatric IBD. Therapeutic targets for both CD and UC in
children are updated regularly to guide treatment decisions
and optimize outcomes. Close monitoring of treatment
response and timely adjustments in therapy is essential for
achieving favorable outcomes in pediatric IBD management
[61]. The therapeutic goal in treating pediatric IBD is to
achieve biochemical or endoscopic remission rather than
solely focusing on clinical remission. This approach is crucial
as intestinal inflammation may persist despite the resolution
of abdominal symptoms, emphasizing the importance of
objective measures to assess treatment response [4].
Generally, current medical treatment of IBD aims to
induce remission and prevent relapse instead of curing the
disease. These medical treatments include glucocorticoids,
anti-tumour necrosis factor antibodies, aminosalicylate, and
exclusive enteral nutrition. Maintenance may include anti-
TNF antibodies such as infliximab and adalimumab,
immunomodulators such as azathioprine, 6-mercaptopurine,
and methotrexate, or a combination of both anti-TNF
antibodies and immunomodulators [62,63]. Exclusive enteral
nutrition (EEN) is a dietary approach that may be used in
pediatric IBD, particularly in CD, to induce remission and
promote mucosal healing. EEN is effective in improving
symptoms and reducing inflammation in the gut [63].
Surgical intervention may be necessary in cases of severe
or refractory pediatric IBD. Surgical options include bowel
resection, strictureplasty, and ostomy formation, aiming to
alleviate symptoms, manage complications, and improve
overall health outcomes. Psychosocial support and
counseling are also integral components of pediatric IBD
care. Addressing the emotional and psychological impact of
the disease on children and their families is essential for
holistic management and improving overall well-being [63].

Future Perspectives in the Diagnosis, Treatment, and
Management of Pediatric IBD: Focus on the Genetics

Precision medicine in IBD is an ideal approach to provide
tailored therapy to the right individual at the right time
based on the patient’s biology and genetics [64].
Considering that pediatric IBD is a highly heterogeneous
disease and involves different factors that influence its
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development, several initiatives have been proposed to
promote more personalized diagnosis, treatment, and
management of this condition, about its genetic aspect, as
further discussed below.

Genetic profiling

Understanding the genetic basis of IBD in pediatrics can help
to optimize the management of this disease. Comprehensive
genetic profiling of pediatric IBD will assist in better
phenotyping of the patients.

An emerging approach in pediatric IBD investigation is
the implementation of genetic testing. Single-gene disorder
masquerading as IBD represents a small percentage (lower
than 0.5%) of pediatric-onset IBD patients [65]. These
disorders typically involve primary immunodeficiencies,
autoinflammatory  conditions, and epithelial barrier
dysfunction. More than 100 genes are being implicated with
these conditions [66]. Recently, a test commissioned by the
National Health Service able to screen approximately 70
monogenic IBD genes to establish causative variants,
becomes available to subjects diagnosed below the age of 2
as well as to individuals older than this [67]. Despite a small
number, this presents a potentially impactful approach in
those patients receiving the diagnosis of monogenic IBD.
Monogenic IBD is associated with high morbidity and
mortality. The establishment of an early institution of
genetic diagnosis will allow physicians to assess patient
prognosis and dictate appropriate treatment modalities [68].
The utility of genetic testing can be explored further in
various aspects of the disease such as risk prediction, novel
biomarkers for screening, and pharmacogenomics. Genetic
profiling of monogenic IBD also would help in genetic
counseling for future pregnancy [8].

Although rare, VEO IBD has become recognized due to
increased awareness among medical practitioners. To
elucidate the complexity of IBD heterogeneity, the VEO IBD
subgroup and Mendelian comorbidity should be further
investigated as IBD and Mendelian disorders commonly
share phenotype but involve variants of different sections of
the spectrum in the same loci. Conducting GWAS using a
larger number of subjects will provide insight into resolving
any missing heritability. Mendelian loci contain variants
that are responsible for risk predisposition to diseases
including IBD. This elevates the importance of next-
generation sequencing as a prime method to test the
hypothesis [69].

