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Abstrakt 

Nespecifický střevní zánět (IBD) je chronické zánětlivé onemocnění 

gastrointestinálního traktu. Klasický IBD má multifaktoriální charakter s nástupem  

v dospělosti nebo pozdním dětství. Dětští pacienti s velmi brzkým nástupem  

(VEO-IBD, do 6 let věku) jsou ale specifickou podskupinou, jejíž onemocnění je často 

způsobené závažnými mutacemi v genech souvisejících s imunitní homeostázou  

ve střevech.  

Cílem této práce bylo identifikovat kauzální genetické varianty u 20 pacientů 

s pediatrickým IBD (s nástupem onemocnění od 3 do 154 měsíců) s využitím 

celoexomového sekvenování.. Vyhodnocovali jsme použití několika bioinformatických 

postupů pro zpracování celoexomových dat. To zahrnovalo  porovnání rozdílů  

v identifikaci variant pomocí dvou bioinformatických postupů využívajících v prvním 

případě nástroje VarScan2 nebo ve druhém případě založeném na GATK4.  Také jsme 

srovnávali úspešnost filtrování nalezených kauzálních variant pomocí čtyř virtuálních 

panelů genů, z nichž jeden panel byl vytvořen speciálně pro účely této diplomové práce.  

Identifikovali a validovali jsme 5 kauzálních variant ve 4 genech (DUOX2 složený 

heterozygot, FOXP3, NLRP3 and NOD2), které zastupují 20 % z analyzované kohorty 

pacientů. Varianta NOD2 (p.A755V) byla už dříve popsána v literatuře jako kauzální  

u IBD, ale varianty v DUOX2 (p.R1216W + p.A1131T), FOXP3 (p.H400L) a NLRP3 

(p.V200M) jsou popsány poprvé. Navíc jsme navrhli dalších 6 variant v 5 genech jako 

možné kauzální varianty pro validaci. Tyto informace přispějí k poznání genetické 

podstaty VEO-IBD. Úspěšnost při identifikaci kauzálních variant byla  

u bioinformatického postupu využívajícího GATK4 stejná jako u staršího postupu 

založeném na VarScan2. Tím jsme potvrdili použitelnost nově vytvořeného 

bionformatického nástroje pro analýzu klinických dat. Určili jsme, že nejúčelnějším 

přístupem pro identifikaci variant u pacientů s VEO-IBD je použití virtuálního panelu  

s geny způsobujícími primární imunodeficity a také aktualizovaného panelu  

s kauzálními geny popsanými v případových studiích pacientů s projevy VEO-IBD.  

Z výsledků vyplývá, že část případů VEO-IBD je možné chápat jako střevní projevy 

primárních imunodeficitů. Nicméně je nutné více funkčně charakterizovat a prozkoumat 

genetické i negenetické příčiny patogeneze k pochopení tohoto onemocnění. 

 

Klíčová slova: celoexomové sekvenování, nespecifický střevní zánět, primární 

imunodeficience, imunitní dysregulace  



 

 

Abstract 

Inflammatory bowel disease (IBD) is a complex disorder characterized by chronic 

inflammation of the gastrointestinal tract. Classical IBD is a multifactorial disease with 

adulthood or later-childhood onset. However, children with very early onset IBD (VEO-

IBD, before 6 years of age) are a specific cohort, whose pathology can be caused  

by severe genetic defects in genes connected to immune homeostasis in the gut.  

We aimed to identify the causal genetic variants in 20 pediatric patients diagnosed with 

IBD (age of onset from 3 to 154 months) using whole exome sequencing (WES). We 

evaluated several bioinformatical approaches for WES data analysis. This included  

a comparison of two methods of variant identification using VarScan2 or GATK4-based 

tools. Furthermore, we compared 4 gene lists (“virtual panels”) for variant filtering, one 

of which was compiled purposefully for this thesis.  

We identified and validated via segregation analysis 5 causal variants in 4 genes 

(DUOX2 compound heterozygote, FOXP3, NLRP3 and NOD2) accounting for 20 % of 

the cohort. NOD2 (p.A755V) variant has already been reported in IBD cases, while 

DUOX2 (p.R1216W + p.A1131T), FOXP3 (p.H400L) and NLRP3 (p.V200M) were 

newly discovered variants in this context. Moreover, we suggested 6 more variants in  

5 genes for further validation, bringing new insight into genetics of VEO-IBD. Finding 

the same success rate of causal variant calling and filtering, we proved the suitability of 

the newly developed GATK4-based pipeline for variant analysis in a clinical setting. 

We found that the most adequate approach for variant filtering in VEO-IBD cases is 

using virtual panels of genes related to primary immunodeficiencies and up-to-date 

reported VEO-IBD cases.  

In conclusion, we strongly support the hypothesis of many VEO-IBD cases being 

primary immunodeficiency with gastrointestinal manifestation. However, additional 

functional tests and research into genetic and non-genetic causes are required to 

understand molecular mechanisms of the VEO-IBD pathogenesis. 

 

 

Key words: whole exome sequencing, inflammatory bowel disease, primary 

immunodeficiency, immune dysregulation  



 

 

Contents 

List of abbreviations ......................................................................................................... 8 

INTRODUCTION .......................................................................................................... 10 

THEORETICAL PART ................................................................................................. 12 

1. Inflammatory bowel disease ............................................................................ 12 

1.1. Classification of IBD ....................................................................................... 12 

1.2. Causes of IBD .................................................................................................. 15 

1.3. Very Early Onset IBD ...................................................................................... 19 

2. Molecular mechanisms of VEO-IBD............................................................... 23 

2.1. Epithelial barrier defects .................................................................................. 23 

2.2. Phagocyte defects ............................................................................................ 25 

2.3. Lymphocyte defects ......................................................................................... 27 

2.3.1. B lymphocyte and antibody defects ................................................................. 28 

2.3.2. Effector T lymphocyte defects ......................................................................... 29 

2.3.3. Regulatory T lymphocyte defects .................................................................... 33 

2.4. Systemic inflammatory disorders .................................................................... 35 

2.5. Complement defects ........................................................................................ 38 

3. Diagnostics of VEO-IBD ................................................................................. 40 

3.1. Methodological approaches ............................................................................. 40 

3.2. Variant filtering criteria ................................................................................... 42 

3.3. Validation of the variants ................................................................................. 45 

PRACTICAL PART ....................................................................................................... 47 

4. Aims of the thesis ............................................................................................ 47 

5. Materials and methods ..................................................................................... 48 

5.1. Patients ............................................................................................................. 48 

5.2. Samples preparation and sequencing ............................................................... 49 

5.3. WES data analysis ........................................................................................... 49 

5.3.1. Bioinformatical raw sequencing data processing ............................................ 49 

5.3.2. Variant filtering ................................................................................................ 50 

5.3.3. Identification of the causal variant ................................................................... 55 

5.4. Validation of the variants ................................................................................. 55 

5.5. Evaluation of different bioinformatical approaches ........................................ 58 

5.5.1. Bioinformatical pipelines ................................................................................. 58 

5.5.2. Gene lists for variant filtering .......................................................................... 59 



 

 

6. Results .............................................................................................................. 60 

6.1. Identified causal variants in patients ................................................................ 60 

6.1.1. Patient #2 ......................................................................................................... 62 

6.1.2. Patient #3 ......................................................................................................... 65 

6.1.3. Patient #4 ......................................................................................................... 66 

6.1.4. Patient #8 ......................................................................................................... 68 

6.1.5. Patient #10 ....................................................................................................... 69 

6.1.6. Patient #11 ....................................................................................................... 70 

6.1.7. Patient #13 ....................................................................................................... 73 

6.1.8. Patient #16 ....................................................................................................... 75 

6.1.9. Patient #17 ....................................................................................................... 77 

6.1.10. Patient #19 ....................................................................................................... 80 

6.2. Evaluation of different bioinformatical approaches ........................................ 82 

6.2.1. Comparison of bioinformatical pipelines ........................................................ 82 

6.2.2. Comparison of gene lists for variant filtering .................................................. 84 

7. Discussion ........................................................................................................ 87 

7.1. Sequencing methods ........................................................................................ 87 

7.2. Variant filtering ................................................................................................ 89 

7.3. Identification and interpretation of causal variants .......................................... 91 

7.4. Understanding of VEO-IBD ............................................................................ 93 

CONCLUSION .............................................................................................................. 95 

List of references ............................................................................................................ 96 

Online sources .............................................................................................................. 122 

List of supplementary files ........................................................................................... 123 

Supplementary file 1: Gene lists for variant filtering ................................................... 124 

Supplementary file 2: Parameters of identified variants in patients ............................. 127 

Supplementary file 3: Sequences of customized primers ............................................. 128

 

 

  



 

8 

List of abbreviations 

 

ACMG The American College of Medical Genetics and Genomics  

ADA Adenosine deaminase  

BCR B cell receptor 
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INTRODUCTION 

 

Inflammatory bowel disease (IBD) is a compendious term for a group of chronic 

immunity-related disorders affecting the gastrointestinal tract. The best-known and 

described types of IBD are Crohn’s disease (CD) and ulcerative colitis (UC). The 

average prevalence of the diseases in the Czech Republic is around 206/100 000 

inhabitants and 236/100 000 in case of UC, respectively, and rising every year 

(Jarkovsky et al., 2017). The increase matches trends from other Western European 

countries and North America (Kaplan & Ng, 2017; Ng et al., 2017) making IBD  

an emerging health issue. Therefore, deeper investigation of the IBD pathogenesis  

is necessary for management and prevention of the disorder. 

The pathophysiological cause of IBD is heterogenous and in many cases not very 

well understood. Some of known causal or contributing factors relate to environment 

and lifestyle - such as smoking, urban living or exposure of specific drugs. Those, 

however, are typical for adult cohort of IBD patients (Piovani et al., 2019). On the other 

hand, the pediatric patients suffering from IBD are more likely to have a severe genetic 

defect causing or contributing to the disease. In case of the youngest patients with  

a diagnosis called very early onset IBD (VEO-IBD), we can follow a pattern of 

functionally relevant mutations specifically in genes related to immune system 

regulation such as gene IL10 encoding interleukin 10 or its receptor subunits IL10RA  

or IL10RB (Uhlig et al., 2014). The presence of validated innate imune system defects 

in IBD patients leads to a conclusion that VEO-IBD can be also regarded as a primary 

immunodeficiency. 

The genetic analysis of VEO-IBD patients is nowadays commonly performed by 

whole exome sequencing aiming to identify the main causal gene (Crowley et al., 2018; 

Fang et al., 2019). However, the candidate IBD-causing genes are numerous and their 

numbers are rising quickly due to a wide availability of genomic analytical methods 

(Jostins et al., 2012; Liu et al., 2015, De Lange et al., 2017). Therefore, it is crucial to 

choose an adequate bioinformatical procedure for the sequencing data analysis to be 

able to identify relevant genes possibly causing the patient’s pathological phenotype  

(Ji et al., 2019) followed by data validation via Sanger sequencing and functional assays 

such as, flow cytometry phenotypizations or Western blotting (Kelsen et al., 2015a;  
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Li et al., 2016). Consequently, the completed case studies not only help to adjust 

patients’ treatment, but also contribute to a better understanding of IBD pathogenesis 

and immune system regulation.  
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THEORETICAL PART 

1. Inflammatory bowel disease 

The term “Inflammatory bowel diseases” (IBD) embodies several disorders 

characterized by complex immunity-impaired phenotype with relapsing intestinal 

inflammation. The general clinical picture of IBD includes common signs of 

inflammatory condition - fever, pain and failure to thrive. Moreover, typical symptoms 

suggesting intestinal involvement such as abdominal pain, watery and bloody diarrhea 

or even rectal bleeding can be observed (Podolsky, 2002). In addition to that, 

extraintestinal manifestations are as well common and include musculoskeletal (Falling 

et al., 2019), dermatological (Vavricka et al., 2011) or hepatobiliary involvement (Fraga 

et al., 2016). Moreover, rare manifestations such as ocular (Ottaviano et al., 2018), renal 

(Corica & Romano, 2015) or thyroid (Shizuma, 2016) malfunctions were reported in 

patients with IBD. Both the intestinal, as well as the extraintestinal manifestations can 

be severe or even life-threatening (Huber et al., 2010) and the IBD diagnosis should be 

taken into consideration as soon as possible to provide a better outcome for the patient 

(Lee et al., 2017a). 

 

1.1. Classification of IBD 

The differential diagnosis of IBD and then its subtypes is based on several main 

criteria. Firstly, it is patient’s and family anamnesis with emphasis on previous history 

of IBD, celiac disease, colorectal cancer, other autoinflammatory conditions and 

infections such as intestinal tuberculosis or Clostridium difficile infection (Bernstein et 

al., 2016; Ma et al., 2016; Guerri et al., 2019). Secondly, it includes physical 

examination focusing on general assessment of thriving, abdominal and perianal region 

examination and extraintestinal manifestation signs (Bernstein et al., 2016). Thirdly, the 

laboratory tests focus on standard hematological, immunological and biochemical as 

well as IBD-specific parameters. The specific ones include for example calprotectin 

levels in the stool (van Rheenen et al., 2010) or presence of autoantibodies (Seibold et 

al., 1996; Sura et al., 2014). Lastly, imaging and endoscopic techniques take place 

during the diagnostics of IBD. Results of all above-mentioned diagnostic procedures 
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assemble a relevant amount of information for proper diagnostics of IBD and suggests 

its subtype (Bernstein et al., 2016). 

Two main subtypes of IBD, Crohn’s disease and ulcerative colitis, share many 

resemblances, but also differ in several parameters. CD and UC share characteristic 

genetic background, similar overall clinical manifestations and the diagnostic and 

treatment approach. On the other hand, the IBD subtypes may be distinguished from 

each other by histological features, localization in the gut, cellular involvement or 

typical symptoms. One of the most informative features when differentiating between 

subtypes of IBD is the localization and appearance of the ulceration and the histological 

assessment of the intestine sample. The Crohn’s disease manifests mainly in colon and 

ileum and the inflammation extends often deeper up to the submucosa. The lesions in 

CD are commonly disconnected throughout a vast segment of the intestine and 

accompanied by other complications such as intestinal fistulas and strictures. In 

contrast, the ulcerative colitis histopathological phenotype is almost exclusively located 

in colon. The ulcerations in UC are rather continuous and localized only superficially. 

Bearing in mind clinical, endoscopic and histological features, we can distinguish the 

IBD subtype in majority of the cases (Podolsky, 2002; Bernstein et al., 2016).  

What’s more, apart from classical CD and UC, another inflammatory bowel disease 

subtype called IBD unclassified (IBD-U) or indeterminate colitis (IC), was 

characterized. Both IBD-U and IC describe the state when we cannot decide in favor of 

CD or UC due to overlapping phenotype. According to the Montreal World Congress of 

Gastroenterology in 2005, the terminology of indeterminate colitis should be used only 

in case of patient who underwent colectomy. The patient should be diagnosed as IBD-U 

in any other situation when it cannot be clearly distinguished between classical CD and 

UC (Silverberg et al., 2005). Despite being significantly less abundant (Prenzel & 

Uhlig, 2009), IC is not rare among pediatric patients. Carvalho et al. (2006) reports 

nearly 30% of examined children with undetermined IBD diagnosis. However, 

approximately one third them has been later reclassified as one of the classical IBD 

subtypes. This leads to a question, whether IC should be considered a transitive 

diagnosis based on UC and CD non-exclusion or rather become a separate disorder. The 

idea of distinguishing a new official IBD diagnostic subtype has been already publicly 

discussed, however officially it remains unsolved mainly due to a lack of exclusive 

markers of IC (Guindi & Riddell, 2004; Telakis & Tsironi, 2008; Yu et al., 2017). 
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When evaluating an IBD case, it is important to also consider the age of onset of the 

disorder. According to the age of onset, the Montreal Classification of IBD is dividing 

the patients into three groups: younger than 17, 17-40 years old (yo) and older than 40 

years of age, as displayed in Tab. 1 (Silverberg et al., 2005).  

 

 

CATEGORY AGE OF ONSET CLASSIFICATION 

Adult A3 > 40 yo Montreal Classification 

A2 17-39 yo Montreal Classification 

Pediatric A1 

A1b 

10-16 yo Montreal Classification 

Paris Classification 

- Early Onset A1a <10 yo Paris Classification 

- Very Early Onset < 6 yo Paris Classification 

- Infantile < 2 yo Paris Classification 

- Neonatal < 28 days old Paris Classification 

Tab.1: Classification of IBD based on the age of onset. The categories were set up 

regarding the genotype and phenotype differences among the age subgroups resulting in 

creation of the Montreal (Silverberg et al., 2005) and Paris (Levine et al., 2011) 

Classification of IBD  

 

Focusing on the pediatric patients, they statistically represent up to 25% of all IBDs 

cases (Ruel et al., 2013) which makes them an important subgroup. However, the 

pediatric cases significantly differ between one another. And what’s more, the age of 10 

years appears to be an important timepoint concerning the distinctive endoscopic 

phenotype of the IBD (Levine et al., 2007). The results of Levine’s et al. (2007) 

research concerning the distinctions of age-based pediatric IBD subgroups led to 

reevaluation of the Montreal Classification (Silverberg et al., 2005) for pediatric IBD. 

Consequently, previously set group A1 (patients < 17 yo) was subdivided into two 

categories by the Paris Classification of IBD (Levine et al., 2011) which newly 

distinguishes a category A1b including kids from ten to sixteen years old and a group 

A1a for kids younger than ten years of age (Tab. 1).  
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Reevaluating the Montreal Classification (Silverberg et al., 2005) suitability for 

pediatric patients, the Paris Classification (Levine et al., 2011) not only further 

discriminates pediatric IBD into group A1a and A1b (Tab. 1), but also suggests four 

additional categories within A1a based on more thorough discrepancies in phenotypic 

features. Namely the categories are early onset (EO-), very early onset (VEO-), infantile 

and neonatal IBD. Particularly, VEO-IBD is specific in several criteria including 

distinct manifestation and causes involved in its development. 

 

1.2. Causes of IBD 

Nowadays we know that IBD is a multifactorial disease caused by a vast number of 

possible contributing factors specifically combined in pathogenesis of every patient’s 

case. However, in the past scientists used to consider other causes than the 

multifactorial mode. The first assumptions included monogenic causal mutations 

similarly to in that time already known CYBB mutation causing X-linked chronic 

granulomatous disease (Segal et al., 1983). This mendelian inheritance mode was 

investigated by Orholm et al. (1993) with results suggesting that CD is caused by a 

mutation in a major recessive gene and UC by an impaired major gene with dominant 

character. Shortly after, the theory was reevaluated and other contributing factors apart 

from the classical mendelian genetics were brought into the consideration (Yang et al., 

1993). To prove and further understand this multifactorial concept, considerable number 

of studies has been published describing environmental (Piovani et al., 2019), 

microbiome (Lloyd-Price et al., 2019), genetic (Uhlig et al., 2014) and epigenetic 

(Karatzas et al., 2014), as well as immunity-related (Rubin et al., 2019) involvement in 

IBD pathogenesis (Fig. 1). 
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Fig. 1: Factors contributing to development of IBD. IBD is a complex disorder cause by 

alterations in patient’s genome and epigenome structure, his immunological phenotype, 

as well as his environmental surroundings and lifestyle in addition to his intestinal 

microbial composition (Figure inspired by Yeshi et al., 2020).  

 

 Concerning the environment, several risk factors for IBD development have been 

identified so far including personal lifestyle habits and general environmental 

conditions.. Namely the lifestyle-connected contributing factors are smoking (Persson et 

al., 1990), urban-based living (Benchimol et al., 2017) and unhealthy lifestyle including 

diet (such as consumption of additives like carboxymethylcellulose and polysorbate-80) 

and obesity (Chassaing et al., 2015). Those described causes put together with increased 

incidence of IBD in western developed countries call for classification of IBD as 

civilization disease (Kaplan & Ng, 2017; Ng et al., 2017). 

The environmental involvement in IBD pathogenesis includes also a specific drug 

usage and IBD-unrelated health issues. To evaluate the risk of IBD development in 

connection with taken medication, meta-analyses were performed that found an 

increased risk of IBD in women taking oral contraceptives (Cornish et al., 2008) and in 

patients who underwent the treatment with antibiotics, particularly with penicillins or 

cephalosporins, metronidazole and fluoroquinolones (Theochari et al., 2018). 

Simultaneously, surgical interventions at secondary lymphoid organs like tonsillectomy 
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(Sun et al., 2016) or appendectomy (Kaplan et al., 2008) and other health issues such as 

vitamin D deficiency (Del Pinto et al., 2015) were associated with IBD risk as well. 

Additionally, some infections, for example non-Helicobacter pylori enterohepatic 

Helicobacter, have detrimental effect on IBD development (Piovani et al. 2019). 

Interestingly, other infections show rather protective character against IBD development 

like in case of Helicobacter pylori (Castaño-Rodríguez et al., 2015). All risk factors 

mentioned above were recently reevaluated by Piovani et al. (2019) and proved to 

correlate with IBD risk and progression However, so far, we cannot certainly state 

whether they are the cause, the result or only the bias of inflammatory disorder in the 

gut. 

One of the newest investigated contributing factors of IBD is microbiota and its 

interaction with the human host. The presence of specific intestinal microflora has been 

reported, for example an absence of Bacteroidetes by de Meij et al. (2018) or 

Faecalibacterium prausnitzii by Sokol et al. (2009).  Also, a lower heterogeneity of 

microbiota species in IBD patients in comparison to healthy controls has been observed. 

Comparing the microbiome of UC and CD patients, significant differences can be 

noticed, supporting a distinct pathogenesis of the subtypes (Sun et al., 2019). Summed 

up, the microbiota analyses of IBD patients show both the differences between healthy 

controls and patients, as well as the differences within the patients’ subtypes. This 

suggests a possible new tool for diagnostics, assessment of disease progression and 

potential new targets for treatment (Aschard et al., 2019). 

Additionally, several studies focused on analyzing the relationships between 

microbiota and other contributing factors for IBD. When correlated with genetics, 

microbiota may partially influence the gene expression of some IBD-associated genes 

like NOD2 and, thus, contribute to IBD development (Aschard et al., 2019). Moreover, 

in combination with different diets, fecal microbiota significantly influences the 

progression of IBD in susceptible individuals (Llewellyn et al., 2018). All those 

findings point out the complexity of the disorder and suggests presence of a number of 

yet unknown functional interactions concerning intestinal microbiome.  

Bearing in mind the IBD genetics, several meta-analyses focusing on genes specific 

either for CD and UC or IBD in general have been performed and a list of genes 

important for IBD development and progression was assembled. Starting with NOD2 in 
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2001 (Hugot et al., 2001), the genes associated with IBD have been piling up and up-to-

date over 240 susceptibility loci have been identified (Barret et al., 2008; Imielinski et 

al., 2009; Franke et al., 2010; Anderson et al., 2011; Jostins et al., 2012; Liu et al., 

2015; De Lange et al., 2017). Many of these loci are associated with canonical 

immunopathways, suggesting a significant role of immune system defects in IBD 

development and progression. Surprisingly, only a limited number of them is involved 

in three major pathways which are targeted by IBD therapeutics (De Lange et al., 2017). 

Examples of genes involved in those therapeutically-targeted signalings are TNFα (Al-

Meghaiseeb et al.; 2016) in TNF-associated pathway, IL12 and IL23 sharing the same 

subunit p40 (Oppmann et al., 2000) in their signaling, or genes for integrins in the 

integrin-associated pathway (Sun, 2019).  

Some pediatric IBD cases are considered to be monogenic disorders. Over 65 causal 

genes have been reported (Uhlig et al., 2014; Pazmandi et al., 2019) so far, including 

genes essential for immune activation, for example PLCG2 described in a patient by 

Neves et al. (2018), or immune regulation, like FOXP3 (Okou et al., 2014). These 

findings suggest that IBD immunogenetics is a complex process and further research is 

necessary in order to understand mechanisms and causations, and to design fitting 

treatment methods.  

Closely connected with IBD genetics are IBD-associated epigenetic changes. One of 

the typical epigenetic mechanisms is DNA methylation, usually with repressive effect 

(McGhee & Ginder, 1979; Harris et al., 2018). DNA methylation profile of IBD patients 

was examined by Katarzas et al. (2014) finding a distinct methylation pattern in UC 

patients. Patients with UC had hypermethylated genes CXCL14, CXCL5, GATA3, 

IL17C, and IL4R that are all closely connected with immune system regulation and 

function. The results of epigenetic analyses could serve as a possible new marker for 

IBD patients’ diagnostics and prognosis assessment (Boyd et al., 2018). Moreover, in a 

novel epigenetic-based treatment option for IBD may be introduced in future. 

Epigenetic-based treatment trials in cases of other diseases are taking place, namely 

using Bromodomain and Extra-Terminal motif (BET) inhibitors (Doroshow et al., 

2017). Mouse model experiments show an amelioration of colitis with sodium butyrate 

via impaired DNA binding of NF-ĸB and histone H3 acetylation (Lee et al., 2017b) 

suggesting another possibility for epigenetic management of IBD.  
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Lastly, immune system plays a crucial role in IBD development. The immune 

relation is reflected even in the medical classification, where the disease is often put in a 

group of immune-mediated disorders next to rheumatoid arthritis (RA), systemic lupus 

erythematous (SLE), multiple sclerosis (MS), type 1 diabetes (T1D) or celiac disease. 

The immunity-related connection among the diseases is probably based on sharing some 

susceptible genetic loci. Some of the loci shared among many immunity-mediated 

disorders including IBD contain genes encoding essential regulating and activating 

interleukins and their receptors, such as IL10 or IL2RA (Ramos et al., 2011).  

Apart from impaired interleukin signaling, several other general mechanisms of 

immune dysregulation leading to IBD development were described. Namely it is 

impaired signaling and functions of innate immunocytes like phagocytic macrophages 

(Jones et al., 2018) or adaptive immune cells represented by T regulatory lymphocytes 

(Treg) (Sun et al., 2017). Additionally, a disrupted epithelial barrier has been proven to 

be an underlying condition in IBD patients. (Vivinus-Nébot et al., 2014). Overall, it is 

evident that the immune system and its homeostasis plays a crucial role in IBD 

development and progression which is reflected in expanding number of immunity-

based treatment options as well as in a significant number of recently published research 

studies on immune aspects of IBD. 

 

1.3. Very Early Onset IBD 

The combination of contributing and causal factors like environment or genetics is 

specific for each patient. However, we can find a pattern of a certain genetic and 

environmental involvement when comparing pediatric and adult onset IBD. Particularly, 

very early onset IBD cohort represented by IBD patients younger than 6 years of age is 

significantly specific due to different ratio of genetic and environmental involvement to 

pathogenesis (Fig. 2) in comparison to pediatric later onset and adult onset IBD (Uhlig 

et al., 2014). 

Concerning the genetic aspect, VEO-IBD cases have a higher prevalence of severe 

genetic defects. Having analyzed sequencing data of VEO-IBD patients, more than 65 

major causal genes have been reported so far (Uhlig et al., 2014; Pazmandi et al., 2019). 

Mutations in those genes were found deleterious and functionally correlated with the 
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phenotype of VEO-IBD patients. The products of the genes are often related to immune 

system and their malfunction or malproduction leads to systemic immune dysregulation. 

What’s more, the gene defects involved in VEO-IBD development present with high, 

sometimes even complete penetrance of the mutation, implicating that VEO-IBD can be 

considered as a manifestation of monogenic primary immunodeficiency (Uhlig et al., 

2014; Fang et al., 2019; Pazmandi et al., 2019). In contrast, no study has reported so far 

the extend of involvement of the environmental factors in VEO-IBD. 

 

 

Fig. 2: Ratio of genetic and environmental involvement in pediatric and adult IBD 

development. The pediatric cases, specifically very early onset IBD, are characterized 

by a significantly more frequent presence of major genetic defects causing or 

contributing to the disease, whereas adult IBD cases have a more frequent contribution 

of environmental and non-genetic factors (Figure inspired by Okou et al., 2014).  

 

As opposed to that, EO-IBD and adult patients usually have oligogenic or polygenic 

mode of contributing mutations, typically involving genes with lower penetrance and 

less essential function for immune system (Uhlig & Schwerd, 2016). In addition to 

genetics, the impact of environmental factors is extensive in older patients (Kaser et al., 

2010). Specifically, smoking, urban-based, unhealthy lifestyle, oral contraceptives and 

antibiotics usage, surgeries, infections or vitamin deficiencies are proven to contribute 

significantly (Piovani et al., 2019).  

In addition to the ratio of genetic and environmental involvement, the pediatric and 

adult onset IBD differ also both in clinical manifestation in the intestine and in 

extraintestinal symptoms. Namely, growth-retardation has been reported in kids with 
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IBD, particularly in those diagnosed very early in life (Mamula et al., 2002). 

Additionally, the gastrointestinal symptoms of early onset pediatric IBD are more 

severe and their treatment reactions are more troublesome and less effective than in case 

of later onset IBD (Ruemmele et al., 2006) making pediatric IBD a specific diagnostic 

challenge.  

Summarized, the VEO-IBD is presumed to have a severe genetic load particularly in 

genes involved in immune system. On the other hand, the involvement of environmental 

factors in VEO-IBD pathogenesis is minor (Tab. 2 and Fig. 2). Thus, in contrast to 

classical multifactorial adult IBD, pediatric very early onset IBD might be considered a 

monogenic primary immunodeficiency (PID). The immunogenetic and 

immunodeficiency-related characteristics should be taken into account when suspected 

VEO-IBD patient is evaluated. 

 

 VEO-IBD ADULT AND LATER ONSET 

PEDIATRIC IBD 

Age of onset < 6 yo (Levine at el., 2011) > 6 yo 

Peak in adulthood 20 - 40 yo 

Prevalence 0,5:100 000 (Abramson et al., 2010a) 200:100 000 (Jarkovsky et al., 2017) 

Types CD, UC, IBDU (Abramson et al., 2010a) 

Often accompanied by other 

extraintestinal symptoms  
(Uhlig et al., 2014) 

CD, UC + IBDU rare 
(Jarkovsky et al., 2017; Prenzel & Uhlig, 2009) 

Genetics Monogenic 
(Uhlig & Schwerd, 2016) 

Over 65 reported genetic defects 
(Uhlig et al., 2014; Pazmandi et al., 2019)  

Oligogenic and polygenic  
(Uhlig & Schwerd, 2016) 

Over 240 susceptible loci  
(Barret et al., 2008; Imielinski et al., 2009; Franke 

et al., 2010; Anderson et al., 2011; Jostins et al., 

2012; Liu et al., 2015; De Lange et al., 2017) 

Environment Not described yet Smoking, urban-based, unhealthy 

lifestyle, oral contraceptives and 

antibiotics usage, appendectomy, 

tonsillectomy, non-Helicobacter 

pylori enterohepatic Helicobacter 

infection, vitamin D deficiency 
(Piovani et al., 2019) 

Treatment Poor reaction to conventional 

treatment (Ruemmele et al., 2006) 

Good reaction 

Tab. 2: Differences between VEO-IBD and adult and later-onset pediatric IBD. 
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When suspecting VEO-IBD in a patient, several factors based on characteristic 

manifestations in the patient should be looked for. Similarly to classical adult onset 

IBD, VEO-IBD diagnostics includes evaluation of patient’s history and the clinical 

phenotype. Concerning the phenotype, Uhlig et al. (2014) proposes a memory aid 

“YOUNG AGE MATTERS MOST” summarizing the typical VEO-IBD symptoms. 

Young age of onset is the main indicator. In addition, family situation concerning 

Multiple family members and consanguinity should be taken in consideration. Also, 

personal anamnesis including Autoimmunity, failure to Thrive and failure of 

conventional Treatment, accompanied by Endocrine issues, Recurrent infections and 

Severe perianal disease might support this diagnosis. Lastly, patients with VEO-IBD 

might also suffer from disorders such as Macrophage activation syndrome and 

hemophagocytic lymphohistiocytosis, intestinal Obstruction and atresia, Skin lesions, 

dental and hair abnormalities and might have present Tumors. The individual 

manifestation of these symptoms points to the dysregulated immunity. and, thus, 

suggests what laboratory tests and analyses should be performed in order to identify and 

validate causal genetic variant. 
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2. Molecular mechanisms of VEO-IBD 

Considering VEO-IBD a monogenic disease, it is crucial to understand the 

underlying molecular and signaling mechanism of the dysfunction in order to 

understand the pathology and, consequently, be able to adjust the patient’s treatment. 

Up-to-date, about 240 susceptible loci (De Lange et al., 2017) for IBD development 

were identified and over 65 genetic defects were reported as monogenic causes for IBD 

(Uhlig et al., 2014; Pazmandi et al., 2019). Many of those genes and loci relate to 

immunity by several possible mechanisms, each of them involving different way of 

immune system regulation. Immune dysregulation leading to monogenic VEO-IBD 

(Tab. 5) may occur in case of: 

• epithelial barrier defects, 

• phagocyte defects, 

• lymphocyte defects, 

• systemic inflammatory disorders, 

• complement deficiencies. 

 

2.1. Epithelial barrier defects 

The epithelial barrier in the gut serves as a defense mechanism against 

microorganisms disallowing them to enter the body. However, sometimes the intestinal 

barrier disrupts and its permeability increases, making it possible for the pathogens, and 

also for otherwise symbiotic bacteria cross the barrier and start a local inflammatory 

response in the gut possibly resulting in IBD development. This phenomenon 

sometimes called also “leaky gut” occurs when the epithelial barrier is disrupted by 

defects in its structure, defects in cellular functions including pathological interaction 

between host and microbiota and defects caused by death of epithelial barrier cells due 

to innate mutations in genes significant for intestinal homeostasis (Pazmandi et al., 

2019). 

Several genes and its mutations have been identified so far leading to innate 

epithelial barrier disruptions. An example of gene involved in epithelial barrier structure 

defect is TTC7A, which in mutated state has been found and considered causal for VEO-

IBD in multiple cases (Samuels et al., 2013; Bigorgne et al., 2014). The mechanism 

behind the pathogenesis is presumably a change in intestinal cellular polarity, growth 
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and differentiation stemming from upregulated activity of Rho kinase and resulting in 

disturbed cellular and tissue structure (Bigorgne et al. 2014). Similarly, the intestinal 

tissue structure can be disrupted by FERMT1 and COL7A1 mutations due to impaired 

integrin signaling leading to dystrophy of epithelia including the intestine (Freeman et 

al., 2008; Ashton et al., 2016).  

Also, cell adhesion in the gut can be impaired by mutation of EPCAM leading to 

atrophy of the villi and consequent enteropathy (Al-Mayouf et al., 2009). Additionally, 

peptidase D/prolidase involved in collagen metabolisms can be dysregulated by 

mutation in its gene PEPD, leading to decreased healing, ulceration and in some cases 

also very early onset IBD (Kuloglu et al., 2015; Rizvi et al., 2019). The several ways of 

intestinal barrier disruption mentioned above display the structural complexity of the 

barrier itself. 

Moreover, the barrier can be also disrupted by dysregulation of antimicrobial-

immunity mechanisms. Several paralogs of CYBB (also known as NOX2, a subunit of 

NADPH oxidase involved in phagocytosis, described in section 2.2 Phagocyte defects) 

were found in other cell types causing matching syndromic symptoms to NOX2 defects. 

For example, NOX1 and DUOX2 inactivation mutations, which significantly reduced 

ROS production, has been described in patients with VEO-IBD, suggesting its 

association with the disease (Hayes et al., 2015). Schwerd’s et al. (2018) study of loss-

of-function NOX1 variants, however, suggests that they rather than being a cause only 

contribute to IBD development via decreased functioning of ROS. 

What’s more, immunity-related malfunction of certain intestinal cells caused by 

mutation in genes like GUCY2C or SLC9A3 can also lead to VEO-IBD. GUYC2C is a 

gene encoding transmembrane metabotropic receptor guanylate cyclase which has 

functional impact on chloride and water regulation. Fiskerstrand et al. (2012), who 

presented a case of IBD patients with heterozygous gain-of-function variant in 

GUCY2C, suggest that extensive water secretion in the gut might be the cause of 

chronic diarrhea in this case. Similarly, mutated gene for transmembrane sodium/proton 

antiporter SLC9A3 causes congenital secretory sodium diarrhea with prenatal 

(Holmberg & Perheentupa, 1985) or very early onset (Janecke et al., 2015).  

Another important part of the barrier are prostaglandins protecting the 

gastrointestinal mucosa. Loss-of-function mutation in prostaglandin transporter gene 

SLCO2A1 can cause chronic enteropathy with ulcerations (Umeno et al., 2015). Also, 

deletion in PLA2G4A (Brooke et al., 2014) encoding cytosolic phospholipase A2 



 

25 

involved in eicosanoids synthesis can lead to early onset IBD development due to 

decreased levels of eicosanoids and consequently unprotected gastrointestinal mucosa 

(Faioni et al., 2014). 

Closely connected to intestinal barrier defects is also impaired host-microbiota 

interaction. The microbiota recognition and start-up of a following immune reaction is 

mediated by pattern recognition receptors (PRR) including Toll-Like Receptors (TLR). 

For example, TLR4 is activated by LPS and, thus, its function is strongly dependent on 

LPS presence and degradation. The enzyme responsible for LPS detoxification is 

alkaline phosphatase encoded by gene ALPI in the intestine. The loss-of-function 

variant of ALPI was reported in patients suffering from very early onset IBD 

presumably due to chronic pro-inflammatory response in the gut (Parlato et al., 2018). 

Another important family of PRRs is NOD-like receptors. Having been the first 

genetic defect connected with IBD (Hugot et al., 2001), mutations in NOD2 have been 

thoroughly investigated and reported in a considerable number of cases. The 

pathophysiological mechanism includes improper clearance of bacteria in the gut due to 

impaired signaling via NOD2 and downstream NFĸB pathway leading to chronic 

inflammation resulting in IBD phenotype (Sidiq et al., 2016). Apart from being a 

classical multifactorial IBD-associated mutation (Hugot et al., 2001), some variants in 

NOD2 has been also described in patients with monogenic early onset IBD (Girardelli 

et al., 2018). Also, other NOD2-related molecules can be involved in the pathological 

processes of VEO-IBD. For example, deleterious variant in TRIM22 (Li et al., 2016) 

can impair NOD2 signaling and consequently lead to IBD with very early onset. The 

NOD2 signaling pathway is, therefore, an excellent example of IBD-associated pathway 

defects with diverse manifestation from early onset (Girardelli et al., 2018) to adult 

onset IBD (Hugot et al., 2001). 

 

2.2. Phagocyte defects 

Professional phagocytes such as neutrophil granulocytes or macrophages are 

important cells involved in innate immunity response. Phagocytes in the context of IBD 

pathogenesis not only play a crucial role in keeping the intestinal homeostasis and 

surveilling for the potential pathogens crossing the intestinal barrier, but as well 

contribute to the chronic inflammatory response by production of specific cytokines and 

other soluble or membrane molecules. The impaired function of any kind, as well as 
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decreased numbers of the cells might consequently lead to immunodeficiency or 

autoinflammatory condition with IBD symptoms (Pazmandi et al., 2019). 

One of the possible functional mechanisms behind IBD stemming from phagocyte 

defects is a chronic granulomatous disease (CGD). CGD is characterized by formation 

of granulomatous lesions in the location of the inflammation as a result of ineffective 

pathogen killing. The phagocyted pathogens are normally destroyed by enzymatic 

reaction called oxidative burst sustained by nicotinamide adenine dinucleotide 

phosphate (NADPH) oxidase complex via production of reactive oxygen species (ROS). 

This enzymatic complex and consequently anti-microbial immune response can, 

however, be defective due to mutation in gene encoding any of the five NADPH 

oxidase subunits. 

NADPH oxidase consists of five subunit and mutations in all subunit-encoding 

genes are associated with defects of intestinal immunity. The NADPH oxidase subunits 

are, firstly, the subunit of cytochrome b-245 alpha CYBA (Teimourian et al., 2008) and 

beta CYBB (Segal et al., 1983). Secondly, another three NADPH oxidase subunits are 

from a family of neutrophilic cytosolic factors and they are encoded by genes NCF1 

(van de Vosse et al., 2009), NCF2 (Muise et al., 2012) and NCF4 (Matute et al., 2009). 

Despite the facts that CYBB deficiency is the only one X-linked disorder, it is the most 

common cause of chronic granulomatosis (Roos et al., 2010). 

Similarly to NADPH oxidase subunits, mutations in genes for small GTPases 

involved in the oxidative burst cascade RAC1 and RAC2 influence phagocytic functions 

of neutrophils. Being minimally represented in oxidase complex in neutrophils, RAC1 

has selective effects on neutrophil functions (Heyworth et al., 1994). Rac1 deficient 

neutrophils in mouse model have impaired chemoattraction and migration, but their 

oxidative burst is not defective (Glogauer et al., 2003). In contrast with RAC1 selective 

effects, RAC2 deficiency has a negative impact on NADPH oxidase activation and 

causes severe neutrophil immunodeficiency syndrome (Ambruso et al., 2000).   

In addition to impaired oxidative burst, autoinflammatory phagocyte-related 

disorder can be also a result of recurrent activation of inflammasome. For example, due 

to mutations of NLRC4 the macrophages become chronically activated resulting in very 

early onset fever, as well as inflammatory manifestation in the intestine and other 

organs (Canna et al., 2014). Similarly, mutation and dysregulation of CARD8 and 

NLRP3 is also associated with IBD, however, not yet in a monogenic way (Mao et al., 

2018). 
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Moreover, defective adhesion of the phagocytes to the vessel walls leads to severe 

immunodefects, too. This pathological mechanism is characteristic for a disorder called 

leukocyte adhesion deficiency type 1 (LAD-1). LAD-1 syndrome caused by ITGB2 

mutation (also known as CD18) negatively influences phagocytes in their adherence and 

migration to the tissues and consequently in their microbial clearance. This ineffective 

infection management can lead in case of long-lasting intestinal inflammation, as well, 

to IBD (Uzel et al., 2001). 

Lastly, the phagocyte defects can also originate from neutropenia. Severe congenital 

neutropenia accompanied by other symptoms was reported in patients with G6PC3 

mutations. Glucose-6-phosphataseis an important enzyme involved in glucose 

metabolism and its deficiency leads to metabolic switch. Mistry et al. (2017) suggest 

that the metabolic changes triggers higher production of inflammatory cytokines leading 

to autoinflammatory conditions including IBD. In connection of glycogenesis, the 

deficiency of glucose-6-phosphate translocase encoded by SLC37A4 is also connected 

with IBD (Volz et al., 2015) highlighting the importance of energetic metabolism for 

the immune system and its well-being. 