Genetic testing is now considered a standard of care for
children with IBD under the age of 6 years old. A study by El-
Matary et al. in 2023, on 1000 Canadian children with VEO-
IBD revealed that 7.8% of them have an identifiable
monogenic cause [70]. There is also a benefit in testing
adult patients with IBD since a minority of them may have
undiagnosed monogenic causes [46]. Knowing the specific
genetic defect in pediatric IBD may facilitate the discovery
of more treatment avenues such as medication and
haemopoietic stem cell transplantation as well as help in the
genetic counseling process [8].

Until 2018, Japanese national health insurance has
approved testing targeted panel sequences for 20 Mendelian
disorder-associated IBD (MD-IBD) genes. This IBD gene

panel which is partly an inborn error of immunity (IEI)
panels cover up to 400 genes linked to monogenic primary
immune deficiencies (PIDs) and autoinflammatory
disorders. For patients for which responsible genes are
unable to be detected using this IBD panel but with
suspected IEI, 400 IEI-associated genes can be assessed as
part of a national research initiative. If the responsible
variants or genes cannot be detected using both IBD and IEI
panels, then it is recommended that WES or WGS be
performed. Functional testing for genetic variants is still
presented as a challenge for physicians [35].

The genotype-phenotype association can differ
according to ethnicity, age, and gender. For example, in
Caucasians, NOD2/CARDI5 was found to be a susceptible
gene locus, but not in Asian groups, while ATGI6L2 and
IL17REL were shown as susceptible loci in Korean subjects
[71]. ILIORA mutation was found to be the main mutation
in the monogenic VEO IBD among the Chinese population
[72]. In addition, Shim and Seo also reported on cases of
ILI0RA mutations in 7 out of 14 cases of infantile-onset
IBD. Children with ILIORA mutations exhibited the
phenotypes of CD, had anal fistulae, and required surgical
resection as they showed resistance to medical treatment.
Moreover, the patients also have recurrent infections and
folliculitis [73].

Further exploration into the pharmacogenetics of
pediatric IBD focusing on the actionable drug-gene
interaction may also predict the action of specific
medications on individuals, increasing the effectiveness
while reducing the side effects of treatment. Variations
between races and ethnicity also need to be accounted for as
that may play a role in dictating IBD onset and progression.
Additionally, as many molecular pathways involved in IBD
are varied in their sensitivity to perturbation by particular
external factors, this conceptual view of IBD pathogenesis
may lead to personalized IBD prevention that is designed
for a child’s genetic susceptibility [4].

Polygenic risk score
Polygenic risk scores (PRS) have emerged as a valuable tool in
predicting the risk, severity, and treatment response in
pediatric IBD. A study incorporated the IBD susceptibility
genes from the GWAS for the prediction of IBD and
compared it to other methods of diagnosis. Although this
method is not entirely accurate for diagnosis (area under the
ROC curve [AUC] of up to 0.78 for CD and 0.70 for UC), it
still outperformed other methods. Concurrently, it was also
discovered that a higher score is associated with severe
outcomes in terms of increased frequency of bowel resection
and earlier onset of diseases. Earlier onset of IBD was found
to be associated with a higher genetic burden [74].

In 2021, Bodea et al. devised the use of pathway-centered
PRS to predict disease susceptibility, severity, and
complication. This method is also able to stratify patients
into treatment responses to anti-TNF antibody treatment
[75]. Meanwhile, a study by Gettler et al. in 2021 explored
the prediction and penetrance of IBD using polygenic risk
scores in a large, multi-ethnic cohort and found that the
incorporation of association data from diverse ethnic
backgrounds and integration of both common and rare
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variants can improve risk prediction and maximize predictive
accuracy [76].

PRS also shows promising benefits in identifying IBD
comorbidities. In 2023, Wang et al. investigated the use of
PRS in predicting the risk of primary sclerosing cholangitis
(PSC) in patients with IBD. PRS was found to be a
promising tool for identifying the risk of PSC in individuals
with IBD and predicting the behavior of IBD-PSC, where
those with UC-PSC are more likely to be associated with
milder but more extensive disease and those with CD-PSC
are more likely to develop colon cancer [77]. Meanwhile, In
2022, Li et al. utilized PRS to infer psychiatric comorbidity
in IBD patients of European ancestry and found that a
higher PRS is associated with a higher risk of developing
comorbid psychiatric illness in patients with IBD, thus may
help earlier intervention [78].