 

2.3. Lymphocyte defects 

Genetically-based adaptive immunity defects stemming from lymphocyte 

deficiencies and functional dysregulation, as well as impaired antibody production, lead 

to the development of primary immunodeficiencies with possible intestinal 

involvement. The phenotype, genetics and mechanism of the immunodeficiency can be 

diverse. Phenotypically, VEO-IBD can present as Common Variable Immunodeficiency 

(CVID), but also as Severe Combined Immunodeficiency (SCID) or Combined 

Immunodeficiency (CID) with syndromic features (Bousfiha et al., 2018). Underlying 

genetic defect leading to malfunction of the immune system may affect B lymphocytes 

and their antibody production, as well as effector T lymphocytes. In addition, regulatory 

T cells have been thoroughly studied in connection to PID and VEO-IBD development 

recently, too. Lymphocyte defects are, however, often very versatile and complex 

disorders and in many cases the IBD manifestation are just one of many symptoms of 

the disorder (Uhlig et al., 2014; Pazmandi et al., 2019). 
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2.3.1. B lymphocyte and antibody defects 

Concerning CVID, B cell functions like their activation, proliferation, class switch 

recombination and antibody production are affected. The causes of those pathogenic 

mechanisms are mainly polygenic or multifactorial (de Valles-Ibáñez et al., 2018), 

however, some disorders of monogenic origin are known, too. Among the few identified 

major impact genes related to CVID with intestinal manifestation are CD40LG (Levy et 

al., 1997; Wang et al., 2014) and AICDA (Quartier et al., 2004). Mutations of these 

genes cause hyper IgM syndrome due to impaired B cell activation and antibody class 

switch. Similarly, hyper IgM syndrome can be also caused by impaired 

PI3K/Akt/mTOR signaling. For example, gain-of-function mutation of PIK3CD 

(Elgizouli et al., 2016; Farachi et al., 2018) is involved in immunopathology via 

impaired phosphatidylinositol-3-kinase (PI3K) mediated BCR signaling. Similar 

symptoms like in case of PIK3CD mutation were also observed in patients with PTEN 

mutation. PTEN deleterious variants, however, are of a loss-of-function character as 

PTEN regulates the PI3K/Akt pathway negatively (Driessen et al., 2016).  

What’s more, the abundance of certain class of antibodies can also occur in case of 

IgD. Even though IgD levels in plasma are low compared to other immunoglobulin 

types, hyper IgD syndrome features can be severe. The syndrome is caused by loss-of-

function mutation in gene MVK encoding melvalonate kinase which is involved in 

cholesterol metabolism. The typical symptoms include febrile episodes with diarrhea or 

rash with early onset (Bader-Meunier et al., 2011). The good treatment results of 

melvalonate kinase deficient patients with IL1-targeting drugs implicate IL1 

involvement in the disorder pathogenesis (Galeotti et al., 2012). Similarly, hyper IgE 

syndrome caused by DOCK8 mutation can also manifest with diarrhea and colitis in 

pediatric patients (Sanal et al., 2012). 

In addition to hyper IgM and hyper IgD syndromes, agammaglobulinemia is another 

example of CVID with IBD symptoms. Patients with agammaglobulinemia were 

reported to have a mutated BTK gene (Maekawa et al., 2010) resulting in impaired 

maturation of B cells and, thus, lacking antibody production. Also, PIK3R1, which 

encodes regulatory subunit of PI3K, is associated with agammaglobulinemia, 

Interestingly, pathogenic mutation of PIK3R1 has been described in case of 

homozygous loss-of-function mutation (Conley et al., 2012) as well as in case of 

heterozygous gain-of-function variant (Lucas et al., 2014). Those contradictory findings 
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imply complexity of the PI3K signaling in B cell function and consequently in PID and 

VEO-IBD development. 

Moreover, hypogammaglobulinemia is also a known form of CVID with intestinal 

manifestation reported in patients with mutation in TNFRSF13B (Salzer et al., 2009), 

CD19 (Kanegane et al., 2007) and IRF2BP2 (Keller et al., 2016). Additionally, B cell 

immunodeficiency due to TRNT1 (Frans et al., 2017), LRBA (Alangari et al., 2012), 

IL21 (Salzer et al., 2014), TTC37 (Hartley et al., 2010) and SKIV2L (Fabre et al., 2012) 

mutations has been described in patients with IBD. Also, ICOS (Grimbacher et al., 

2003) and its ligand ICOSLG (Roussel et al., 2018) mutations can lead to 

immunodefects characterized by decreased generation of antibodies and memory B 

cells. Lack of antibodies and memory B cells stems from non-activation of B cells due 

to missing costimulation. The costimulation is impaired either by defects of ICOS on 

helper T cells or ICOSLG on B cells. The example of ICOS and ICOSLG deficiency 

displays the need of proper cooperation of all immunocytes and other involved cell 

types in order to avoid malfunctions of the immune system. 

 

2.3.2. Effector T lymphocyte defects 

The development and functions of effector T lymphocytes may be impaired by 

genetic defect leading to development of severe immunodeficiency with possible IBD 

manifestation. In addition to T cells, B cells and NK cells might be affected at the same 

time resulting in combined immunodeficiency with several functional defects. 

Depending on the phenotype of the disorder, we can distinguish T+/- B+/- NK+/- SCID 

based on the presence or absence of the cellular type (Bousfiha et al., 2018). Because of 

the severe combined phenotype, all types of SCID are typical of very early onset within 

first months of life and very serious or even life-threatening phenotype. The danger 

stems mainly from susceptibility to infections which might be lethal for 

immunocompromised patients. Thus, it is important to identify the causal genetic 

variant of the SCID as quickly as possible in order to provide treatment for the patient 

in time (Fischer et al., 2015). 

One of the genes involved in B and T lymphocytes maturation, mutation of 

which can cause SCID, is RAG1. RAG1 is recombination-activating gene important for 

V(D)J recombination and its deleterious mutations lead to T- B- NK+ SCID with 

protracted diarrhea. Similarly, symptoms and mechanism match SCID caused by 
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mutation of RAG2 (Corneo et al., 2001). Also, mutation in another gene involved in 

V(D)J recombination, DCLRE1C (also known as ARTEMIS), can lead to very early 

onset IBD. It results in ARTEMIS deficiency presented as T- B- NK+ SCID 

(Felgentreff et al., 2015). Moreover, DNA-dependent protein kinase catalytic subunit 

encoded by PRKDC and interacting with ARTEMIS during the recombination might be 

involved in pathogenesis of SCID with IBD, too. This implication is based on a report 

of an uninvestigated deceased twin, whose brother had validated mutation in PRKDC 

and suffered from immunodeficiency with chronic diarrhea (Mathieu et al., 2015). 

Lastly, LIG4 is both involved in V(D)J recombination, but also plays a role in B cells 

development. Mutation in LIG4 can lead to SCID with IBD or B cell-development-

related LIG4 syndrome (van der Burg et al., 2006). The spectrum of severe defects due 

to mutated parts of the V(D)J machinery shows its importance for the adaptive 

immunity functioning. 

Similarly, low counts of lymphocytes, especially helper T cells, clinically 

presenting with immunodeficiency and diarrhea might be present in patients suffering 

from FOXN1 mutation (Chou et al., 2014). FOXN1 is a master regulator of thymic 

epithelial cells and, thus, the thymic selection of T cells is impaired by this mutation 

(Žuklys et al., 2016). 

The lymphocyte maturation and proliferation are also dependent on metabolism 

of nucleotides related to enzyme adenosine deaminase (ADA). ADA deficiency causes a 

build-up of nucleotides, especially deoxyadenosine, which are toxic for cells with high 

proliferation rate such as T and B lymphocytes. Therefore, T- B- NK- SCID with 

possible intestinal manifestation can occur due to mutation of ADA. As these mutated 

variants impair the immune system significantly, the onset of the immunodeficiency is 

commonly within the first months of life (Felgentreff et al., 2011). Moreover, PNP 

deficiency manifests by a similar mechanism and with resembling symptoms (Shanon et 

al., 1988). 

Additionally, effector function of T cells is firstly based on activation via MHC-

TCR signaling. TCR is associated with protein complex CD3, which consists of several 

subunits including CD3γ. CD3γ is encoded by CD3G gene, mutation of which has been 

found to cause T+/low B+NK+ SCID with autoimmune enteropathy (Recio et al., 

2007). Other subunit delta and epsilon of CD3 encoded by CD3D (Dadi et al., 2003) 

and CD3E (de Saint Basile et al., 2004) can also in truncated state cause SCID with 

very early onset IBD. 
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What’s more, other downstream molecules associated with TCR signaling such 

as p56 (LCK) encoded by LCK (Goldman et al., 1998) are known to lead to SCID with 

VEO-IBD in case of deleterious mutations. Also, intracellular domain of TCR interacts 

with ZAP-70 during the activation. Therefore, when mutated, ZAP-70 can cause severe 

immunodeficiency. Namely, autoimmune syndrome with chronic intestinal 

inflammation and recurrent infections has been reported in patient with ZAP-70 

deficiency (Parry et al., 1996). Interestingly, other patients suffered from similar 

gastrointestinal symptoms due to compound heterozygous mutations of ZAP-70 - 

specifically due to a combination of an activating and a hypomorphic allele (Chan et al., 

2016). This diversity in causal mutations suggests yet undescribed underlying 

complexity of ZAP-70-associated SCID. 

Another important part of effector function of T lymphocytes relates to 

interleukin 2 . Its receptor consists of three subunits α, β and γ. Subunit α is encoded by 

gene IL2RA also known as CD25, duplication of which has been reported in patient with 

VEO-IBD (Caudy et al., 2007; Joosse et al., 2018). Additionally, truncated subunit β 

due to IL2RB mutation has been reported in children with IBD (Zhang et al., 2019). 

And what’s more, impaired signaling via subunit γ leading to VEO-IBD is also known. 

SCID resulting from IL2RG mutation can present apart from VEO-IBD also with 

susceptibility to opportunistic infections and failure to thrive (DiSanto et al., 1994). The 

immunodeficiency due to IL2RG mutation is more severe than IL2RA and IL2RB as 

subunit γ, sometimes also called common gamma chain, is shared with other receptors 

for interleukins like IL4, IL7 or IL21 making effects of its malfunction broader. In 

addition to IL2R, IL7R can also be truncated due to mutations leading to SCID with 

very early onset diarrhea manifestation (Puel et al., 1998).  

Moreover, several Janus kinases (JAK) and signal transducers and activators of 

transcription (STAT) are involved in pathogenesis of immunodeficiencies and VEO-

IBD mainly via abnormal cytokine-related signaling. For example, STAT1 

immunodeficiency is predominantly characteristic by increased susceptibility to 

infections, especially by opportunistic pathogens. Nonetheless, it can also present with 

pediatric chronic colitis, reportedly in case of heterozygous mutation of DNA binding 

domain of STAT1 (Uzel et al., 2013; Thoeni et al., 2016). In addition to STAT1 

mutation, germline homozygous nonsense as well as somatic gain-of-function mutation 

of STAT5b can manifest similarly (Bernasconi et al., 2006; Ma et al., 2017). Also, 

truncate JAK3 was reported in a family with history of severe immunodeficiency 
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including intestinal manifestation (Barreiros et al., 2018). Involvement of several 

JAK/STAT signaling members in VEO-IBD pathogenesis proclaims the importance of 

this type of signaling in immunity on a systemic level. 

There are other molecules apart from JAK and STAT that affect production and 

signaling of cytokines, such as DOCK2 (Dobbs et al., 2015) which affects interferon, or 

ADAM17 (Blaydon et al., 2011) and OTULIN (Damgaard et al., 2016) which are 

involved in TNFα signaling pathway. Deleterious mutation in coresponding genes 

might lead to pediatric IBD development with possible manifestation even in first days 

of life. Also, mutation in NFAT5 influences production of cytokines in osmotic stress 

environment and may lead to IBD development (Boland et al., 2015). The proposed 

underlying mechanism behind NFAT5-related malfunction might be salt-induced switch 

to Th17 development, however, performing more tests, especially in connection to 

clinical cases, is necessary to validate this theory (Kleinewietfeld et al., 2013). 

What’s more, several other genes have been proposed as causal for VEO-IBD. 

Recently, a new type of T-, B- and NK- lymphopenia has been described in patients 

with early onset IBD stemming from mutation in ANKZF1. ANKZF1 plays a role in 

stress response in mitochondria and its loss of function disrupts cell respiration leading 

to apoptosis in lymphocytes (van Haaften - Visser et al., 2017). Another mechanism can 

involve an ubiquitin ligase ITCH, which can cause multisystem autoimmune disease 

with gut infiltrates when in truncated state (Lohr et al., 2010). Similarly, severe genetic 

defects affecting predominantly T lymphocytes in patients with VEO-IBD can, as well, 

stem from centromeric instability due to mutation of ZBTB24 (Conrad et al., 2017) or 

from calcium channel defects mediated by mutation of STIM1 (Picard et al., 2009) and 

ORA1 (McCarl et al., 2009). Despite proper identification of the deleterious genetic 

variants, the mechanisms of their dysregulation are not very well understood and should 

be considered for further investigation in order to get to know IBD pathogenesis more 

complexly. 

Additionally, canonical inflammatory signaling pathway of NFĸB, which is 

connected to mucosal barrier defects via NOD2 or TRIM22 dysregulation, impacts also 

lymphocyte functions. For example, IKBKG, known also as NEMO or IKKγ, is a kinase 

involved in NF-ĸB signaling. Its knock-out in a mouse model is colitis-inducing (Nenci 

et al., 2007) and the results of the mouse model corresponds with some pediatric IBD 

reported cases of immunodeficiency with enterocolitis (Cheng et al., 2009). In addition 

to that, immunodeficiency with intestinal manifestation was reported in case of 
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mutation of IKBKB, also known as IKKB or IKKβ (Pannicke et al., 2013). Considering 

components of NFĸB pathway further downstream, hypermorphic mutation of 

NFKB1A, also called IKBA (Courtois et al., 2003); as well as mutation of NFKB1 

encoding p50 (Fliegauf et al., 2015) and NFKB2 encoding p52 (Klemann et al., 2019) 

can lead to very early onset IBD within immunodeficiency syndrome. Similarly, NFĸB 

signaling can be impaired by deleterious mutation of RELA, sometimes called p65 

(Badran et al., 2017), and RELB with possible association to immunodeficiency and 

IBD phenotype (Merico et al., 2015). Lastly, also NFĸB regulator MALT1 is also 

associated with immunodeficiency and severe gastrointestinal inflammation (McKinnon 

et al., 2014). The number of reported genes related to NFĸB, mutation of which can 

lead to defects in immunity with intestinal manifestation, implies the known importance 

of NFĸB for inflammation and its management. 

 

2.3.3. Regulatory T lymphocyte defects 

Regulatory T cells are an important part of suppressive mechanisms of the immunity 

against self-harm. Their dysregulation, therefore, results often in severe disorders with 

autoimmune symptoms manifesting for example as diabetes mellitus, inflammatory 

bowel disease or autoimmune thrombocytopenia, neutropenia and hemolytic anemia. 

Due to the importance of Treg function in balancing the immune homeostasis, the onset 

of the causal disorders is very early, leading to life-threating states when untreated. 

Treg are characterized by three main markers – they are CD4+ CD25+ and 

FOXP3+. Deleterious mutation in FOXP3 leads to development of X-linked 

Immunodysregulation, Polyendocrinopathy, and Enteropathy called also IPEX 

syndrome. Interestingly, patients with VEO-IBD due to IPEX can have either 

significantly decreased Treg numbers because of the FOXP3 mutation (Agakidis et al., 

2019) or the disorder might stem from truncated-FOXP3-mediated functional 

dysregulation with normal levels of Treg (Okou et al., 2014). The mechanism of 

FOXP3-related IBD pathology is not understood properly, however, it is suggested that 

impaired FOXP3-EZH2 protein interaction is involved (Bamidele et al., 2019). 

Other marker of Treg is CD25, also known as IL2RA. Mutation of corresponding 

gene IL2RA leads to development of IPEX-like syndrome (Caudy et al., 2007), which 

symptomatically resembles the original IPEX syndrome caused by FOXP3 mutation. In 
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addition to IL2RA, IPEX-like syndromes were identified also due to mutations of genes 

like STAT1, STAT5b and ITCH (Verbsky et al., 2013). 

The suppressive function of Treg is mediated by expression of suppressive 

membrane molecules and production of anti-inflammatory cytokines. One of the 

membrane suppressive molecules is CTLA4, which is an antagonist of costimulatory 

molecule CD28. Mutation of CTLA4 causing impairment in the binding to CD80 

resulting in a decreased suppressive function, was identified in patients with early onset 

Crohn’s disease and other autoimmune manifestations (Zeissig et al., 2015) showing the 

importance of CTLA4 for immunity homeostasis. 

Apart from membrane molecule CTLA4, typical cytokines essential for regulatory 

function of Treg are IL10 and TGFβ. Loss-of-function mutations of IL10 and subunits 

of its receptor IL10RA and IL10RB (Kotlarz et al., 2012) are the typical examples of 

VEO-IBD genes as their penetrance is nearly complete (Uhlig & Schwerd, 2016). 

Furthermore, activating mutation in downstream signal transductor gene STAT3 can 

lead to severe infantile IBD, too (Haapaniemi et al., 2015).  

Similarly, mutations in genes encoding suppressive cytokine TGFβ (Kotlarz et al., 

2018) and its receptor subunits TGFβR1 and TGFβR2 have been identified as a cause of 

very early onset IBD. Interestingly, mutations in genes for receptor subunits TGFBR1 

and TGFBR2 are associated with Loeys-Dietz disease typical of craniofacial 

dysmorphisms and predispositions for aortic aneurysms and dissections. However, 

reported cases of pediatric IBD patients with deleterious mutation of the same genes 

imply also association with early onset colitis (Naviglio et al., 2014).  

Bearing in mind multiple mentioned mechanisms of immunity suppression, 

molecules involved in regulatory T cell development and function are crucial for 

keeping the intestinal as well as systemic balance of immunity response against 

pathogens and other danger signals and on the other hand dealing with autoimmune 

reactions. Therefore, its involvement in the development of IBD is significant and in 

many cases the mutations can have such a severe effect that completely penetrant 

monogenic disorders might occur. 
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2.4. Systemic inflammatory disorders 

Apart from CVID, SCID and other defects with dominantly affected cell type, 

studies also describe several systemic monogenic immune dysregulations with complex 

phenotype including intestinal manifestation. One of those disorders is Mediterranean 

fever with its typical symptoms as fever and local inflammation in different parts of the 

body including intestine. (Saito at al., 2019). The responsible mutated gene for 

Mediterranean fever is MEFV. Interestingly, the disorder can manifest in autosomal 

recessive, as well as autosomal dominant mode of inheritance. The classical recessive 

type is more common and several causal variants of MEFV mutation have been reported 

so far (Uslu et al., 2010). On the other hand, the dominant type is more rare and seems 

to be caused by deleterious mutation reducing the function of pyrin with either pseudo-

dominant mode of inheritance or variable penetrance of the mutation (Booth et al., 

2000) making the evaluation of MEFV monogenic causality more complicated. 

Also, PLCG2 mutation can cause systemic autoinflammation displayed as PLCG2-

associated antibody deficiency and immune dysregulation with IBD. Phospholipase C 

gamma-2 (PLCG2) is involved in intracellular signaling important for many 

immunocytes and other cell types and its impaired function has severe effects on 

activation of the immune system. Specifically, gain-of-function mutations of PLCG2 

can lead to autoinflammatory reaction on skin and in the respiratory and gastrointestinal 

system starting in the first weeks of life, with poor response to conventional treatment 

(Neves et al., 2018).  

Similarly, PSTPIP1 mutation can lead to autoinflammatory syndrome sometimes 

called PAPA or PAC syndrome stemming from an abbreviation of the typical symptoms 

- Pyoderma gangrenosum, Acne and ulcerative Colitis. The syndrome predominantly 

manifests by several disorders of the skin, however, there are also cases of patients with 

PSTPIP1 mutations presenting with hematological disorders, arthritis or colitis with 

very early onset (Burlakov et al., 2018). Therefore, PAC syndrome should be also 

considered in case of VEO-IBD patients with extraintestinal skin manifestations. 

Another example of multisystem disorder is Behcet-like autoinflammatory 

syndrome which is caused by mutation in TNFAIP3. TNFAIP3 regulates NFκB 

pathway by deubiquitination of multiple involved signaling molecules. However, in its 

mutated state NFκB signaling is altered and consequent production of proinflammatory 

cytokines is increased resulting in chronic inflammatory disease. The symptoms include 
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early onset arthritis, uveitis and ulcerations, as well present in the gut as reported on a 

group of patients with infantile IBD by Zheng et al. (2018). 

Hemophagocytic lymphohistiocytosis is complex disorder and its typical symptoms 

do not include intestinal inflammation. Nevertheless, several cases of patients suffering 

from atypical hemophagocytic lymphohistiocytosis with intestinal involvement have 

been reported. The patients had mutations in STXBP2 gene, suggesting its importance 

for intestinal homeostasis (Meeths et al., 2010). A significant number of patients 

diagnosed with hemophagocytic lymphohistiocytosis also have a mutation in XIAP and 

SH2D1A, also known as SAP (Yang et al., 2012). Deleterious mutation in XIAP is, 

however, more often associated with X-linked lymphoproliferative disorder which can 

also involve intestinal manifestation. The proposed mechanism is NOD2-signaling 

impairment and thus, host-microbiota interaction defect (Kelsen et al., 2015b; Cifaldi et 

al., 2017;). Similarly, X-linked lymphoproliferative disorder can stem from mutation in 

SH2D1A and in case of big deletions can present also with pediatric colitis and gastritis 

(Booth et al., 2011).  