These studies collectively demonstrate the significance of
PRS in pediatric IBD, providing valuable insights into disease
risk, severity, treatment response, and personalised care
strategies.

Robust predictive biomarker

Emerging genetic, epigenetic, and multi-omics predictive
biomarkers in pediatric IBD play a crucial role in
understanding disease mechanisms, predicting treatment
responses, and  guiding  personalized therapeutic
interventions. DNA methylation, histone modification
patterns, and long non-coding RNA show potential to be
used as epigenetic biomarkers in screening and assessment
of IBD. For example, hypermethylation of epithelial-
mesenchymal transition-related genes such as CDHI and
CDX1 is associated with severe ulcerative colitis. Some long
non-coding RNA (such as KIF9-AS1, LINC01272, and
DIO30S) and some micro-RNA (such as miR-21 and miR-
92a) were found to be differentially expressed in the plasma
of IBD patients and healthy individuals [79].
Hypermethylation of DEFA5 and hypomethylation of TNF
can also be useful as non-invasive biomarkers for CD as it
was found to be consistent regardless of disease activity [80].

Gene expression profiles such as FCGRIA, FCGR1B, and
GBPI have been demonstrated to be useful as non-invasive
pharmacogenomic biomarkers for early response to anti-
TNF drugs in pediatric IBD [81] (70). Another systematic
review exhibited that variants in TLR2 (rs3804099), TLR4
(rs5030728), TNFRSF1A (rs4149570), IFNG (rs2430561), IL6
(rs10499563), and IL1B (rs4848306) influence the response
to treatment with anti-TNF-a antibody in IBD. HLA-
DQAI*05 polymorphism is also significantly associated with
the rate of anti-drug antibody formation in the treatment of
IBD with adalimumab and infliximab, thus affecting the
efficacy of this medication in the long term [82].

Meanwhile, the determination of allelic variants in
TPMT and NUDTI5 genes can predict the possible toxicity
during treatment with azathioprine and mercaptopurine in
IBD. Both azathioprine and mercaptopurine are metabolized
by thiopurine S-methyltransferase (encoded by TPMT) and
nucleotide diphosphatase/Nudix hydrolase 15 (encoded by
NUDT15) into thioguanine-nucleotides (6-TGNs). While an
adequate level of 6-TGNs is required to achieve a
therapeutic effect, some allelic variants in TMPT and
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NUDTI5 can increase the metabolism of azathioprine and
mercaptopurine thus increasing the level of 6-TGNss, leading
to excessive immunosuppression [83].

These genetic markers can predict treatment responses
and guide therapeutic decisions. These emerging genetic,
epigenetic, and multi-omics predictive biomarkers offer
promise in advancing the management of pediatric
inflammatory bowel disease by providing insights into
disease progression, treatment responses, and personalized
care for pediatric patients with IBD.

Targeted therapy

Novel molecular therapies for pediatric IBD are rapidly
evolving, aiming to target specific pathways involved in the
pathogenesis of the disease. These therapies are designed to
provide more effective and personalized treatment options
with potentially fewer side effects compared to traditional
therapies. Among the recently explored biological therapies
are Janus Kinase (JAK) inhibitors, a family of small
molecules that block intracellular tyrosine kinases, including
JAK-1, JAK-2, JAK-3, and TYK-2. Despite the usage of JAK
inhibitors such as tofacitinib and upadacitinib have been
approved in adult IBD, there is still a lack of clear guidance
on their usage in the treatment of pediatric IBD. A case
report by Miller et al. noticed that upadacitinib can improve
the outcome in refractory pediatric IBD and prevent
colectomy [84].

Another emerging immunomodulator explored in IBD
treatment is the sphingosine-1-phosphate receptor (S1PR)
modulators such as ozanimod, estrasimod, and amiselimod.
The binding of sphingosine-1-phosphate (S1P1-5) on the
sphingolipid ligand of G-protein-coupled receptors regulates
the release of leukocytes out of the lymphoid tissues [85].
S1P is one of the sphingosine-derived phospholipids. A
metabolomic study of colon biopsies of IBD patients found
that sphingolipid metabolism is highly affected in affected
individuals. Increased levels of SIPR1 have also been
observed in patients with UC. The binding of SI1P to SIPR
also triggered the regulation of the pro-inflammatory TNF-
o in IBD. The main action of S1PR modulators is to
antagonize the action of S1P1 on the receptors of T-
lymphocytes, reducing the circulating lymphocytes and thus
reducing inflammation [86].

Mesenchymal stem cell (MSC) therapy is currently being
investigated as an alternative therapy to IBD, but it is still in
the pre-clinical stage. The concept of MSC transplantation is
to harvest the benefits of the MSC-derived exosomes which
contain biological molecules that can promote healing and
regulate immunity. MSC can reduce inflammation by
stimulating the differentiation of dendritic cells into
regulatory dendritic cells, increasing regulatory T cells, and
inhibiting the proliferation of CD4+ T cells and the
activation of Th1/Th17 cells. MSC also increases intestinal
membrane integrity by promoting proliferation and
inhibiting apoptosis of intestinal epithelial cells. Intestinal
epithelial cells are responsible for regulating the contents of
the intraluminal mucous layer and form a persistent
intestinal barrier via the action of tight junctions [87].
Animal studies have demonstrated that MSC can regulate
gut microbiota by reducing harmful pathogens and
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increasing beneficial flora. This action can occur by secretion
of products with direct action on the microbiota, or indirectly
by altering the intestinal immunity. However, the use of MSC
transplant has its limitations such as the possibility of
transplantation mismatch and immune rejection which may
worsen the IBD, and the unpredictability of action of other
products secreted by transplanted MSC [88]. Genetically
modified MSC may be utilized to enrich the expression of
beneficial products and tailor the MSC to specific patient
requirements [87].

The Genetics of Pediatric IBD: Challenges in the
Implementation of Personalised Care

Despite great excitement in the discoveries of the genetics of
pediatric IBD within the past decade, there are challenges to
be overcome in establishing personalized care for children
with IBD. This article highlights the significance of genetic
screening which would promote early detection, diagnosis,
and ultimately more targeted treatment for pediatric IBD
patients. However, genetic testing for pediatric IBD must be
approached with care which cost-effectiveness of these tests
has to be thoroughly investigated and proper guidelines
must be proposed.

Regulation of genetic information proved to be extremely
difficult and the law regarding genetic testing varied between
different regions [89]. Most importantly, genetic testing must
be accompanied by genetic counselling which would help the
patients and their families to acquire information about the
disease as well as necessary support. Worth noting that
genetic counseling practice must be regulated to ensure
proper integration into the management of pediatric IBD
[90]. High cost and lack of availability as well as awareness
of genetic testing especially in middle and low-income
countries must be addressed to avoid disparity between
regions [91]. A humongous task in implementing genetic
testing, particularly in children warrants cooperation from
various parties including healthcare providers, industry,
insurance companies, and policymakers, which is not fully
discussed in this review. The present work focuses more on
the fundamental knowledge of the genetics of pediatric IBD
which highlights the gap in translating information from
research into clinical practice. Nevertheless, output from
research has been tremendously useful in elucidating
different gene variants and molecular pathways which are
essential in the development of pediatric IBD, and these are
currently being applied for the screening and diagnosis of
this disease. However, the significance of genetic profiling
on treatment efficacy is still yet fully determined and this
demands a larger scale of investigation to be conducted.

Conclusion

The pathogenesis of pediatric IBD is a complex interplay of
genetic, epigenetic, and environmental factors. Advances in
genetic research have identified numerous susceptibility
genes that contribute to the development and progression of
IBD in children. Concurrently, epigenetic modifications
have emerged as crucial regulators in the pathogenesis of
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IBD, influencing gene expression and immune responses.
Understanding the roles of these genetic and epigenetic
mechanisms is essential for the development of novel
diagnostic tools and therapeutic strategies. Future research
should focus on integrating not only genetics but also
epigenetic and other multi-omics data to create
comprehensive models of disease prediction and
management, ultimately aiming to improve outcomes for
pediatric patients with IBD. In the future, the concept of
“precision medicine” in the clinical management of pediatric
IBD driven by robust genetic profiling, application of PRS,
identification of predictive biomarkers, and more tailored
therapy will drive effective and more individualized care for
the patients. However, the challenges in implementing
personalized care for pediatric IBD must be addressed
carefully, ideally to reduce morbidity and subsequently
ensure optimum management of this disease.
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