Moreover, Niemann-Pick disease is normally characterized by defects in lysosomal 

lipid storage resulting in neurodegeneration due to mutated NPC1. Connected impaired 

autophagy is influencing also NOD2-related immunological response like in case of 

XIAP deficiency and, therefore, patients with Niemann-Pick disease can also suffer 

from intestinal inflammation with early onset (Schwerd et al., 2017). 

Similarly to XIAP, POLA1 deficiency is also X-linked multisystem disorder. Its 

pathogenesis, however, stems from dysregulation of replication. What’s more, it 

regulates interferon production and, thus, leads to inflammatory disorder with possible 

intestinal inflammation with early onset (Starokadomskyy et al., 2016). 

Additionally, MIRAGE syndrome caused by mutation in SAMD9 manifests 

typically with Myelodysplastic changes, susceptibility to Infections, growth 

Restrictions, Adrenal hypoplasia, Genital abnormalities and also chronic early onset 

Enteropathy (Narumi et al., 2016). The symptoms stem from SAMD9 malfunction, 

which is connected to IFN and TNFα signaling cascade, therefore, it is strongly 

involved in proinflammatory cascade and its dysregulation (Hershkovitz et al., 2011). 

Another syndrome, which can present with intestinal pathology, is Hoyeraal-

Hreidarsson syndrome. This syndrome typically manifests as congenital dyskeratosis, 

but intestinal ulcerations have been reported, too. The patients have either RTEL1 (Le 

Guen et al., 2013) or DKC1 (Borggraefe et al., 2009) deficiency due to corresponding 
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gene mutation causing telomeres shortening and consequently mucosal disruptions and 

bone-marrow-failure-induced immunodeficiency. 

Similarly, a few patients suffering from Hermansky-Pudlak syndrome typical of 

defective membrane organelles like melanosomes, lysosomes and presence of granules 

in cells have been reported with IBD symptoms. Out of several genes associated up to 

date with Hermansky-Pudlak syndrome, HPS1 and HPS4 mutation can also lead to 

development of colitis (Hussain et al., 2006; Lozynska et al., 2018). HPS6 mutation has 

been identified in IBD patient with adult onset (Mora& Wolfsohn, 2011) as well as in 

pediatric patients presenting, however, with ophthalmic symptoms (Hull et al., 2016). 

Concluding, HPS6 might be a potential causal gene for VEO-IBD, however, further 

investigation is necessary.  

Bare lymphocyte syndrome is a severe disorder caused by a mutation in one of the 

genes related to major histocompatibility complex (MHC). Bare lymphocyte syndrome I 

caused by a mutation in gene TAP1, TAP2 or TAPBP does not manifest with IBD 

symptoms, but typically with skin lesions or respiratory tract disorders (de la Salle et 

al., 1999). On the other hand, Bare lymphocyte syndrome II caused by a mutation in 

one of the genes involved in MHC II antigen presentation - RFX5, RFXAP, RFXANK 

and CIITA, often manifests with very early onset diarrhea and severe immunodeficiency 

(Aluri et al., 2018; El Hawary et al., 2018) displaying the expected relevance of MHC 

presentation to proper immune reaction. 

Lastly, Wiskott-Aldrich syndrome, which often manifests with thrombocytopenia 

and eczema, has been also reported in cases of VEO-IBD. The syndrome is caused by 

mutation of WAS encoding regulator of cytoskeleton WASP (Ohya et al., 2017). 

Alternatively, one case of Wiskott-Aldrich syndrome due to mutation of WIPF1, which 

is gene encoding WASP-interacting protein, has been reported so far (Lanzi et al., 2012) 

suggesting a potential unknown heterogeneity of this disorder. WAS and WIPF1 as well 

as other above-mentioned causal genes are an example of genetic variants normally 

associated with different disorder, which should, however, be taken into consideration 

also in diagnostics of VEO-IBD. 
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2.5. Complement defects 

Complement is a system of multiple proteins involved in the beginning of pathogen 

recognition and start-up of the following cascade of the innate, as well as adaptive 

immune response. Defects in complement system often disrupt triggering the immune 

response and lead to impaired bacterial clearance. Concerning IBD, the impaired 

interaction with intestinal microbiota leading to infections is a proposed complement-

related mechanism contributing to the pathogenesis (Pazmandi et al., 2019). 

One of the reported defects leading to pediatric IBD and concerning recognition of 

pathogens via lectin pathway is MASP2 deficiency. MASP2 deficiency is caused by 

mutation of MASP2 and can lead to development of ulcerative colitis followed by 

several other autoimmune disorders (Stengaard-Pedersen et al., 2003). On the other 

hand, MASP2 was found to be more associated with CD than UC (Bak-Romaniszyn et 

al., 2011) suggesting need for further investigation of this mutation. 

Related to MASP2 functions and lectin pathway is ficolin 3, product of FCN3. 

Deficiency of ficolin 3 (also known as H-ficolin) can also lead to early onset 

immunodeficiency. And what’s more, the deficiency has been found in patient with 

very-early onset necrotizing enterocolitis due to unmanaged intestinal infection 

stemming from FCN3 mutation (Schlapbach et al., 2011).  

Similarly, loss-of-function mutation in CD55 (also known as DAF) has been 

reported in case of patients with very early onset protein-losing enteropathy (Ozen et 

al., 2017). This genetic association of CD55 to IBD pathogenesis has been also 

supported by Daf1-/- mouse model (Lin et al., 2004). Being an autologous inhibitor of 

complement cascade, CD55 mutation is another example of immune dysregulation with 

possible manifestation in the gut. 

Nevertheless the lack of understanding and correlation of complement system 

defects to IBD development and progression, some studies suggest use of complement 

inhibitors as IBD treatment based on promising results (Schepp et al., 2009). As well, 

further investigation of complement in IBD patients is needed as Sina et al. (2018) 

imply preferential activation of different pathways in patients with UC (classical 

pathway) and CD (alternative pathway), which could be potentially useful for clinicians.  
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The research concerning finding new causal and associated genetic variants to VEO-

IBD as well as understanding their mechanisms within immune system is necessary. 

The information may come from either genome-wide association studies or published 

case studies. The identification and validation of patient’s causal variant provide not 

only scientific information contributing to the topic, but also serve as a base for the 

personalized diagnostics and consequently treatment optimization in clinics.  
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3. Diagnostics of VEO-IBD 

3.1. Methodological approaches 

Concerning the genetic and genomic analysis, the aim is to identify mutated genes 

which might cause or contribute to the patient’s disorder. Several approaches can be 

used depending on the aim of the project. For example, genome wide association study 

(GWAS) analyses are fitting for a population study which is looking for commonly 

shared, probably contributing variants. On the other hand, targeted gene panel or exome 

sequencing are more suitable for personalized-diagnostics-based projects searching for 

rare causal variants (Muise et al., 2012). Nonetheless, some variants will not by 

identified by either of them leaving a space for new high-throughput but costly and 

technologically-demanding technologies such as whole genome sequencing or even 

single-cell RNA sequencing (Uhlig & Muise, 2017; Seumois & Vijayanand, 2019). 

Considering the possible sequencing technologies, Sanger sequencing used to be a 

golden standard sequencing method, however, nowadays parallel next generation 

sequencing (NGS) techniques are used preferentially. The main advantage of NGS is 

the amount of obtained data in connection to its time-consumption and cost-

effectiveness, making it possible to perform high-throughput sequencing-based 

diagnostics routinely in clinical laboratories. Despite the lower sequencing capacity, 

Sanger sequencing is still considered more accurate than NGS and, therefore, is often 

used as a validation of NGS data results in clinics (Mu et al., 2016). 

Using NGS for VEO-IBD research and diagnostics, targeted gene panel sequencing, 

whole exome sequencing (WES) or whole genome sequencing (WGS) is performed 

depending on the specifics of the project as all of them have their advantages and 

disadvantages (Tab. 3). Targeted panel sequencing is used when aiming to identify 

causative variants in a set number of candidate genes such as stemming from GWAS or 

from already published case studies. This approach is useful for diagnostic 

identification of well-known candidate genes (such as IL10) as it considerably 

simplifies experimental design, data analysis and lowers cost compared to WES and 

WGS. However, it disallows finding new causal variants in previously unassociated 

genes. Moreover, the knowledge of candidate genes expands very quickly with 

publications of new case studies pressuring the scientists to include a considerable 

number of genes in the panels in order to be able to identify less abundant gene variants. 
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Therefore, the panel sequencing is not preferentially used in cases of rare genetic 

mutations such as those causing VEO-IBD (Petersen et al., 2017; Uhlig & Muise, 2017). 

Bearing in mind clinical research of IBD causative variants, WES and WGS is more 

suitable approach. Sequencing of the patient’s exome allows the scientists to consider 

variants within over 20 000 protein-coding genes and some other noncoding genes with 

intron-exon structure. Also, presumably important variants in introns such as splice site 

surroundings are sequenced during WES to be able to evaluate their impact for coding 

sequencing and potentially protein expression. However, variants in introns, noncoding 

and regulatory regions may, as well, influence the gene expression and protein function 

without being recognized by WES (Meyts et al., 2016; Uhlig & Muise, 2017) being the 

main drawback of this approach for rare variants diagnostics. What’s more, when 

sequencing only exome it is necessary to enrich the exonic sequences. The enrichment, 

however, can be heterogenous among the genes as some genes such as IKBKG or NCF1 

are known to get amplified in a complicated way despite the fact they are protein-coding 

genes involved in VEO-IBD pathogenesis. Thus, their causal identification by WES 

might be troublesome in some VEO-IBD cases (Kammermeier et al., 2014).  

When looking for the most complex picture of patient’s genetic profile, whole 

genome sequencing is the most rewarding approach. WGS can help to identify all 

variants including non-coding and regulatory parts of the genome. Moreover, compared 

to WES whole genomic coverage is also more accurate as there is no need for 

preamplification. However, WGS data obtaining and analysis can be problematic and 

overdemanding as their processing and analysis are technologically, financially and 

time-consuming (Meyts et al., 2016; Uhlig & Muise, 2017).  

Similarly, the RNA sequencing or even single-cell RNA sequencing has been 

showing great promise lately. Because of RNA analysis, it is able to identify pseudo-

genes, different isoforms and alternative splicing variant for maximally 5 000 genetic 

markers per cell. Also, this approach allows for tissue- and cell-specific expression 

profiling. However, its cost, complicated data analysis and demands on the volume of 

biological samples makes it yet inconvenient for clinical purposes (Uhlig & Muise, 

2017; Luecken & Theis, 2019; Seumois & Vijayanand, 2019). Therefore, currently 

targeted panel and WES are the first choice for IBD diagnostic and clinical research use 

(Fang et al., 2018). 
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Method Cost Analyzed 

genes 

Advantages Disadvantages 

Sanger 

Sequencing 

$ 1 Low price 

Very high accuracy 

Small number of sequenced 

genes 

Identifies variants only in 

selected gene 

Targeted 

panel by 

NGS 

$$ Max. 

hundreds 

Lower cost than WES, 

WGS 

Easier data analysis than 

WES, WGS 

Identifies variants only in 

selected genes 

Whole 

exome by 

NGS 

$$$ 20 000  

(all coding) 

Lower price than WGS 

Identifies variants 

within all coding regions 

 

Identifies variants only in 

exons 

Bias due to pre-amplification 

Demanding data analysis 

Whole 

genome by 

NGS 

$$$$ 40 000  

(all coding 

and 

noncoding) 

Identifies variants 

within whole genome  

No bias due to pre-

amplification compared 

to WES 

High price  

Demanding data analysis 

 

RNA 

sequencing 

$$$-

$$$$$ 

Max. 5 000 Identifies pseudo-genes, 

isoforms, splicing 

variants 

Can identify cell- and 

tissue-specific gene 

expression  

Very high price 

Demanding data analysis 

Needs huge volume of 

sample  

Tab. 3: Advantages and disadvantages of sequencing techniques suitable for VEO-IBD 

diagnostics (Seleman et al., 2017; Uhlig & Muise, 2017; Willyard, 2018; Luecken & 

Theis, 2019) 

 

3.2. Variant filtering criteria 

When using any next generation sequencing approach and mechanism of 

sequencing, it is afterwards necessary to process and analyze the data. The amount of 

raw sequencing data (in FASTQ format) coming from NGS is huge, needing a way to 

process them effectively. The short fragments of sequences have to be mapped and 

aligned to the chosen reference human genome (output in BAM format). Followed by 

variant calling, the final VCF file contains information about the similarities and 

differences between the reference and patient’s genome at every nucleotide position and 

their annotations. The annotations contain information about genotyping quality score 

and read depth which are important for subsequent evaluation of the data quality and 

relevance. The bioinformatical algorithms for mapping and alignment as well as for 

variant calling may, however, differ, and provide different data sets for interpretation. 
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Therefore, it is important to establish an adequate data-processing pipeline in order to 

get relevant data for subsequent filtering and variant identification (Meyts et al., 2016). 

Filtering is necessary to sort out impactless and incorrectly called variants. Firstly, 

confidence of the variant calling should be considered in filters. The quality control of 

the called variants includes: 

• Genotyping (sometime also called call) quality - refers to the probability, 

that the non-referential variant is present at that site. It is recommended to 

use the genotype quality score threshold of 20 and more (Meyts et al., 2016). 

• Read depth - refers to the number of reads (fragments of sequences), that 

are covering the site. For high-coverage analysis suitable for identification of 

rare variants read depth > 20 in majority of the analyzed sequences is 

recommended (Do et al., 2012; Meyts et al., 2016).  

• Allelic fraction - refers to the ratio of alleles leading to establishment of 

zygosity. The value between 20 and 80 % is recommended for calling 

heterozygote (Do et al., 2012). 

Secondly, it is necessary to filter out harmless single nucleotide polymorphisms 

(SNP), copy number variations (CNV) or insertions/deletions from potentially 

pathogenic variants. The common variants are filtered based on: 

• Allele frequency - refers to frequency of the allele in a selected population. 

It is recommended to use the threshold of 1% presence for identification of 

rare variants (Do et al., 2012; Meyts et al., 2016).  

The data about allele frequency are available for example in The Genome 

Aggregation Database (gnomAD) (https://gnomad.broadinstitute.org/, accessed on 

January 21, 2020). The sequencing data and allele frequencies could be also obtained 

from already ended 1000 Genomes Project (The 1000 Genomes Project Consortium, 

2015), The Exome Aggregation Consortium (ExAC) (Lek et al., 2016) research, which 

have been already incorporated into gnomAD, and NHLBI Exome Sequencing Project 

(ESP) (https://evs.gs.washington.edu/EVS/, accessed on January 21, 2020). As a result, 

a statistically relevant amount of data is available allowing the scientists to interpret 

their data in context of whole population as well as in origin-specific cohorts. 

https://gnomad.broadinstitute.org/
https://evs.gs.washington.edu/EVS/
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Thirdly, several tools are available for prediction of deleterious effects of the 

variant. The American College of Medical Genetics and Genomics (ACMG) set up a 

classification of the variants based on their predicted impact. The recognized categories 

are pathogenic, likely pathogenic, benign, likely benign and uncertain significance 

(Richards et al., 2015). The tools for prediction of the impact are for example: 

• SIFT (Sorting Intolerant from Tolerant) - is used for assessment of amino 

acids substitution on the protein function (Ng & Henikoff, 2003) generating 

result based on the ACMG nomenclature (Richards et al., 2015). 

• PolyPhen-2 (Polymorphism Phenotyping v2) - is used for prediction of 

protein structural and functional changes due to amino acids substitution 

(Adzhubei et al., 2010) generating result based on the ACMG nomenclature 

(Richards et al., 2015). 

• MutationTaster - is used for evaluating an impact of the variant on 

produced protein including the intronic and synonymous variants resulting in 

predicted disease-causing potential (Schwarz et al., 2014)  

• CADD (Combined Annotation Dependent Depletion) - processes a CADD 

score which is used for measuring the deleteriousness of the variant. The 

range of CADD score values is from 1 to 99. For example, CADD = 10 is 

related to a variant which is among top 10 % deleterious variants within the 

human genome, CAD = 20 relates to a variant within 1 % of the most 

deleterious etc. (Kircher et al., 2014). It is recommended to use CADD score 

> 15 for identification of rare variants (Meyts et al., 2016). 

What’s more, dbSNP, a database of previously described single nucleotide 

polymorphisms (Sherry et al., 1999), can be also used to establish the effect of the 

variant. 

Fourthly, the data can be filtered by a virtual panel of selected genes. Virtual panels 

are similar to targeted panel sequencing, however, they are applied on whole exome or 

genome data after the sequencing. The advantage is an easy modification of the virtual 

panel in context of newly published findings (Meyts et al., 2016; Uhlig & Muise, 2017). 

Lastly, the list of filtered variants based on above mentioned criteria has to be 

evaluated manually bearing in mind the biological context of the complete data set. The 

patient’s specific cases should be put together with known objectives such as the allele 
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frequency and predicted functional impact of the gene variant identified in the patient. 

Also, localization of the variant within the protein can be checked using for example:  

• Pediatric Cancer Genomic Data Portal (PeCan, 

https://pecan.stjude.cloud/, accessed January 21, 2020).  

In addition, inheritance mode of the genetic disorder and the disease relevance to 

patient’s diagnosis should be also taken into account. The information may be found in 

databases such as: 

• Online Mendelian Inheritance in Man (OMIM, http://omim.org, accessed 

January 21, 2020) 

• ClinVar (https://www.ncbi.nlm.nih.gov/clinvar/, accessed January 21, 2020) 

• The Human Gene Mutation Database (HGMD, 

http://www.hgmd.cf.ac.uk/, accessed January 21, 2020) 

After evaluating the patient’s sequencing data by several above-mentioned 

approaches, the possibly causal variant may be identified. The proposed variant has to 

be, however, further validated to confirm its presence and functional impact causing or 

contributing to the pathology (Uhlig & Muise, 2017). 

 

3.3. Validation of the variants 

To validate the proposed causal hypothesis, accuracy of the NGS-based findings has 

to be confirmed. Possible validation methods are PCR-based approaches, cDNA 

sequencing and Sanger sequencing of the proposedly mutated region. After 

confirmation of the variant, functional validation of its impact takes place. In case of 

previously described variant, the literature-based evidence is sufficient for claiming its 

causation or contribution to the pathology. However, if the specific genetic variant has 

not yet been described in the literature, it is necessary to validate its impact by 

functional tests. Functional tests might include cytokine assays, ROS production testing 

and flow-cytometric immunophenotypization. Only when understanding the genetics in 

connection to the functional physiological point of view, the causal variant can be 

properly identified and addressed (Meyts et al., 2016; Uhlig & Muise, 2017). 

https://pecan.stjude.cloud/
http://omim.org/
https://www.ncbi.nlm.nih.gov/clinvar/
http://www.hgmd.cf.ac.uk/
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The results of the tests and analyses, namely identification of the causal mutation 

and its functional validation, help to get to the base of the patient’s pathology. 

Consequently, it is possible to find precision-medicine-based option for patient’s 

treatment such as using specific inhibitors for gain-of-function mutations like in case of 

PIK3CD syndrome (Notarangelo et al., 2017). This analytical approach leading to a 

new possible targeted treatment is particularly helpful in cases of VEO-IBD patients 

who poorly react to the conventional treatment methods needing personalized 

alternative treatment options (Uhlig et al., 2014).  
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PRACTICAL PART 

4. Aims of the thesis 

 

The diploma thesis called Mechanisms of immune dysregulation leading to 

inflammatory bowel disease aims to: 

• Analyze whole-exome sequencing (WES) data in a cohort of pediatric patients 

diagnosed with inflammatory bowel disease. 

• Identify and validate possible causal variants of the patients’ disorder in context 

of heredity and molecular mechanism of the pathology.  

• Compare different bioinformatical approaches for next-generation sequencing 

(NGS) data processing and filtering and evaluate their use for VEO-IBD variant 

identification. 
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5. Materials and methods 

5.1. Patients 

The whole-exome sequencing was performed in 20 patients diagnosed with 

pediatric-onset inflammatory bowel disease at Gastroenterological Pediatric Clinic, 

Second Faculty of Medicine, Charles University and University Hospital Motol, Prague. 

The cohort included 12 males and 8 females diagnosed with Crohn’s disease, ulcerative 

colitis or inflammatory bowel disease unspecified without known cause of the disease. 

The patients’ age of onset ranged from 3 to 154 months of age (in case of two patients 

the time of onset was not available) as shown in Tab. 6.  

Beforehand the WES analysis, the patients provided family and personal anamnesis 

and underwent physical and laboratory examination at Gastroenterological Pediatric 

Clinic of Faculty Hospital Motol. The laboratory tests were performed from peripheral 

blood and usually covered standard hematological, immunological and biochemical 

evaluation. When indicated, IBD-specific parameters such as levels of calprotectin in 

stool were also examined. The information from examinations and tests were available 

for consideration of case specifics during the causal variant identification. 

When a possible causal variant was identified by WES data analysis, parents or 

other relevant relatives (siblings, grandparents etc.) were asked to provide their 

peripheral blood sample for validation of the allelic segregation within the family. In 

some cases, however, the samples have not been provided yet resulting in an inability to 

validate some proposed causal variants in patients. 

The patients’ data were anonymized. All samples were used with the consent of 

patient’s legal representative or the participants themselves. 
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5.2. Samples preparation and sequencing 

For the purpose of the whole-exome sequencing, DNA was isolated using QIAamp 

DNA Blood Mini Kit (Qiagen, Hilden, Germany) from peripheral blood of the patients 

and their relatives. SureSelectXT Human All Exon V6+UTR kit (Agilent Technologies, 

Santa Clara, CA) was used for library preparation. The sequencing was performed using 

Illumina NextSeq 500 (Illumina, San Diego, CA) instrument. The samples were handled 

in concordance with standard operation procedures by laboratory technicians and 

researchers of Laboratory of Molecular Genetics of Department of CLIP - Childhood 

Leukaemia Investigation Prague and Department of Paediatric Haematology and 

Oncology, Second Faculty of Medicine, Charles University and University Hospital 

Motol, Prague. 

 

5.3. WES data analysis 

5.3.1. Bioinformatical raw sequencing data processing  

Having sequenced the exome of patients’ samples, FASTQ file was generated. 

Afterwards, the FASTQ data was processed by two bioinformatical pipelines - 

VarScan2 pipeline (using bwa, samtools and VarScan2 tools) and GATK4 pipeline 

(using bwa, BQSR, samtools and GATK4 tools). The differences between the pipelines 

and their suitability for the analysis were evaluated later and are further described in 

section 5.5.1 Bioinformatical pipelines. 

Within the pipeline, mapping and alignment of the sequenced fragments to reference 

genome GRCh37/hg19 took place producing file in BAM format. The BAM file was 

always accompanied by index file in BAI format. Subsequently, VCF file was 

automatically produced containing information about variant calling and annotations of 

the called variants. 
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5.3.2. Variant filtering  

On average, there were hundreds of thousands of variants called within tens of 

thousands of genes including mainly calls lacking the required quality and known 

harmless SNPs. Therefore, it was necessary to filter the variants down to tens of 

variants which can be evaluated individually in context of patient’s case as displayed on 

the right side of the Tab. 4. The filtering was performed by commercially available 

online tool for variant analysis QIAGEN Ingenuity Variant Analysis (IVA) 

(https://digitalinsights.qiagen.com/products/qiagen-ingenuity-variant-analysis/, accessed 

March 25, 2020).  

IVA allows the user to set several levels of filtering criteria based on the specifics of 

his analysis. The filtering criteria can be divided into four sections: 

• Confidence - criteria concerning quality of the sequencing, alignment and 

variant calling of the variants, 

• Common variants - criteria concerning abundance of the variants within 

population in chosen databases (such as gnomAD),  

• Predicted deleterious - criteria concerning the functional impact of the 

variants based on the reports in databases (such as HGMD) or in-silico 

predictions (such as SIFT), 

• Biological context - criteria concerning the biological and genetic aspects of 

the investigated disease. 

When applying the biological context, you can use customized gene lists and filter 

the variants by these virtual gene panel.  Four different gene lists were used to filter the 

variants according to their biological context. The gene lists were: 

• Closest Disease-Causing Genes (CDG) gene list including 425 genes 

(Supplementary file 1) closely associated with VEO-IBD or with genes 

described in VEO-IBD pathogenesis (Requena et al., 2018), 

• Primary Immunodeficiency (PID) gene list including 410 genes 

(Supplementary file 1) coming from official classification of primary 

immunodeficiencies by International Union of Immunological Societies 

(IUIS), which was up-to-date at the time of the gene list creation (Bousfiha 

et al., 2018), 

https://digitalinsights.qiagen.com/products/qiagen-ingenuity-variant-analysis/
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• Monogenic Inflammatory Bowel Disease (IBD) gene list including 50 

genes (Supplementary file 1) reported in cases of monogenic VEO-IBD and 

summarized by Uhlig et al., 2014, 

• Expanded Monogenic Inflammatory Bowel Disease (IBD2) gene list 

including 113 genes (Supplementary file 1), which were reported in 

literature (Tab. 5) as causal in cases of pediatric IBD and summarized for the 

purposes of this analysis. 

 

The criteria for the IBD patients’ analyses were applied as stated in Tab. 4: 

 

Filtering Criteria 

Confidence Keep only variants which satisfy all of these criteria: 

• Call quality ≥ 20, 

• Read depth ≥ 10,  

• Allele fraction ≥ 30. 

Common 

Variants 

Exclude variants that are observed in any of these populations with 

an allele frequency of: 

• ≥ 1 % in the 1000 Genomes Project, 

• ≥ 1 % in the ExAC, 

• ≥ 1 % in the gnomAD, 

• ≥ 1 % in NHLBI ESP exomes, 

unless an established pathogenic common variant. 

Predicted 

Deleterious 

Keep only variants no more than 20 bases into intron that are: 

• Classified as Pathogenic or Likely Pathogenic, 

• Listed in HGMD and ClinVar, 

• Associated with gain-of-function of a gene in literature, 

• Associated with loss-of-function of a gene as 

- frameshift, in-frame indel, or start/stop codon change 

- missense unless predicted tolerated by SIFT or PolyPhen-2 

- predicted deleterious by having CADD score > 15 

- splice site loss up to 2 bases into intron as predicted by 

MaxEntScan 

Biological 

Context 

Keep only variants that are known or predicted to affect genes 

listed below: 

• CDG gene list 

• PID gene list 

• IBD gene list 

• IBD2 gene list 
 

Tab. 4: Filtering criteria applied in Ingenuity Variant Analysis with approximate 

numbers of variants filtered at each step 

300 000 

50  

variants 

130 000 

5 000 

600 
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MECHANISM GENE DISORDER INHERI 

-TANCE 

REFERENCE 

E
p
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h
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c
ts

 

ALPI Inflammatory bowel disease AR? Parlato et al., 2018 

COL7A1 Dystrophic epidermolysis bullosa XLR Ashton et al., 2016; Freeman et al., 

2008 

DUOX2 Pancolitis AD? Hayes et al., 2015 

EPCAM Tufting enteropathy AR Al-Mayouf et al., 2009 

FERMT1 Kindler syndrome AR Ashton et al., 2016; Freeman et al., 

2008 

GUCY2C GUCY2C gain-of-function diarrhea AD Fiskerstrand et al., 2012 

NOD2 Inflammatory bowel disease AR? Girardelli et al., 2018 

NOX1 Pancolitis XLR? Hayes et al., 2015 

PEPD Prolidase deficiency AR Kuloglu et al., 2015; Rizvi et al., 

2019 

PLA2G4A Cryptogenic multifocal ulcerating stenosing enteritis AR Brooke et al., 2014; Faoni et al., 

2014 

SLC9A3 Secretory sodium diarrhea AR Janecke et al., 2015 

SLCO2A1 Chronic enteropathy associated with SLCO2A1  AR Umeno et al., 2015 

TRIM22 Inflammatory bowel disease AR? Li et al., 2016 

TTC7A TTC7A immunodeficiency AR Samuels et al., 2013; Bigorgne et 

al., 2014 

P
h

a
g

o
c
y

te
 d

e
fe

c
ts

 

CYBA Chronic granulomatous disease AR Teimourian et al., 2008 

CYBB Chronic granulomatous disease XLR Segal et al., 1983 

G6PC3 Severe congenital neutropenia AR Mistry et al., 2017 

ITGB2 Leukocyte adhesion deficiency type 1  AR Uzel et al., 2001 

NCF1 Chronic granulomatous disease AR van de Vosse et al., 2009 

NCF2 Chronic granulomatous disease AR Muise et al., 2012 

NCF4 Chronic granulomatous disease AR Matute et al., 2009 

NLRC4 Autoinflammation with infantile enterocolitis AD Canna et al., 2014 

RAC2 Neutrophil immunodeficiency syndrome AD Ambruso et al., 2000 

SLC37A4 Glycogen storage disease Ib AR Volz et al., 2015 

L
y
m

p
h

o
c
y
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 d
e
fe

c
ts
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c
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AICDA Hyper IgM syndrome AR Quartier et al., 2004 

BTK Agammaglobulinemia XLR Maekawa et al., 2010 

CD19 CVID AR Kanegane et al., 2007 

CD40LG Hyper IgM syndrome XLR Levy et al., 1997; Wang et al., 2014 

DOCK8 Hyper IgE syndrome AR Sanal et al., 2012 

ICOS CVID AR Grimbacher et al., 2003 

ICOSLG CVID AR Roussel et al., 2018 

IL21 CVID AR Salzer et al., 2014 

sBP2 CVID AD Keller et al., 2016 

LRBA CVID AR Alangari et al., 2012 

PIK3CD Hyper IgM syndrome AD Elgizouli et al., 2016; Farachi et al., 

2018 

PIK3R1 Agammaglobulinemia and immunodeficiency AD, AR Conley et al., 2012; Lucas et al., 

2014; Farachi et al., 2018 

PTEN CVID AD Driessen et al., 2016 

SKIV2L Trichohepatoenteric syndrome AR Fabre et al., 2012 

TNFRSF13B  CVID, IgA deficiency AD, AR Salzer et al., 2008 

TRNT1 Sideroblastic anemia with B-cell 

immunodeficiency, periodic fevers, and 

developmental delay 

AR Frans et al., 2017 

TTC37 Trichohepatoenteric syndrome AR Hartley et al., 2010 

 

 

  Tab. 5: Summary of monogenic disorders leading to very early onset inflammatory 

bowel disease - the list of genes was used as IBD2 gene list (AR = autosomal recessive; 

AD = autosomal dominant; XLR = X-linked recessive 
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MECHANISM GENE DISORDER INHERI 
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ADA T- B- NK- SCID AR Felgentreff et al., 2011 

ADAM17 Neonatal inflammatory skin and bowel disease AR Blaydon et al., 2011 

ANKZF1 T-, B- and NK-cell lymphopenia AD? van Haaften - Visser et al., 2017 

CD3D T- B+ NK+ SCID AR Dadi et al., 2003 

CD3E T- B+ NK+ SCID AR de Saint Basile et al., 2004 

CD3G T+/low B+ NK+ SCID AR Recio et al., 2007 

DCLRE1C T- B- NK+ SCID 

Omenn syndrome 

AR Felgentreff et al., 2015 

DOCK2 Immunodeficiency AR Dobbs et al., 2015 

FOXN1 T-cell immunodeficiency with congenital alopecia 

and nail dystrophy 

AR Chou et al., 2014 

IKBKB Immunodeficiency AD, AR Pannicke et al., 2013 

IKBKG IKBKG immunodeficiency XLR Cheng et al., 2009 

IL2RA Immunodeficiency with lymphoproliferation and 

autoimmunity 

IPEX-like syndrome 

AR Caudy et al., 2007; Joosse et al., 

2018 

IL2RB Immunodeficiency with lymphoproliferation and 

autoimmunity 

AR Zhang et al., 2019  

IL2RG T- B+ NK- SCID XLR DiSanto et al., 1994 

IL7R T- B+ NK+ SCID AR Puel et al., 1998 

ITCH Multisystem autoimmune disease with facial 

dysmorphism 

IPEX-like syndrome 

AR Lohr et al., 2010 

JAK3 T- B+ NK- SCID AR Barreiros et al., 2018 

LCK Immunodeficiency AR Goldman et al., 1998 

LIG4 T- B- NK+ SCID 

LIG4 syndrome 

AR van der Burg et al., 2006 

MALT1 Immunodeficiency  AR McKinnon et al., 2014 

NFAT5 Immunodeficiency 

Autoimmune enterocolopathy 

AD Boland et al., 2015 

NFKB1 CVID AD Fliegauf et al., 2015 

NFKB2 CVID AD Klemann et al., 2019 

NFKBIA Ectodermal dysplasia and immunodeficiency AD Courtois et al., 2003 

ORAI1 Immunodeficiency AR McCarl et al., 2009 

PNP Immunodeficiency due to purine nucleoside 

phosphorylase deficiency 

AR Shanon et al., 1988 

PRKDC T- B- NK+ SCID AR Mathieu et al., 2015 

RAG1 T- B- NK+ SCID 

Omenn syndrome 

AR Corneo et al., 2001 

RAG2 T- B- NK+ SCID 

Omenn syndrome 

AR Corneo et al., 2001 

RELA Chronic mucocutaneous ulceration AD Badran et al., 2017 

RELB Immunodeficiency AR Merico et al., 2015 

STAT1 Immunodeficiency due to STAT1 deficiency 

IPEX-like syndrome 

AR, AD Uzel et al., 2013; Thoeni et al., 

2016 

STAT5b Growth hormone insensitivity with 

immunodeficiency 

IPEX-like syndrome 

AR?, 

Somatic? 

Ma et al., 2016 

STIM1 Immunodeficiency AR Picard et al., 2009 

ZAP70 Immunodeficiency 

Multisystem autoimmune disease 

AR Parry et al., 1996; Chan et al., 2016 

ZBTB24 Immunodeficiency-centromeric instability-facial 

anomalies syndrome 

 

  

AR Conrad et al., 2017 

 

  

Tab. 5 - continuing: Summary of monogenic disorders leading to very early onset 

inflammatory bowel disease - the list of genes was used as IBD2 gene list (AR = 

autosomal recessive; AD = autosomal dominant; XLR = X-linked recessive 
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CTLA4 Autoimmune lymphoproliferative syndrome AD Zeissig et al., 2015 

FOXP3 Immunodysregulation, Polyendocrinopathy, and 

Enteropathy (IPEX) 

XLR Okou et al., 2014; Agakidis et al., 

2019 

IL10 Early onset Inflammatory Bowel Disease AR Kotlarz et al., 2012 

IL10RA Early onset Inflammatory Bowel Disease AR Kotlarz et al., 2012 

IL10RB Early onset Inflammatory Bowel Disease AR Kotlarz et al., 2012 

STAT3 Multisystem autoimmune disease AD Haapaniemi et al., 2014 

TGFB1 Inflammatory bowel disease, immunodeficiency, 

and encephalopathy 

AR Kotlarz et al., 2018 

TGFBR1 Loeys-Dietz syndrome AD Naviglio et al., 2014 

TGFBR2 Loeys-Dietz syndrome AD Naviglio et al., 2014 

C
o
m

p
le

m
e
n

t 

CD55 Complement hyperactivation, angiopathic 

thrombosis, and protein-losing enteropathy 

(CHAPLE) 

AR Ozen et al., 2017 

FCN3 Immunodeficiency due to ficolin 3 deficiency AR Schlapbach et al., 2011 

MASP2 MASP2 deficiency AR Stengaard-Pedersen et al., 2003 

S
y

st
e
m
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n
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a
m

m
a
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r
y

 d
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o
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DKC1 Hoyeraal-Hreidarsson syndrome XLR Borggraefe et al., 2009 

CIITA Bare lymphocyte syndrome AR Aluri et al., 2018; El Hawary et al., 

2018 

HPS1 Hermansky-Pudlak syndrome  AR Hussain et al., 2006 

HPS4 Hermansky-Pudlak syndrome  AR Hussain et al., 2006; Lozynska et 

al., 2018 

HPS6 Hermansky-Pudlak syndrome  AR Mora et al., 2011; Hull et al., 2016 

MEFV Mediterranean fever  AD, AR Uslu et al., 2010, Saito at al., 2019 

MVK Hyper IgD syndrome AR Bader-Meunier et al., 2011 

NLRC4 Autoinflammation with infantile enterocolitis AD Canna et al., 2014 

NPC1 Niemann-Pick disease AR Schwerd et al., 2017 

PLCG2 Autoinflammation and PLCG2-associated antibody 

deficiency and immune dysregulation (APLAID) 

AD Neves et al., 2018 

POLA1 Pigmentary disorder, reticulate, with systemic 

manifestations 

XLR Starokadomskyy et al., 2016 

PSTPIP1 Pyoderma gangrenosum, acne and ulcerative colitis 

(PAC) syndrome 

AD Burlakov et al., 2018 

 

RFX5 Bare lymphocyte syndrome AR Aluri et al., 2018; El Hawary et al., 

2018 

RFXANK Bare lymphocyte syndrome AR El Hawary et al., 2018 

RFXAP Bare lymphocyte syndrome AR Aluri et al., 2018 

RTEL1 Hoyeraal-Hreidarsson syndrome AD, AR Le Guen et al., 2013 

SH2D1A Lymphoproliferative syndrom XLR Booth et al., 2010 

STXBP2 Hemophagocytic lymphohistiocytosis AR Meeths et al., 2010 

TNFAIP3 Behcet-like autoinflammatory syndrome AD Zheng et al., 2018 

WAS Wiskott-Aldrich syndrome  XLR Ohya et al., 2017 

WIPF1 Wiskott-Aldrich syndrome  AR Lanzi et al., 2012 

XIAP Lymphoproliferative syndrom XLR Cifaldi et al., 2017 

 

Tab. 5 - end: Summary of monogenic disorders leading to very early onset 

inflammatory bowel disease - the list of genes was used as IBD2 gene list (AR = 

autosomal recessive; AD = autosomal dominant; XLR = X-linked recessive)  
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5.3.3. Identification of the causal variant 

After the filtering in IVA, the list of filtered variants based on above mentioned 

criteria needed to be evaluated manually bearing in mind the patient’s biological context 

in connection to the complete sequenced and filtered data set. The objectives of the 

filtered potentially causal variants were considered checking the allele frequency aiming 

at variants with very low (preferably under 0.1 %) or unknown frequency and counts of 

homozygotes and heterozygotes found in gnomAD aiming for zero or very low number. 

Also predicted or reported functional impact was evaluated looking for previously 

described SNPs in dbSNP NCBI and pathogenic, likely pathogenic or variants with 

uncertain significance predicted by SIFT, Polyphen-2 or MutationTaster. Moreover, 

CADD-score-based deleteriousness of the variant looking for CADD score > 20 was 

taken into account.  

Moreover, localization of the variant within the protein was considered as shown for 

example in PeCan database. Also, inheritance mode of the genetic disorder and the 

disease relevance to patient’s symptoms, onset and other case specifics, such as family 

anamnesis, were evaluated using OMIM, ClinVar and HGMD reports. Based on that, 

we were searching for case reports in literature presenting patients with similar 

pathology caused by a mutation in a suspected gene. In addition, we also checked the 

quality of sequencing data to prevent validation of artefacts using Integrated Genomics 

Viewer (IGV) (Thorvaldsdóttir et al., 2013; https://igv.org/, accessed May 28, 2020). 

Bearing in mind the specifics of the patient’s case in relation to present variants, 

potential causal variants were suggested for further validation. 

 

5.4. Validation of the variants 

Validation primarily included confirmation of the variant in patient’s sample and its 

segregation in family. DNA samples of the patient, both parents and when relevant also 

of other relatives, such as siblings, were sequenced using Sanger sequencing method. 

The preparation of the samples for the Sanger sequencing included primer design for the 

patient’s mutated region. The primers were designed using reference genome sequence 

GRCh37/hg19 available in UCSC Genome Browser (https://genome.ucsc.edu/, accessed 

May 10, 2020) and online tool Primer-BLAST from NCBI 

(https://www.ncbi.nlm.nih.gov/tools/primer-blast/, accessed May 10, 2020) preferring 

https://igv.org/
https://genome.ucsc.edu/
https://www.ncbi.nlm.nih.gov/tools/primer-blast/
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primers covering a whole exon if possible. The suggested primer pairs were, then, 

doublechecked by online tool In-silico PCR from UCSC (https://genome.ucsc.edu/cgi-

bin/hgPcr, accessed May 10, 2020) aiming for similar melting temperatures of the 

forward and reverse primer around 61 °C and avoiding GC rich and repetitive regions. 

The structure of the primers was also checked in an online tool OligoAnalyzer from IDT 

(https://www.idtdna.com/pages/tools/oligoanalyzer, accessed May 10, 2020) for the 

absence of hairpins and self-dimerizing and hetero-dimerizing sequences. The suitable 

primers were order externally from Sigma Aldrich. 

Samples for the Sanger sequencing were prepared by PCR using PCR Master Mix 

components as stated in Tab. 6 and 1 μl of genomic DNA of approximate concentration 

100 ng/μl. Each series of PCR also included negative aqua control. 

 

Reagents Volume [μl] 

Water 15,90 

10x buffer II (Applied Biosystems) 2,50 

MgCl2 solution 25mM (Applied Biosystems) 1,50 

dNTPs (Applied Biosystems) 2,00 

AmpliTaq GoldTM DNA Polymerase 250 U (Applied Biosystems) 0,10 

Primer forward (10 pM/μl) 1,00 

Primer reverse (10 pM/μl) 1,00 

Tab. 6: PCR Master Mix components 

 

 

The PCR was performed using 2720 Thermal Cycler (Applied Biosystems) and the 

standard PCR program consisted of: 

• Predenaturation at 95 °C for 7 mins, 

• 35 cycles of: Denaturation at 94 °C for 30 secs, 

Annealing at 62 °C for 30 secs, 

Extension at 72 °C for 30 secs, 

• Final extension at 72 °C for 10 mins. 

  

https://genome.ucsc.edu/cgi-bin/hgPcr
https://genome.ucsc.edu/cgi-bin/hgPcr
https://www.idtdna.com/pages/tools/oligoanalyzer
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In case of problematic amplification, concentration and volumes of Master Mix 

components and temperature profile of the PCR were optimized for that specific case. 

When applied, the differences from the standard protocol are stated in section 6. Results 

in description of patients’ cases. 

The PCR results were checked by gel electrophoresis using 2% agarose gel in 1x 

TAE buffer with addition of 5 μl of GelRed® Nucleic Acid Stain 10,000X in Water 

(Biotium). 5 μl of the GeneRuler 100 bp Plus DNA Ladder (Thermo Scientific) and 5 μl 

of the PCR product with 6x DNA Loading Dye (Thermo Scientific), respectively, were 

loaded into the gel. The electrophoresis run at 90 V for 45 minutes using Bio-Rad 

Power Pac 300. Subsequently, transilluminator Uvitec FireReader was used to visualize 

the electrophoretic separation of the amplicons. 

PCR amplicons were, subsequently, used for Sanger sequencing, as well as the same 

forward primers as used for the PCR. The Sanger sequencing premix included reagents 

as stated in Tab. 7. The Sanger sequencing was performed externally at Eurofins 

Genomics.  

 

Reagents Volume [μl] 

Water 5,00 

PCR product 2,50 

Primer forward (10 pM/μl) 2,50 

Tab. 7: Sanger Sequencing premix components 

 

The results of the Sanger sequencing were evaluated using SnapGene® Viewer 

5.0.6. In case of corresponding segregation of the allele within the family, patient’s 

variant was confirmed. In case of a variant already reported in literature as causal in a 

relevant case, it was stated as causal. In case of a novel unreported variant, the patient’s 

results and samples were forwarded to Laboratory of Flow Cytometry of Department of 

CLIP - Childhood Leukaemia Investigation Prague and Department of Paediatric 

Haematology and Oncology, Second Faculty of Medicine, Charles University and 

University Hospital Motol, Prague, for immunophenotypization and further functional 

testing. 
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5.5. Evaluation of different bioinformatical approaches 

5.5.1. Bioinformatical pipelines 

A bioinformatical pipeline is used for the processing of raw sequencing data 

aligning the reads, calling and annotating the variants. As the different pipelines process 

the same raw sequencing data by different tools, the alignment, variant calling and 

annotation may also differ. Having available two different bioinformatical pipelines for 

raw sequencing data processing, we evaluated their suitability for the VEO-IBD variant 

analysis . The two pipelines were: 

• VarScan2 pipeline - using bwa, samtools and VarScan2 tools, 

• GATK4 pipeline - using bwa, BQSR, samtools and GATK4 tools. 

VarScan2-based pipeline was used originally for WES analyses of different types of 

samples in CLIP Laboratories. A GATK4-based pipeline was recently developed to 

incorporate newly available bioinformatic tools and required validation on clinical 

samples. Thus, we compared the results of variant identification using both pipelines 

with the same samples and under the same conditions. 

Raw sequencing data of 19 VEO-IBD patients (Tab. 9) were submitted for the 

comparative analysis. Patient #1 was not included due to unavailability of the complete 

data sets at the time of the analysis. The raw sequencing data of the patients were 

processed twice - once by each pipeline, followed by Ingenuity variant analysis of 

VarScan2- and GATK4-generated VCF file. The filtering criteria for IVA were set as 

stated in Tab. 4 and the data of one patient were exported from IVA at the same time 

point to avoid bias by updates of the online tool.  

Subsequently, we manually evaluated the differences in variant calling and filtering 

using IGV and IVA. Selecting the variants filtered only in one of the pipelines, the 

reason for the discrepancy was assessed in case of each variant. The possible reasons 

were either different variant calling (caused by distinct alignment or variant calling) or 

filtering out of the variant in the Ingenuity Variant Analysis due to different variant 

parameters given to the it by the pipeline, such as genotype quality, read depth or allelic 

fraction (all included in the “Confidence” step of filtering). Moreover, the presence of 

each distinct variant within the gene lists (CDG, PID, IBD and IBD2 as described in 

section 5.3.2. Variant filtering and in Supplementary file 1) used for filtering was also 
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taken into account. The results were statistically evaluated considering the following 

criteria: 

• number of variants called only in VarScan2 (not called in GATK4), 

• number of variants called only in GATK4 (not called in VarScan2), 

• number of variants filtered only in VarScan2 (filtered out in GATK4), 

• number of variants filtered only in GATK4 (filtered out in VarScan2), 

• number of variants called and filtered by VarScan2 and GATK4, 

• number of positively identified causal variants in VarScan2, 

• number of positively identified causal variants in GATK4. 

The comparison was made, firstly, for each patient individually. Afterwards, the 

results were summarized allowing us to assess the similarities and differences of 

bioinformatical processing of the same raw data by two pipelines using different tools. 

Based on the findings, we evaluated the suitability of the new GATK4 pipeline for the 

purposes of genetic diagnostics looking mainly for a wide range of high-quality called 

variants allowing us to identify the causal variant. 

 

5.5.2. Gene lists for variant filtering 

Using four gene lists (CDG, PID, IBD and IBD2 as described in section 5.3.2. 

Variant filtering and in Supplementary file 1) for the variant filtering in respect to their 

biological context, we evaluated their suitability for the analysis. The percentage of 

positive variant identification was established for each gene list. Based on the results, 

we concluded the suitability of each gene list for the purposes of VEO-IBD genetic 

analysis. 
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6. Results 

6.1. Identified causal variants in patients  

We analyzed whole-exome sequencing data from 20 patients with VEO-IBD 

diagnosis (Tab. 9). We found 13 suspected causal variants in 10 out of 20 patients (in 1 

case we validated more than one suspected gene and in 2 cases we suspected compound 

heterozygosity as a cause of the disorder) as displayed in Fig. 3 and Tab. 8 

We confirmed 5 variants in 4 genes (NOD2, NLRP3, FOXP3, DUOX2 compound 

heterozygote) and declined 2 variants (ERBIN, IRF2BP2) by Sanger sequencing. We 

found 6 more potentially causal variants in 5 genes (MEFV, PRKDC compound 

heterozygote, PSTPIP1, BCL11B, PLCG2), which, however, were not validated yet by 

Sanger sequencing due to unavailability of the parental samples.  

 

 

Fig. 3: Results of variant identification in a cohort of 20 VEO-IBD patients  

A. Identified and validated variants B. Patients with identified and validated causal 

variant. 

  



 

61 

Patient 

no. 

Dg. Onset 

(months) 

Identified variant Mechanism of dysregulation 

#2 CD 5 ERBIN (p.D147E) Regulatory T lymphocytes 

#3 UC 8 MEFV (p.V67M) Systemic inflammatory disorder 

#4 CD 9 IRF2BP2 (p.T394P) 

PRKDC (p.R14R + 

p.A1393A/p.L1393H) 

B lymphocytes and antibodies 

Effector T lymphocytes 

#8 IBDU 24 PSTPIP1 (p.Y433*) Systemic inflammatory disorder 

#10 UC 49 BCL11B (p.G728S) Regulatory T lymphocytes 

#11 CD 52 NLRP3 (p.V200M) Phagocytes 

#13 UC 58 FOXP3 (p.H400L) Regulatory T lymphocytes 

#16 CD 130 NOD2 (p.A755V) Epithelial barrier 

#17 IBDU 131 DUOX2 (p.R1216W 

+ p.A1131T) 

Epithelial barrier 

#19 CD EOIBD 

(NA) 

PLCG2 (p.G699S) Systemic inflammatory disorder 

Tab. 8: Identified variants in a cohort of 20 VEO-IBD patients (confirmed by Sanger 

sequencing and segregation analysis in the family - green; declined by segregation 

analysis in the family - red; suggested, but not validated yet by Sanger sequencing - 

blue) 

 

The overall success rate of identification and validation of the causal variants by 

whole-exome and Sanger sequencing was 20 % (4 patients out of 20, as shown in Fig. 

3B). Focusing on the mechanism of the pathology, we found 2 defects of epithelial 

barrier (NOD2, DUOX2) 1 defect of phagocytes (NLRP3) and 1 defect of regulatory T 

cells (FOXP3). Detailed reports of the patients’ cases are presented in following section 

6.1.1 up to 6.1.10. 
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6.1.1. Patient #2 

Patient #2 was a boy diagnosed with CD with no history of IBD in the family. The 

parents were healthy apart from father’s allergy to cow milk. Patient’s first symptoms 

consisting of blood in stool occurred when he was 5 months of age followed by failure 

to thrive, fever episodes, thrush and hypochromic microcytic anemia. The blood work 

showed mildly elevated white blood cells, especially monocytes and neutrophils.  Later, 

colonoscopy revealed Crohn-like colitis in his intestines and based on that he was 

subjected to anti-TNF biological treatment of the IBD. 

The WES revealed several variants in genes which are in literature connected to 

IBD or PID, however, none of them was found potentially causal based on parameters 

such as frequency in population and inheritance mode. The only suspected variant was 

found in gene ERBIN (p.D147E, predicted loss-of-function, further parameters of the 

variant are available in Supplementary file 2).  

ERBIN, also known as ERBB2 interacting protein (ERBB2IP), is involved in 

balancing the signaling between STAT3 and Smad3 which is crucial for example for 

TGF- β expression (Lyons et al., 2017). No variant in ERBIN was previously reported 

as causal in a clinical case of IBD. However, Lyons et al. (2015) described a phenotypic 

convergence of STAT3 and ERBIN loss-of-function heterozygous mutations. Therefore, 

we hypothesized that defects in ERBIN could have similar clinical phenotype as 

STAT3-related immunity dysregulations already known for its associated with IBD.  

Interestingly, STAT3-dependent immune dysregulation can occur in case of loos-of-

function (Minegishi et al., 2007) as well as gain-of-function mutations (Flanagan et al., 

2015). STAT3 or ERBIN inactivating mutations can lead to enhanced production of 

TGF-β, expression of FOXP3 and elevated counts of Treg. Consequently, the 

immunopathological phenotype of inactivating mutations involves Th2-mediated atopy 

and hyper IgE syndrome (OMIM #147060; Lyons et al., 2017). On the other hand, the 

activating mutations are connected to autoimmunity which can manifest by enteropathy 

due to T reg deficiency and preferential shift to Th1 inflammatory response (OMIM 

#615952; Flanagan et al., 2015).  Based on these findings connecting ERBIN indirectly 

to VEO-IBD and the parameters of the patient’s variant, ERBIN p.D147E was submitted 

for Sanger sequencing validation. 

Several pairs of primers had to be designed (Supplementary file 3) while optimizing 

PCR of the mutated site as we have first time unintentionally covered SNP present in 
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the mother’s and the patient’s primer binding site. This polymorphism made it 

complicated to optimize the reaction for all three samples at once resulting in making 

two final sets of primers and sequencing the patient and the mother with SNP-specific 

primers and the patient and the father with reference-specific primers.  

 

 

 

A.    

B.  

C.  

D.  

 

Fig. 4: Sanger sequencing of ERBIN in case of Patient #2 - variant p.D147E : wt allele 

is T, mut allele is A. A. Patient (wt allele segregated from mother, sequencing 

performed with SNP-specific reverse primer), B. Patient (mut allele segregated from 

father, sequencing performed with reference-specific reverse primer) C. Mother (wt/wt, 

sequencing performed with SNP-specific reverse primer) D. Father (mut/wt, sequencing 

performed with reference-specific reverse primer). 
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Having successfully Sanger sequenced the patient (Fig. 4A and 4B), the mother 

(Fig. 4C) and the father (Fig. 4D), segregation of the alleles was evaluated finding a 

discrepancy in predicted causality of the variant. We found that the father was also a 

heterozygous carrier of the same mutation as the patient, however, did not experience 

any IBD symptoms. Therefore, we declined the proposed causality of the ERBIN variant 

in the case of Patient #2. Apart from ERBIN (p.D147E), no other variant has been 

selected for validation despite numerous re-analyzations of the WES data, so far. 
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6.1.2. Patient #3 

Patient #3 was a boy diagnosed with UC with no history of IBD or any other related 

disease in the family. Since he was 8 months old, he has been experiencing blood in the 

stool. He also suffered from frequent respiratory infections and was found to be anemic 

and had enlarged spleen. Colonoscopy revealed inflamed tissues in the gastrointestinal 

tract. His blood work showed no discrepancies apart from elevated levels of 

calprotectin. Consequently, he was subjected to biological treatment by anti-TNF-based 

therapy in addition to immunosuppressants.  

When analyzing WES data of Patient #3, heterozygous loss-of-function predicted 

damaging variant in gene MEFV (sometimes also called pyrin) p.V67M was found 

(further parameters of the variant are available in Supplementary file 2). Mutations in 

MEFV cause different types of Familial Mediterranean fever characterized by episodes 

of fever and abdominal pain due to local inflammation in the gut.  

MEFV is involved in regulation of caspase 1 and inflammasome activity. The 

molecular mechanism of MEFV in the pathogenesis of IBD was previously evaluated in 

a a mouse model. Mefv-/- knockout mice with induced colitis presented with highly 

expressed Mefv in the inflamed gut and, consequently, the levels of inflammatory 

cytokines such as IL6 were significantly increased. However, IL18 levels dependent on 

inflammasome activation were decreased proving MEFV mutations interference with 

inflammasome activity in connection to inflammatory bowel disease (Sharma et al., 

2018).  Moreover, there are also available evidence stemming from clinical cases that 

VEO-IBD can be caused by a considerable number of MEFV variants (Uslu et al., 2010, 

Saito at al., 2019).  

Based on all the experimental and clinical reports, the validation of the MEFV 

variant in Patient #3 was proposed. This finding would be particularly important for 

patient’s treatment as symptomatic patients with confirmed MEFV mutations can be 

subjected to specialized treatment by colchicine, or, if unresponsive, to IL1 receptor 

agonist (Roldan et al., 2008). The primers for Sanger sequencing of the patient’s variant 

were designed (Supplementary file 3). Regrettably, DNA of the parents has not been 

collected so far for performing any further tests. 
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6.1.3. Patient #4 

Patient #4 was a boy diagnosed with CD and born to healthy parents with no family 

history of IBD or immunity-related disorders. He started to experience health issues 

when he was 3 months old beginning with allergy to cow milk and continuing with 

intolerance for meat and eggs. At 9 months, he was hospitalized because of respiratory 

tract infection and enterorrhea leading to suspicion of IBD. Because of the bleeding, he 

was anemic in contrast with found thrombocytosis and leukocytosis. Immunological 

screening reveled hypogammaglobulinemia, lower levels of IgA, elevated levels of 

calprotectin, but no presence of autoantibodies. He was subjected to colonoscopy with 

tissue histology which confirmed the diagnosis of IBD. Consequently, he underwent 

several different therapies including mild and strong immunosuppressants and anti-TNF 

biological treatment with poor reaction and ongoing relapse. 

After WES of the Patient #4, there were several potentially deleterious variants 

found. Firstly, we identified a variant in IRF2BP2 (p.T394P) with low abundance in the 

population databases (further parameters of the variant are available in Supplementary 

file 2). Heterozygous mutation of IRF2BP2 can cause CVID (OMIM #617765) with 

hypogammaglobulinemia and chronic diarrhea (Keller et al., 2016). Concerning the 

molecular mechanism, the pathology is caused by defects in IFN signaling as IRF2BP2 

is a binding protein and transcriptional corepressor of interferon regulator factor 2 

(Childs & Goodburn, 2003). 

Bearing in mind the IRF2BP2-caused CVID reports, the variant IRF2BP2 (p.T394P) 

was validated by Sanger sequencing. The sequence included, however, a considerable 

number of repetitive sequences and was very GC-rich. Because of that, it was 

complicated to amplify the sequence and we had to try several primer pairs as well as 

different temperature profiles of PCR. The optimal conditions for the PCR became to be 

the usage of higher magnesium concentration (instead of 1,5 μl we used 2 μl of 25 mM 

MgCl2) and lower temperature of annealing (instead of 62 °C we used 60 °C). The 

sequencing (Fig. 5), however, declined the suspected variant in gene IRF2BP2 as causal 

since the father of the patient was also heterozygote for the variant (Fig. 5C), but did not 

experience any IBD- or severe immunity-related symptoms.  
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A.  

B.  

C.  

 

Fig. 5: Sanger sequencing of IRF2BP2 in case of Patient #4 - variant p.T394P : wt allele 

is T, mut allele is G. A. Patient (mut/wt), B. Mother (wt/wt), C. Father (mut/wt).  

 

Re-analysis of the WES data revealed another potentially deleterious variant leading 

to patient’s IBD - a compound heterozygous mutation in gene PRKDC (p.R14R + 

p.A1393A/p.L1393H). p.A1393A/p.L1393H is predicted to cause a loss of function of 

the protein and both of the variants are sporadic in the population. More details about 

the variants are available in Supplementary file 3. 

PRKDC encodes catalytic subunit of DNA-dependent protein kinase involved in 

non-homologous end joining including VDJ recombination. Because of affected VDJ 

recombination, the patients present with T-B-NK+ SCID and, thus, are susceptible to 

infections, fail to thrive and can also have chronic diarrhea. The counts and function of 

the cells may vary significantly between the patients. Typical is limited diversity of the 

lymphocytes and antibodies. Mouse model data suggest, as well, involvement of 

PRKDC in AIRE-dependent processes in thymus, thus, patients with PRKDC-SCID 

may suffer from autoimmunity-related disorders and test positive for autoantibodies 

(Abramson et al., 2010b; Mathieu et al., 2015). 

Based on the reports and presence of two variants possibly making together a 

compound heterozygous mutation, the validation of the PRKDC variant in Patient #4 

was proposed. The variant was, however, found during reanalysis of the data only 

recently and has not been validated yet.  
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6.1.4. Patient #8 

Patient #8 was a boy diagnosed with IBD-U with no history of IBD or any other 

related disease in the family.  Since the age of 6 months he has been experiencing 

episodic diarrhea and from the age of 2 years, there was blood present in his stool. 

Because of that, he underwent a colonoscopy finding inflammatory changes in the gut. 

Consequently, he was subjected to corticotherapy and anti-inflammatory treatment. 

Having sequenced whole exome of Patient #8, we found a potentially causal variant 

in NLRP3. NLRP3 is known for its association with several immunodeficiency 

syndromes and was also considered in connection to IBD, however, was not reported 

yet as causal in a monogenic way (Mao et al., 2018). Apart from NLRP3, the Patient #8 

has also a potentially pathogenic variant in PSTPIP1 (p.Y433*, stop gained, further 

parameters of the variant are available in Supplementary file 2).  

PSTPIP1 is proline/serine/threonine phosphatase-interacting protein which is known 

to cause autosomal dominant PAPA (Pyogenic sterile arthritis, pyoderma gangrenosum 

and acne) syndrome (OMIM #604416), sometimes also called PAC syndrome 

(Pyoderma gangrenosum, Acne and ulcerative Colitis). The syndrome predominantly 

manifests by several disorders of the skin, however, there are also cases of patients with 

PSTPIP1 mutations reporting hematological disorder, arthritis or colitis with very early 

onset (Burlakov et al., 2018). PSTPIP1 function is closely connected to MEFV (pyrin) 

and the proposed mechanism of PSTPIP1 dysfunction is related to pyrin-regulated-

inflammasome activity (Waite et al., 2009). 

Based on the experimental and clinical reports, the validation of the PSTPIP1 

variant in Patient #3 was proposed. The primers for Sanger sequencing of the patient’s 

variant were designed (Supplementary file 3). Regrettably, DNA of the parents has not 

been collected so far for performing any further tests. 
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6.1.5. Patient #10 

Patient #10 was a girl diagnosed with UC and born to healthy parents. She suffered 

more frequently from middle ear infections, cataracts and gastroenteritis. She was 

indicated for further testing in the hospital after one of the gastroenteritis revealing 

elevated calprotectin levels and presence of pANCA antibodies. Moreover, colonoscopy 

was performed finding inflammatory deposits in the gut leading to IBD diagnosis. She 

was also positive for Clostridium difficile and because of suspected intestinal 

dysmicrobia she underwent a fecal transplantation from her mother. During her long-

term treatment, the patient did not respond to the conventional immunosuppressive 

treatment and was chronically relapsing. For so, she was subjected to intensive 

biological treatment of several kinds including strong immunosuppressants and anti-

TNF-based treatment. Currently, she is responding to a biological treatment on an anti-

integrin base. 

In the WES analysis, no potentially causal variant in a previously IBD-associated 

gene was found. However, we found a variant in BCL11B (p.G728S) of an uncertain 

significance and unknown frequency within the population. Additional predictive 

analysis in MutationTaster evaluated this variant as disease causing. Further parameters 

of the variant are available in Supplementary file 2. 

BCL11B mutations are known to cause T-B+NK+ SCID with autosomal dominant 

inheritance (OMIM #617237) and developmental disorders. What’s more, there is a 

mouse model available testing the function of Bcl11b in IBD. Bcl11b was found to 

cause IBD by immunity dysregulation when removed from T cells during their 

development. Specifically, IBD occurs due to reduced suppressive activity of the Treg 

cells by having down-regulated Foxp3 and IL10 and, on the other hand, increased 

expression and production of proinflammatory cytokines (VanValkenburgh et al., 

2011).  

Based on potential severe impact of the variant and mouse model experiments, we 

subjected the variant BCL11B (p.G728S) for validation and further functional testing as 

there are no clinical reports available describing BCL11B mutation in monogenic IBD. 

The primers for Sanger sequencing of the patient’s variant were designed 

(Supplementary file 3). Regrettably, DNA of the parents has not been collected so far 

for performing any further tests. 
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6.1.6. Patient #11 

Patient #11 was a girl diagnosed with CD. Her father was under immunological 

observation due to recurrent infections. Her mother was healthy, however, her maternal 

grandmother suffered from chronic colitis and diarrhea, ulceration in the stomach and 

intestine, chronic polyarthritis, allergy and asthma.  Her older brother was also 

monitored because of constipation. The Patient #11 suffered repeatedly from respiratory 

and middle ear infections during her childhood. At the age of 1 year, she was 

hospitalized due to gastroenteritis and enterorrhea. At the age of 4 years, she was 

diagnosed with IBD-U, which was later reclassified as CD. The colonoscopy confirmed 

the diagnosis of intestinal inflammation, later adding inflammatory changes also in the 

upper gastrointestinal tract. The laboratory tests showed elevated levels of calprotectin 

and hypochromic microcytic anemia. Moreover, growth retardation, pain and swelling 

of the joints and dermatitis were observed suggesting systemic inflammatory disorder. 

The patient was, however, negative for autoantibodies and did not have a known HLA-

B27 haplotype associated with suspected spondyloarthropathy. Because of her severe 

symptoms, the Patient #11 was subjected to biological treatment by chimeric (with side 

effects) as well as human recombinant (with better reaction) anti-TNF therapeutics. 

Based on the family history and patient’s anamnesis, WES was performed. Several 

non-frequent genetic variants known for its autosomal recessive inheritance were found 

- namely mutations in JAK1, CASP8, TLR3 and TICAM1. Apart from those, a predicted 

gain-of-function variant in gene NLRP3 (p.V200M) was identified. The variant is not 

rare in the population, however, the SNP is classified as pathogenic and also 

MutationTaster predicted it to be disease causing (more details about the NLRP3 variant 

can be found in Supplementary file 2). What’s more, the mutation has already been 

reported in case report symptomatically resembling Patient #11 and diagnosed with 

Muckle-Wells syndrome (OMIM #191900) manifesting by episodic fever, rash and pain 

in the joints (Aróstégui et al., 2004). 

NLRP3 (also known as cryopyrin) is a protein involved in NLRP3 inflammasome, 

activation of which leads to production of proinflammatory cytokines. NLRP3 plays a 

crucial role in mucosal defense against bacterial RNA and its defects can lead to 

impaired production of IL1β and IL18 (Kanneganti et al., 2006), thus, shaping the 

composition of microbiota and shifting homeostasis in the gut (Hirota et al., 2011).  



 

71 

NLRP3 expression is upregulated in patients with active IBD (Ranson et al., 2019) 

and its mutations are associated with IBD pathogenesis (Vilani et al., 2009). NLRP3 

was not, however, reported yet as causal in case of monogenic IBD (Mao et al., 2018). 

Based on other inflammatory findings in concordance with reports about the variant 

(Aróstégui et al., 2004) and indirect information about IBD significance, we decided to 

validate the variant NLRP3 (p.V200M) as causal for patient’s immunity-related issues. 

 

 

A.    

B.   

C.   

Fig. 6: Sanger sequencing of NLRP3 in case of Patient #11 - variant p.V200M: wt allele 

is G, mut allele is A. A. Patient (mut/wt), B. Mother (wt/wt), C. Father (mut/wt).  

 

We amplified the sequence of gene NLRP3 including suspected variant p.V200M 

using customized primers (as stated in Supplementary file 3). The subsequent Sanger 

sequencing revealed a presence of the validated variant in the patient (Fig. 6A) and her 

father suffering from immunity-related health issues (Fig. 6C). The mother was a 

healthy wild type homozygote (Fig. 6B). These results, therefore, showed, that NLRP3 

is not the only cause of the pathology in case of Patient #11 as the father presents with 

significantly less severe symptoms.  
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Based on the Sanger sequencing, we propose that NLRP3 (p.V200M) is contributing 

to Patient’s #11 immunity-related pathology with incomplete penetrance, but the cause 

of her VEO-IBD is multifactorial. The low penetrance of the variant is in concordance 

with reports (Aróstégui et al., 2004) as the father of the reported patient was also an 

asymptomatic carrier.  

Unfortunately, there are no information about IBD in the family of the reported 

patient with the same variant, and, for so, we cannot clearly state p.V200M as causal for 

the Crohn’s disease in Patient #11. Nevertheless, the NLRP3-related immune 

dysregulation is influencing the homeostasis of the whole body and can play an 

important role in patient’s intestinal autoimmunity. Bearing in mind the colitis of the 

patient’s grandmother, there are probably additional genetical and non-genetical factors 

involved, such as diet, housing and other life-style factors (Piovani et al., 2019) which 

are shared in a family and contribute to her IBD development and progression.  
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6.1.7. Patient #13 

Patient #13 was a boy diagnosed with UC and born to healthy parents. His younger 

sister was also healthy, however, his grandparents had diagnosed several immunity-

related disorders. His maternal grandfather suffered from immunity dysregulation and 

had celiac disease and his paternal grandmother had psoriasis. He has experienced some 

health issues since the time he was 3 months of age. Starting with atopic dermatitis and 

suspected allergy to cow milk, he suffered from respiratory tract and middle ear 

infections more often during his early childhood. What’s more, allergies to several 

allergens such as pollen, animal fur and food like eggs, nuts, beef and soya were found 

out. He was also experiencing a bloody diarrhea and the laboratory tests revealed 

elevated levels of calprotectin suggesting pediatric IBD. The blood count was normal 

except for elevated levels of monocytes. Moreover, at the age of 5, he was notthriving 

and was diagnosed with celiac disease based on laboratory confirmation. Due to several 

immunological disorders, he was subjected to immunosuppressive treatment including 

systemic corticosteroids.  

 The Patient #13 was indicated for WES, where we found an unknown variant in 

gene FOXP3. The variant p.H400L was predicted to be damaging and causing loss of 

function of the protein (further parameters of the variant are available in Supplementary 

file 2).  As FOXP3 is localized on chromosome X, the patient was a hemizygote for this 

variant and it was expected to be of a dominant-negative effect on the protein function. 

FOXP3 is a transcription factor involved in development of Treg (CD4+ CD25+ 

FOXP3+ cells). Its impact can be studied on a mouse model called Scurfy which is 

exhibiting similar disorders as patients with FOXP3-based immunodeficiency. The 

mouse phenotype stems from a lack of functional regulatory T cells, which are not 

developing physiologically without FOXP3 expression (Fontenot et al., 2003). FOXP3 

mutations cause a severe immunity-related syndrome called IPEX 

(immunodysregulation, polyendocrinopathy, and enteropathy, X-linked, OMIM 

#304790) which manifests by multiple autoimmune disorders including chronic 

diarrhea, eczema, hematological disorders and disorders of endocrine glands such as 

pancreas and thyroid gland. Patients with IPEX can have either significantly decreased 

Treg numbers because of the FOXP3 mutation (Agakidis et al., 2019) or the disorder 

might stem from truncated-FOXP3-mediated functional dysregulation with normal 

levels of Treg (Okou et al., 2014). The patients with IPEX are at risk of premature death 
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in early childhood. Therefore, it was necessary to validate the variant in Patient #13 

quickly to avoid progression to some life-threatening health issue.  

Using primers designed for Sanger sequencing of the patient’s variant 

(Supplementary file 3), we prepared DNA samples of the patient, his mother, his father 

and, additionally, also his younger sister for the validation. The Sanger sequencing 

confirmed the expected allelic segregation. The patient (Fig. 7A) was a hemizygote for 

the tested variant. Patient’s father (Fig. 7B) was a hemizygote for the wild type allele. 

Patient’s sister (Fig. 7C) was a heterozygous carrier of the mutation. The sample of the 

patient’s mother could not be validated due to unspecific amplification during the PCR. 

Nonetheless, the sister’s genotype leads us to a conclusion that the mother is also a 

heterozygous carrier of the mutation (mut/wt). 

 

 

A.    

B.  

C.   

 

Fig. 7: Sanger sequencing of FOXP3 in case of Patient #13 - variant p.H400L: wt allele 

is A, mut allele is T. A. Patient (mut/-), B. Father (wt/-), C. Sister (mut/wt). 

 

Based on the positive confirmation of the variant by Sanger sequencing, the samples 

and findings were forwarded to Laboratory of Flow Cytometry of Department of CLIP 

for immunophenotypization and further functional testing. The variant FOXP3 

(p.H400L) has not been reported as causal in the literature so far and, thus, its causality 

needed to be evaluated more in detail.  
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6.1.8. Patient #16 

Patient #16 was a boy diagnosed with CD. His mother was treated for epilepsy. His 

father, however, was also diagnosed with CD at the age of 18 years as well as his 

paternal grandmother. The patient was diagnosed with CD at the age of 10 years, later 

he had to undergo ileocecal resection, ileo- and colostomy. The colonoscopy revealed 

inflammatory changes in the intestine, as well as the stomach. He was subjected to 

immunosuppressive and biological treatment by anti-TNF and anti-p40 (shared subunit 

of IL12 and IL23) with recurrent relapses.  

Despite later onset of the disease, the patient was indicated to WES. When 

analyzing patient’s WES data, we found variants in a few genes connected to primary 

immunodeficiencies such as MPO, TYK2, CD79A, which cause, however, autosomal 

recessive disorders. We found also a variant in the gene canonically known in 

association with IBD - NOD2 (Hugot et al., 2001).  

NOD2 (Nucleotide-binding oligomerization domain protein 2) is a pattern 

recognition receptor associated, apart from IBD, with Blau syndrome. NOD2 is 

involved in pathogen sensing and activation of immune response for the pathogen 

clearance in the gut. In case of the mutation, however, the clearance ability is impaired 

leading to dysbiosis and invasion of the bacteria through the intestinal barrier (Mondot 

et al., 2012). Therefore, the innate immune system is chronically activated on site 

leading to differentiation of adaptive cells preferentially to Th1 and Th17 branch which, 

then, contribute to the inflammatory phenotype of the disorder (Podolsky, 2002; Sidiq et 

al., 2016).  

Specifically, the patient’s variant in NOD2 was p.A755V (also previously reported 

as p.A728V; more details about this variant are available in Supplementary File 2), 

which has already been reported in literature in patients with IBD (Hugot et al., 2001). 

Based on family history of IBD, we decided to validate this variant expecting the same 

variant present in the father. 
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A.   

B.  

C.  

Fig. 8: Sanger sequencing of NOD2 in case of Patient #16 - variant p.A755V: wt allele 

is C, mut allele is T. A. Patient (mut/wt), B. Mother (wt/wt, C. Father (mut/wt). 

 

Having designed primers (Supplementary file 3) for the patient’s mutated region of 

NOD2, we amplified it and got it sequenced. The Sanger sequencing confirmed our 

hypothesis as the variant was detected in patient (Fig. 8A) and his father (Fig. 8C). 

Patient’s mother, however, was a homozygote for the wild type allele (Fig. 8B). Since 

the variant has already been reported in literature (Hugot et al., 2001), we could state it 

as causal in case of Patient #16 and, as well, in case of his father. Bearing in mind the 

later onset of the disorder and different severity of the phenotype in the patient, his 

father and probably also his grandmother, the disease is presumable not monogenic in 

this case. Some environmental factors as described in Piovani et al. (2019) are most 

likely involved in the pathogenesis of IBD in this family. 
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6.1.9. Patient #17 

Patient #17 was a girl diagnosed with IBD-U. Her mother was healthy, but her 

father also suffered from Crohn’s disease and was at that time in complete remission. 

She has been experiencing atopic eczema since infant period. Later, she also developed 

asthma and polyvalent allergy. At the age of 11 years, she was diagnosed with IBD 

based on colonoscopy and histology findings. Multiple laboratory tests were performed 

revealing thrombocytosis and elevated levels of calprotectin. The bacteriological and 

serological screening also found presence of opportunistic pathogens Clostridium 

difficile and Salmonella enteritidis. In addition to colitis, she was repeatedly 

hospitalized for pancreatitis and cholecystolithiasis presumably due to irritation from 

the anti-inflammatory medication. Moreover when evaluating her thriving, she had 

abnormally short stature suspectedly caused by long-time corticotherapy. Apart from 

corticotherapy, her inflammatory disease was also treated by other strong 

immunosuppressants and by biological treatment consisting of anti-integrin and anti-

TNF therapeutics. 

The inflammatory phenotype with pediatric onset indicated Patient #17 for WES 

genomic analysis looking for a hereditary cause of her pathology. Analyzing WES data, 

we found several variants associated with PID and IBD, out of those, however, a duo of 

DUOX2 variants (p.R1216W + p.A1131T) stood out. The variants were predicted to be 

loss-of-function, possibly/probably damaging with high CADD scores around 29 and 

low frequency in population (more details about the variants are available in 

Supplementary file 2).  

DUOX2 is an oxidase highly expressed in thymocytes and mucosal cells. Thus, its 

mutation can lead to congenital hypothyroidism (Vigone et al., 2005) and immunity 

dysregulation manifesting in the mucosa of the gut (Hayes et al., 2015). The impaired 

intestinal immunity is related to intestinal barrier function and host-microbiota 

interaction (Grasberger et al., 2015) as ROS produced by DUOX2 are associated with 

NOD2 immune response and proper pathogen clearance keeping the intestinal barrier 

intact (Lipinski et al., 2009). When the ROS production is decreased by inactivating 

mutation in DUOX2, the microbiota can, consequently, cross the intestinal barrier and 

induce local inflammation leading to VEO-IBD (Hayes et al., 2015).  
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Interestingly, congenital hypothyroidism caused by DUOX2 mutation is manifesting 

with autosomal recessive effect (Vigone et al., 2005). On the other hand, reports of 

DUOX2-related VEO-IBD suggests autosomal dominant mode of inheritance (Hayes et 

al., 2015). Nonetheless the dominancy of the mutation, DUOX2 dysregulation can 

explain the observed susceptibility to IBD in patients with congenital hypothyroidism 

(Grasberger et al., 2015) as DUOX2 regulates both the intestinal and thyroid 

homeostasis and physiological functions. 

The primers were designed for Sanger sequencing of the patient’s variants 

p.R1216W in exon 28 and p.A1131T in exon 25 (Supplementary file 3). Optimizing 

PCR amplification for two DUOX2 variants in Patient #17, we had to alter the 

temperature profile when amplifying p.A1131T to get clear results in Sanger 

sequencing. Specifically, the annealing temperature was lowered to 60 °C.  

 

 

A.   

B.  

C.  

Fig. 9: Sanger sequencing of DUOX2 in case of Patient #17 - variant p.A1131T: wt 

allele is T, mut allele is C. A. Patient (mut/wt), B. Mother (mut/wt), C. Father (mut/wt). 
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A.   

B.  

C.  

Fig. 10: Sanger sequencing of DUOX2 in case of Patient #17 - variant p.R1216W: wt 

allele is G, mut allele is A. A. Patient (mut/wt), B. Mother (wt/wt), C. Father (wt/wt). 

 

We validate the DUOX2 variants in the patient, her mother and her father. We 

presumed the patient was a compound heterozygote and, therefore, we expected the 

parents to be heterozygotes for one of the mutations. The mother (Fig. 9B and 10B) and 

father (Fig. 9C and 10C), however, were both heterozygotes for the same variant 

DUOX2 (p.A1131T). The other allele encoding for protein variant p.R1216W was a de 

novo mutation present only in the patient’s sample (Fig. 9A and 10A).  

The Sanger sequencing results confirmed the rationale of the patient’s compound 

heterozygosity. The functional impact of the variants DUOX2 (p.R1216W) and DUOX2 

(p.A1131T), however, needed to be examined further. Especially variant p.R1216W 

needed additional assessment as it was de novo mutation present only in the patients. 

For so, we forwarded the results to Laboratory of Flow Cytometry of Department of 

CLIP for immunophenotypization and further functional testing.  
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6.1.10. Patient #19 

Patient #19 was a girl diagnosed with CD. She was born to healthy parents with no 

family anamnesis of IBD or any other related disease. Apart from IBD, she presented 

with pain in hip and knee suggesting also other disorders such as chronic recurrent 

multifocal osteomyelitis, vasculitis or sarcoidosis. Multiple laboratory tests were made 

showing thrombocytosis, mild anemia, slightly elevated IgM and anti-Saccharomyces 

cerevisiae IgG, significantly elevated levels of CRP and calprotectin.  Based on her 

complex inflammatory phenotype, she was subjected to immunosuppressive treatment 

and since it did not ameliorate her IBD, she was additionally subjected also to biological 

treatment by anti-TNF therapeutics. 

Having complex inflammatory phenotype with early onset IBD, the Patient #19 was 

indicated for WES. During the WES data analysis, we found several variants in genes 

previously described in connection to autosomal dominant diseases, such as SAMD9, 

STAT3 and PLCG2. Out of those, however, only PLCG2 variant p.G699S matched not 

only in a biological context, but also in parameters of the variants. The PLCG2 p.G699S 

is a missense variant predicted to be probably damaging by PolyPhen-2 and disease 

casing by MutationTaster. Moreover, its frequency in the population was very low 

(more details about the variant are available in Supplementary file 2) suggesting its 

potential causality for the patient’s phenotype. 

PLCG2 is a gene encoding phospholipase C which is involved in 

phosphatidylinositol pathway. This signaling is particularly important for  

B lymphocytes where PLCG2 is involved in the cellular development and BCR down-

stream activation. Consequently, the numbers of mature B cells can be decreased and its 

activation in reaction to antigens defective (Hashimoto et al., 2000). When PLCG2 is 

dysfunctional, autoinflammation, antibody deficiency, and immune dysregulation 

(APLAID, OMIM #614878) can occur often manifesting with inflammatory infiltrates 

in skin, joints, eyes and gastrointestinal tract (Zhou et al., 2012). The onset of the 

disease can be early in childhood and the immune dysregulation can manifest 

predominantly as IBD (Neves et al., 2018). 

The pathology of the variant, however, was not clear as Zhou et al. (2012) and 

Neves et al. (2018) reported variants with hypermorphic/gain-of-function effect, but the 

prediction for the variant p.G699S was not stating gain of function. The localization of 

the variant was, however, very close to reported deleterious variant p.S707Y and they 
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were both localized in the same functional domain of the protein C-terminal Src 

homology domain suggesting similar impact of the variants. 

Based on the reports about PLCG2 dysregulation - mainly due to involvement of 

gastrointestinal tract and joints matching the Patient #19 case, the variant PLCG2 

p.G699S was chosen for validation. The primers for Sanger sequencing of the patient’s 

variant were designed (Supplementary file 3). Regrettably, DNA of the parents has not 

been collected so far for performing any further tests. 
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6.2. Evaluation of different bioinformatical approaches 

6.2.1. Comparison of bioinformatical pipelines 

Apart from comparison and evaluation of different gene lists, we also tested two 

bioinformatical pipelines for raw sequencing data processing. We aimed to assess the 

functional differences and verify the use of new GATK4-based pipeline for the variant 

analysis. We analyzed 38 whole-exome sequencing data sets coming from 19 patients 

(as shown in Tab. 9). 

Using the exported data from Ingenuity variant analysis (filtering criteria used as 

stated in Tab. 4), the counts of called and filtered variants by both pipelines were 

assessed. Additionally, we analyzed unique variants called and filtered only by one of 

the pipelines more in detail. The reasons for the discrepancy were either that the variant 

was called differently by the pipeline or that the variant was filtered differently by IVA 

due to quality parameters assigned by the pipeline.  

The results show that 725/945 (77 %) variants were called and filtered by both 

pipelines in the same way. The rest of the variants were found only in one of the 

pipeline-derived data (Fig. 11).  VarScan2 pipeline produced 828 variants, out of which 

88 were called uniquely and 15 were filtered uniquely by VarScan2 pipeline. In 

comparison, GATK4 pipeline produced 842 variants, out of which 61 were called 

uniquely and 56 were filtered uniquely by GATK4 pipeline.  

 

 

Fig. 11: Differences in variant calling and variant filtering between VarScan2 and 

GATK4 pipeline divided into three categories: called and filtered simultaneously, 

called, uniquely and filtered uniquely 
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In conclusion, VarScan2 generally called variants more widely, while GATK4 in 

majority of cases considered these variants artefacts of the sequencing. On the other 

hand, GATK4 scores the variants higher as significant number of them was also called 

by VarScan2 but was filtered out during the variant analysis due to insufficient quality 

parameters such as allelic fraction, genotype quality or read depth.  

Next we analyzed the sub-counts of differently called and filtered variants by four 

gene lists (as characterized in section 5.3.2. Variant filtering). As expected, CDG and 

PID gene list, which consisted of the highest number of genes reaching over 400, 

included majority of the variants. On the other hand, less abundant and more specific 

gene lists IBD and IBD2 differed between the pipeline-derived results only in handful 

of variants (Fig. 12). Therefore, we found out that IBD-specific gene lists were robust 

producing very similar results nonetheless the previously used bioinformatical pipeline 

processing.  

 

 

Fig. 12: Distribution of differently called and filtered variants by VarScan-2 and 

GATK4-based pipelines attributed to four genes lists (CDG, PID, IBD and IBD2) used 

for variant filtering in IVA 

 

Finally, we evaluated the success rate of the pipelines in identification of the causal 

variant in our cohort of VEO-IBD patients. All the proposed causal variants were called 

and filtered by both pipelines - the original VarScan2 as well as by the newly developed 

GATK4-based pipeline. Thus, the new GATK4 pipeline proved to be suitable for 

variant analysis and identification. 
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6.2.2. Comparison of gene lists for variant filtering 

Crucial step in the variant analysis was filtering of the variants according to their 

biological context through four gene lists. The lists were CDG, PID, IBD and IBD2 as 

described in section 5.3.2. Variant filtering and in Supplementary file 1. As a result of 

variant analysis, we identified 13 variants present in 11 genes. The variants were filtered 

in gene lists with different results providing information for statistical evaluation of the 

success rate of each list (Tab. 9).  

We calculated the percentage of positively filtered variants within each gene list 

(“virtual gene panel”) demonstrating their distinct suitability for the purposes of VEO-

IBD genetic analysis (Fig. 13). We found out that all 13 variants (100 %) were filtered 

in PID gene list. Secondly, IBD2 gene list (customized compilation of the case reports 

of VEO-IBD) filtered 10/13 (77 %) of the variants, all of which were case-study based. 

The variants not filtered in IBD2 were either in experimentally reported genes without 

clinical case reference, so far (ERBIN, BCL11B) or genes associated with IBD, but not 

in a monogenic way (NLRP3). CDG and IBD gene lists identified only 3/13 (23 %) of 

the proposed causal variants. 

 

 

Gene list CDG PID IBD IBD2 

No. of identified variants 3 13 3 10 

Rate of positive identification 23 % 100 % 23 % 77 % 

 

Fig. 13: Success rate of four gene list for VEO-IBD variant identification  in our cohort 
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In conclusion, PID gene list is suitable for VEO-IBD genetic analysis of classical 

monogenic, as well as, specific cases caused by variants in new or generally associated 

genes. This finding strongly supports the hypothesis of VEO-IBD being an intestinal 

manifestation of primary immunodeficiency. What’s more, IBD2 gene list is also 

suitable for this analysis, and seems to be relevant in a routine diagnostic way as it 

filters only variants in genes with clear causal connection to VEO-IBD phenotype. IBD 

and CDG gene lists both failed to identify majority of the variants proving themselves 

unsuitable for the genetic analysis of VEO-IBD. 
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Patient 

no. 

Dg. Onset 

(months) 

Pipeline CDG PID IBD IBD2 

#1 IBDU 3 VarScan2 N/A N/A N/A N/A 

GAKT4 N/A N/A N/A N/A 

#2 CD 5 VarScan2 
 

ERBIN p.D147E 
  

GAKT4 
 

ERBIN p.D147E 
  

#3 UC 8 VarScan2 MEFV p.V67M MEFV p.V67M MEFV p.V67M MEFV p.V67M 

GAKT4 MEFV p.V67M MEFV p.V67M MEFV p.V67M MEFV p.V67M 

#4 CD 9 VarScan2 
 

IRF2BP2 p.T394P 

PRKDC p.R14R + p.A1393A/ p.L1393H 

 
IRF2BP2 p.T394P 

PRKDC p.R14R + p.A1393A/ p.L1393H 

GAKT4 
 

IRF2BP2 p.T394P 

PRKDC p.R14R + p.A1393A/ p.L1393H 

 
IRF2BP2 p.T394P 

PRKDC p.R14R + p.A1393A/ p.L1393H 

#5 UC 11 VarScan2 
    

GAKT4 
    

#6 UC 24 VarScan2 
    

GAKT4 
    

#7 IBDU 24 VarScan2 
    

GAKT4 PSTPIP1 p.Y433* PSTPIP1 p.Y433* 
 

PSTPIP1 p.Y433* 

#8 IBDU 24 VarScan2 PSTPIP1 p.Y433* PSTPIP1 p.Y433* 
 

PSTPIP1 p.Y433* 

GAKT4 
    

#9 UC 36 VarScan2 
    

GAKT4 
 

BCL11B p.G728S 
  

#10 UC 49 VarScan2 
 

BCL11B p.G728S 
  

GAKT4 
 

NLRP3 p.V200M 
  

#11 CD 52 VarScan2 
 

NLRP3 p.V200M 
  

GAKT4 
    

#12 UC 58 VarScan2 
    

GAKT4 FOXP3 p.H400L FOXP3 p.H400L FOXP3 p.H400L FOXP3 p.H400L 

#13 UC 58 VarScan2 FOXP3 p.H400L FOXP3 p.H400L FOXP3 p.H400L FOXP3 p.H400L 

GAKT4 
    

#14 CD 72 VarScan2 
    

GAKT4 
    

#15 CD 89 VarScan2 
    

GAKT4 
 

NOD2 p.A755V 
 

NOD2 p.A755V 

#16 CD 130 VarScan2 
 

NOD2 p.A755V 
 

NOD2 p.A755V 

GAKT4 
 

DUOX2 p.R1216W + p.A1131T 
 

DUOX2 p.R1216W + p.A1131T 

#17 IBDU 131 VarScan2 
 

DUOX2 p.R1216W + p.A1131T 
 

DUOX2 p.R1216W + p.A1131T 

GAKT4 
    

#18 CD 154 VarScan2 
    

GAKT4 
 

PLCG2 p.G699S PLCG2 p.G699S PLCG2 p.G699S 

#19 CD EOIBD 

(N/A) 

VarScan2 
 

PLCG2 p.G699S PLCG2 p.G699S PLCG2 p.G699S 

GAKT4 
    

#20 CD VEOIBD 

(N/A) 

VarScan2 
    

GAKT4     

 
Tab. 9: Results of variant identification in different gene list and bioinformatical pipelines (confirmed by Sanger sequencing and segregation 

analysis in the family - green; declined by segregation analysis in the family - red; suggested, but not validated yet by Sanger sequencing - blue) 
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7. Discussion 

7.1. Sequencing methods 

There are several possible sequencing approaches available when looking for a 

causal variant in genetic diseases. Whole-genome sequencing, whole-exome sequencing 

and targeted gene panel sequencing are the most common (specifics of each method are 

summarized in Tab. 3 in section 3.1 Methodological approaches). We chose to use 

WES as it covers all coding sequences of genome which are majorly responsible for 

functional dysregulation. Also, aiming for a method applicable in routine diagnostics, 

the significantly lower price and analytical requirements compared to WGS were an 

important factor.  

On the other hand, we are aware of disadvantages and biases related to WES. 

Mainly, there is a possibility of missing out variants within introns and regulatory 

regions, which may interfere with gene functions (Meyts et al., 2016; Uhlig & Muise, 

2017). This phenomenon might be exemplified by report from Starokadomskyy et al. 

(2016), who investigated X-linked reticulate pigmentary disorder (OMIM #301220) 

caused by POLA1 deficiency sometimes manifesting also by chronic very early onset 

diarrhea. Firstly, they sequenced their patients by Sanger sequencing and WES not 

finding any potentially causal variant. Afterwards, they performed WGS finding rare 

intronic variant, which was predicted to cause alternative splicing and segregated in 

their patients’ families with the disorder.  

We acknowledged the limitations of WES concerning variants in non-coding 

regions. To cover potential splicing changes, we included parts of introns nearby the 

splicing regions into exom sequencing. However, any deeper intronic or regulatory 

variants were omitted from our analysis. 

Bearing in mind the effectivity of variant identification between the different 

sequencing approaches, several reported comparisons are available. Comparing results 

from targeted gene panel sequencing and WES, the set of identified variants differ based 

on the chosen panel and cohort of patients. Saudi Mendeliome Group (2015) prepared a 

set of extensive gene panels including over 3 000 known genes previously described in 

monogenic disorders. They compared the results of causal variant identification using 

the extensive targeted panels and WES and found about 11 % more disease-causing 
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variants with WES than with the panels. What’s more, another group published even 

higher difference in success rate of variant identification in favor of WES. They 

identified 23 % more causal variants by WES than by targeted gene panel sequencing. 

According to their results, in over one fourth of the cases, the targeted panel sequencing 

was also more expensive than performing WES (Dillon et al,. 2018).  

Focusing on the targeted panel sequencing of VEO-IBD patients, Petersen et al. 

(2017) reported no difference in variant identification by targeted panel gene 

sequencing and WES. Moreover, Charbit-Henrion et al. (2018) identified higher 

percentage of IBD-causing variants with the targeted gene panel sequencing as WES 

missed three causal deletions in genes included in the panel. The missed variants were 

large deletions identification of which is a known limitation of WES. The targeted panel 

sequencing, however, does not allow identification of variants in new genes and needs 

to be often amended to stay up-to-date with newly reported causal genes making it a 

suitable method for quick routine, but not investigative research-based analyses.  

When comparing results from WES and WGS for the purpose of variant 

identification, the coverage of the sequences is the crucial issue. WES due to pre-

amplification can fail to cover all coding regions, particularly GC-rich sequences and 

large insertions/deletions are often not covered up-to-required standard for subsequent 

data analysis. Meienberg et al. (2016) reported difference in coverage around 2 % with 

exceptional higher discrepancies in specific cases such as first exons or specific genes 

related to pathologies and recommended for sequencing by ACMG (Green et al., 2013).   

Despite the technical drawbacks of WES, percentual success rate of variant 

identification by WES and WGS was found to be similar. Genetic analysis made by 

Carss et al. (2017) for identification of causal variants in congenital retinal disease 

solved 55 % of cases sequenced by WGS and 50 % of cases sequenced by WES. Based 

on the technical facts and observed data, WES is nowadays a golden standard for causal 

variant identification, however, WGS is likely to become more common in the future.   
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7.2. Variant filtering 

Crucial part of the variant analysis is variant filtering. When analyzing WGS or 

WES data sets, virtual gene panels are used to filter the variants in relation to their 

biological context. Nowadays, there are multiple commercial or open-access gene lists 

available for different disorders. Also, you can create your own customized gene list for 

filtering based on the topic of your research. What’s more, as the in silico virtual gene 

panels allow us to try many filtering options with no additional experiments and costs, 

more than one gene list is sometimes incorporated into the variant analysis (Oh et al., 

2015). To do so, we prepared four gene lists (CDG, PID, IBD and IBD2 as described in 

section 5.3.2. Variant filtering and in Supplementary file 1) and evaluated their 

effectivity for VEO-IBD variant analysis. 

The most numerous list we used was Closest Disease-Causing gene (CDG) list 

(Requena et al., 2018). As the author of the CDG server states, it should significantly 

reduce the number of considered genes in variant analysis of specific genetic diseases. 

However, our results are not in concordance with their findings as CDG gene list used 

for VEO-IBD variant analysis allowed us to identify less than 30 % of suggested causal 

variants. 

Bearing in mind the proposed immunological basis of monogenic IBD, a list of 

genes associated with primary immunodeficiencies was also selected for VEO-IBD 

genetic analysis. This approach has already been reported, for example by Oh et al. 

(2015), who used a PID-associated gene list when analyzing exomes of Korean children 

diagnosed with pediatric IBD. Their PID virtual panel stemmed from classification of 

PID reported by International Union of Immunological Societies (Al-Herz et al., 2014). 

We prepared similar PID gene list using up-dated version of PID classification by IUIS 

(Bousfiha et al., 2018). Our PID gene list filtered 100 % of identified causal variants 

within our cohort supporting the theory of VEO-IBD being primary immunodeficiency 

with intestinal involvement. 

Despite the positive results of PID gene list filtering, the results might not be 

completely in concordance with the newest scientific findings. The IUIS revises their 

reports often having published recently a new up-dated version (Tangye et al., 2020). 

Therefore, we would have to put together a new up-to-date PID gene list for up-coming 
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and retaken genetic analyses in order to keep up with the advances in genetics of 

primary immunodeficiencies.  

Concerning lists of genes related closely to VEO-IBD, Uhlig et al. (2014) made a 

compilation of causal genetic defects which is widely used as a basis for VEO-IBD 

genetic analyses (Oh et al.; 2015). Their compilation contains 50 genes and we also 

used it as a core IBD gene list. However, bearing in mind the extensive number of new 

genetic reports every year, we expected that IBD list based on Uhlig et al. (2014) is no 

longer fully relevant. Our suspicion was confirmed as IBD gene list comprised less than 

30 % of identified causal variants in our cohort. Therefore, use of up-dated gene list for 

VEO-IBD is necessary. 

Comparing the available gene lists, regularly edited online open-access gene list for 

Infantile enterocolitis & monogenic inflammatory bowel disease from Genomics 

England (https://panelapp.genomicsengland.co.uk/panels/176/, accessed March 30, 

2020) consists of 62 verified causal genes. However, going through recent VEO-IBD 

related reviews, there are significantly more causal genes reported in relation to this 

diagnosis. Looking into it more in detail, we found over a hundred of genes previously 

reported with a functional defect leading to development VEO-IBD. Therefore, we 

constructed an expanded monogenic-IBD-related gene list (IBD2) based on case reports 

of 113 causal genes (Tab. 5). Expecting high rate of positive identification of variants 

by IBD2 gene list, we were able to identify 77 % of the causal variant in our cohort 

when using IBD2. Compared to the original IBD list stemming from Uhlig et al. 

(2014)), IBD2 gene list is significantly more effective providing a suitable reference for 

performing VEO-IBD genetic analysis. For future use, however, newly reported genes 

would have to be encompassed regularly to keep it up to date. 

Despite encouraging results in PID and IBD2 gene lists, we are aware of the 

technical draw-back of using gene lists for variant identification. The variants in genes 

not included into any of the lists will be missed resulting in failure to identify the cause 

of the patient’s disease. Analyzing the variants without the filtration by gene lists, 

however, would be very time demanding and, thus, not suitable for clinical research and 

diagnostics. 

https://panelapp.genomicsengland.co.uk/panels/176/
https://panelapp.genomicsengland.co.uk/panels/176/
https://panelapp.genomicsengland.co.uk/panels/176/
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7.3. Identification and interpretation of causal variants 

Despite proper technical performance of WES, the success rate of variant 

identification in monogenic diseases is lower than 100 %. Generally, the success rate of 

identification for mendelian disorders is around 25 % in larger cohorts. For example, 

Yang et al. (2013) performed a genetic analysis of 250 patients with suspected 

congenital, predominantly neurological disorders, making molecular diagnosis of 25 % 

patients. Similarly, Lee et al. (2014). sequenced exome of 814 patients with 

developmental, neurological, muscular, cardiac and other monogenic disorders. Over-

all, they identified genetic cause in 26 % of the patients. In addition, they found a 

potential causal variant in 28 % of the patients including suspected variants needed 

further validations such as phenotyping or allele segregation validation by Sanger 

sequencing.  

Exceptionally, the sensitivity of the analysis was higher such as in case of 

previously mentioned Saudi Mendeliome Group (2015). They found a causal variant in 

43 %, however, they claim to have bias in the cohort due to more common 

consanguinity in the Arabic population. When considering only variants in genes with 

autosomal dominant or X-linked inheritance, which are normally causal for the 

disorders, the success rate of identification was 28 %. As this study included 2 357 

patients, they also tested disorders closely related to our research such as congenital 

gastroenterological disorders and primary immunodeficiencies. The rate of positive 

molecular diagnosis in those categories was 29 % and 37 %, respectively.  

As the percentage differs with regards to analyzed disorder as well as the cohort of 

patients, comparing our findings with similarly big cohort of VEO-IBD would be 

suitable. Fang et al. (2018) performed genetic analysis of 16 patients with VEO-IBD 

using combination of WES and targeted gene panel sequencing. They identified a causal 

variant in 9 patients (17 %). 

The over-all success rate of identification and validation of the causal variants by 

whole-exome and Sanger sequencing presented in this thesis was 20 % (4 patients out 

of 20). Additionally, 6 more variants identified in 5 patients (25 %) were lacking 

segregation analysis in the families due to unavailability of DNA from parents. The 

success rate of our WES-based genetic analysis, was therefore, in concordance with 

available statistical data from other publications. 
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The composition of specific variants varies vastly between the cohorts. However, 

common genetic defects among VEO-IBD patients are involving IL10 and its subunits 

IL10RA and IL10RB. The penetrance of causal variants in those genes is statistically 

nearly complete and deleterious variants cause monogenic IBD with onset during first 

months of life (Uhlig et al., 2016). We have, however, not found any of genetic defects 

connected to IL10 in our cohort. The probable reason is the small size of the cohort and 

low consanguinity in the Czech population as IL10 defects are autosomal recessive.  

Another typically reported causal gene in VEO-IBD cases is FOXP3 causing IPEX 

syndrome. Mutations of FOXP3 have nearly complete penetrance and the onset of 

VEO-IBD-associated IPEX is diverse starting any time during the first decade of life 

(Uhlig et al., 2016). We identified novel variant in FOXP3 (p.H400L) leading to 

atypical IPEX with predominant intestinal manifestation in Patient #13. However, 

further functional validation is necessary for completing the report of this variant.  

Similarly, further functional validation has to follow in case of compound 

heterozygous mutation in DUOX2 (p.R1216W + p.A1131T) which is also newly 

reported variant in a patient with VEO-IBD. Recently, p.A1131T was reported as 

additional mutation in case of a patient with congenital hypothyroidism, but its 

functional impact was not evaluated (Zhang et al., 2020). This finding is, however, in 

concordance with Patient’s #17 small stature, which points to the direction of altered 

hormonal production including thyroid hormones. 

On the other hand, we also found variants in genes with reported low penetrance and 

later onset. An example of such variant is NOD2 (p.A755V). This variant is inherited in 

the family of Patient #16 and causes or contributes to Crohn’s disease development in 

later childhood/early adulthood. The variant p.A755V has already been reported in 

patients with CD (Hugot et al., 2001), thus, needing no additional validation in this case. 

Also, NLRP3 genetic defects are of a low penetrance. That is in concordance with 

family anamnesis and validated allelic segregation in family of Patient #11. Based on a 

report (Aróstégui et al., 2004), the variant p.V200M in Patient #11 is involved in her 

autoinflammatory condition, specifically suspected Muckle-Wells syndrome (OMIM 

#191900) with additional intestinal manifestation. Since there are no case reports about 

VEO-IBD in connection to NLRP3 defects, we cannot clearly conclude the effect of 

NLRP3 mutation to IBD pathogenesis suggesting other factors involvement in this case. 
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7.4. Understanding of VEO-IBD 

IBD is generally understood as multifactorial disorder caused by interplay among 

genetics, environmental factors and recently also highly accented microbiome. In cases 

of VEO-IBD, the genetical defects can play a major role, making it possible to consider 

the disorder in some cases monogenic. The mutation leading to development of such a 

severe phenotype has to be of a major impact in a gene relevant for the disease. The 

effected genes are often encoding molecules involved in immunity homeostasis and 

functioning, which has either systemic impact or are relevant for intestinal mucosal 

immunity exemplified by highly (nearly completely) penetrant and rare in population 

mutations in IL10 or FOXP3 (Uhlig et al., 2016). In those cases, the mendelian concept 

of IBD is evident. 

On the other hand, there are many genes reported as causal for IBD, but also known 

for their incomplete penetrance, such as XIAP (Uhlig et al., 2016). In these cases, the 

genetic defect of the variant show severe functional impact. When treated with 

hematopoietic stem cell transplant, the subsequent re-analysis revels normalized 

physiological phenotype (Cifaldi et al., 2017), thus, suggesting monogenicity of the 

disorder. However, XIAP deficiency is connected to more than IBD phenotype. Patients 

with the same deleterious XIAP mutation were found to suffer from several different 

conditions (Speckman et al., 2013). The causality of incompletely penetrant gene 

defects is, therefore, unclear, probably involving additional genetic and non-genetic 

factors, which has not been described yet and more research in this matter is necessary 

for better understanding. 

Lastly, specific variants of lowly penetrant genes are repeatedly found in patients 

with severe childhood-onset IBD which are suggested to be involved in the pathology. 

Those are for example some variants in NOD2 (e.g. c.3020insC reported by Gazouli et 

al. (2010), IL23R (e.g. p.R381Q reported by Van Limbergen et al., 2007) or ATG16L1 

(e.g. p.T300A reported by Amre et al. (2009). Bearing in mind the low penetrance and 

higher frequency in population, those variants implicate susceptibility rather than 

causality in majority of the cases showing resemblance to the phenotype of adulthood 

multifactorial IBD rather than to monogenic primary immunodeficiencies. 
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The genes causing or contributing to pediatrics IBD are connected to immunity in 

majority of the cases. The function of immune system, however, depend not only on 

genetics of the individual, but also on environmental factors. Brodin et al. (2015) 

estimated the variation of the immune system is driven by genetics maximally up to 

40 %, meaning the model of monogenic VEO-IBD pathogenesis is oversimplified.  

Nevertheless, the simplification is necessary for current clinical research as there are 

no widely available tools for complex evaluation of patient’s phenotype in connection 

to his genotype and other factors. In the future, new insight could be brought by wide 

population sequencing projects with high-throughput methods or introduction of single 

cell RNA sequencing with possible special analysis to the clinics. The IBD outcome 

could be improved by using safe gene therapy or by manipulating with microbiota to 

ameliorate the dysbiosis in relevant cases. Those ideas, however, are only a matter of 

future and, up to date, focusing on identification of at least partial genetic cause by 

available technologies can significantly improve patients’ lives.  
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CONCLUSION 

Very early onset IBD patients are a specific cohort among IBD cases. The patients 

have often severe phenotype since early childhood and do not respond to conventional 

treatment well. The proposed mechanism is major defect in genes related to immune 

system. Therefore, looking for the patient’s causal variant can help in treatment 

optimization and genetic counseling of the family. 

We used whole exome sequencing to identify causal variants in 20 pediatric patients 

with IBD. The required parameters of the causal variant were low frequency in 

population, predicted deleteriousness and concordance of the phenotype with literature-

based case reports. We proposed 13 variants in 11 genes for validation of allelic 

segregation by Sanger sequencing. We positively validated 5 variants including  

4 variants previously not described in IBD (DUOX2 p.R1216W + p.A1131T, FOXP3 

p.H400L, NLRP3 p.V200M) and 1 variant (NOD2 p.A755V) with previously reported 

in IBD patients. The overall success rate of the WES variant identification was 20 %.  

In addition, we evaluated several bioinformatical tools for WES data analysis providing 

evidence of suitability of newly developed GATK4-based pipeline for clinical 

evaluation. We also compared four gene lists (“virtual panels”) for variant filtering, 

finding PID (primary immunodeficiencies) and IBD2 (up-to-date case-reports-based 

VEO-IBD) gene lists the most fitting. 

Our data suggests, that VEO-IBD cases in our cohort can be in several cases 

considered primary immunodeficiencies with intestinal manifestation. However,  

a significant number of patients’ analyses did not reveal any causal variant suggesting 

an involvement of non-genetic factors in the pathogenesis or aberrations in previously 

unreported genes. Thus, further research in VEO-IBD-related genetics, as well as 

epigenetics, host-microbiota interactions, immunological involvement and 

environmental factors is necessary for complex understanding of the pathology. 
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