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ABSTRACT

CHARACTERIZATION OF A NOVEL HETEROZYGOUS NFKB2 VARIANT IN
A MULTIPLEX FAMILY WITH COMMON VARIABLE IMMUNE

DEFICIENCY

Alperen Baran
M.Sc. in Molecular Biology and Genetics
Advisor: Serkan Belkaya
August 2024

Common variable immune deficiency (CVID) is a complex primary
immunodeficiency characterized by low levels of serum immunoglobulins (1gG, and
IgA and/or IgM) and higher vulnerability to recurrent infections, autoimmunity, and
malignancies. Despite extensive clinical characterization, the underlying genetic
causes of CVID remain elusive in many cases, complicating both diagnosis and
treatment. In our study, we conducted a detailed genetic investigation of a multiplex
family, in which both father and his two sons were affected by CVID. To identify
inborn monogenic defects underlying CVID in this family, we performed whole exome
sequencing (WES) on two affected members. We discovered a novel missense
heterozygous variant (NM_001322934.2:¢.2602T>A:p.Y868N) in NFKB2, encoding
NF-kB2 protein, present in all patients but absent in the healthy mother, consistent
with an autosomal dominant mode of inheritance with complete penetrance. To
characterize the impact of this variant on the expression and function NF-kB2, we
conducted various biochemical and functional studies using overexpression systems
and patients’ cells. We showed that the p.Y868N variant impairs the generation of

active p52 from p100, thereby culminating in p100 accumulation. This accumulation



leads to a gain-of-function (GOF) in inhibitory activity of IxBé and a loss-of-function
(LOF) in transcriptional activity of p52. These results suggested a causative link
between the NFKB2 mutation and CVID in the patients. Our findings further expand
the genetic spectrum of CVID and emphasize the importance of incorporating next
generation sequencing technologies, such as WES, in the diagnostic evaluation of
patients with CVID. Genetic dissection of CVID not only enhances our current
understanding of its pathogenesis in humans, but also provides genetic testing and
counselling in affected families and supports the development of more personalized

therapeutic approaches, ultimately improving disease outcomes.

Key words: common variable immune deficiency, whole-exome sequencing, NF-kB2,

inborn error of immunity, alternative NF-«xB signaling pathway



OZET

YAYGIN DEGiISKEN IMMUN YETMEZLIGI OLAN MULTIPLEKS BiR
AILEDE YENI BIR HETEROZIGOT NFKB2 VARYANTININ
KARAKTERIZASYONU

Alperen Baran
Molekdiler Biyoloji ve Genetik, Yiksek Lisans
Danigsman: Serkan Belkaya

Agustos 2024

Yaygin degisken immiin yetmezlik (YDIY), diisiik serum immunoglobulin seviyeleri
(IgG ve IgA velveya IgM) ve tekrarlayan enfeksiyonlara, otoimmin ve malign
hastaliklara kars1 artan duyarhlik ile karakterize edilen karmasik bir primer immiin
yetmezliktir. Genis klinik karakterizasyona ragmen, YDIY'nin altinda yatan genetik
nedenler bircok durumda belirsiz kalmakta ve bu durum hem taniy1r hem de tedaviyi
zorlagtirmaktadir. Calismamizda, hem baba hem de iki oglunun YDIY'den etkilendigi
multipleks bir ailede detayli bir genetik aragtirma gergeklestirdik. Bu ailedeki
YDIY'nin dogustan gelen monogenik kusurlarini bulmak amaciyla hastaliktan
etkilenen iki aile Gyesinde tim ekzom dizilime yaptik. Tiim hastalarda bulunan ancak
saglikli annede bulunmayan, otozomal dominant kalitim moduna ve tam penetransa
uygun olarak NF-xB2 proteinini kodlayan NFKB2 geninde yeni bir heterozigot yanlis
anlamli varyant (NM_001322934.2:¢.2602T>A:p.Y868N) kesfettik. Bu varyantin NF-
kB2’nin ifadesi ve fonksiyonu Uzerinde etkisini karakterize etmek igin, asir1 ifade
sistemleri ve hastalarin hiicrelerini kullanarak cesitli biyokimyasal ve fonksiyonel
calismalar gerceklestirdik. p.Y868N varyantinin, p100'den aktif p52'nin olusumunu
engelledigini ve bu nedenle pl00 birikimine yol ac¢tigin1 gosterdik. Bu birikim,

IxkBé'nin inhibe edici aktivitesinde fonksiyon kazanci ve p52'nin transkripsiyonel



aktivitesinde fonksiyon kaybi ile sonuglandi. Bu sonuclar, NFKB2 mutasyonu ile
hastalardaki YDIY arasinda nedensel bir baglant1 oldugunu 6ne siirdii. Bulgularimiz,
YDIY'nin genetik spektrumunu daha da genisletmekte ve tim ekzom dizilime gibi
yeni nesil dizileme teknolojilerinin YDIY'li hastalarin tanisal degerlendirilmesine
dahil edilmesinin énemini vurgulamaktadir. YDIY'nin genetik olarak incelenmesi,
sadece insanlarda hastalifin patogenezini anlamamizi gelistirmekle kalmaz, ayni
zamanda etkilenen ailelerde genetik test ve danismanlik saglamaya yardimci olur ve
daha kisisellestirilmis tedavi yaklasimlarinin gelistirilmesini destekler, nihayetinde

hastalik sonuglarini iyilestirir.

Anahtar kelimeler: yaygin degisken immiin yetmezlik, tim ekzom dizilime, NF-xB2,

dogustan bagisiklik hatasi, alternatif NF-«kB sinyalizasyon yolagi
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CHAPTER 1

Introduction

1.1. Common Variable Immune Deficiency

Human inborn errors of immunity (IEIs), also known as primary immunodeficiency (PID)
disorders, are a heterogeneous group of inherited diseases, in which the immune system
components are absent or dysfunctional*=. Monogenic inborn errors result in the loss or
gain of function of the affected gene®°. They can be autosomal or X-linked, and inherited
in dominant or recessive manner, with complete or incomplete penetrance?®. Clinically,
IEIs present with phenotypes, such as increased susceptibility to infections, autoimmunity,
pituitary gland disorders, autoinflammation, allergy, bone marrow failure, and/or
malignancy>3°8. A total of 485 genetic disorders have been reported so far in patients
with IEI?. The phenotypic classification of all these conditions, categorized based on the
clinical and laboratory characteristics of the patients, has been periodically revised by the
International Union of Immunological Societies (IUIS) in line with the genotypic catalog
since 20132, Currently, IEls are classified into 10 categories, each of which has
subcategories based on the overlapping phenotypes’. The third category consists of
Predominantly Antibody Deficiencies (PADs)2. PADs are a broad range of disorders that
are the most common category of all IEls, due to defects in various genes crucial for B
cell development?®. In this category, the subcategory with hypogammaglobulinemia and
B cell counts more than 1% constitutes the Common Variable Immune Deficiency (CVID)

phenotype?.



CVID is a disorder defined by the defect in the differentiation of B cells into plasma cells,
leading to impaired immunoglobulin (Ig) production®®°. CVID is a genetically
heterogenous group of PAD disorders, as it is caused by different genetic defects'?. This
condition is characterized by (i) severe reduction in the serum levels of at least two Ig
isotypes: 1gG, and IgA and/or IgM, (ii) inadequate/absent antibody responses upon
infections or immunization, and (iii) lack of other defined causes of immunological
abnormalities'?4 . It is critical to fulfill the defined criteria for accurate diagnosis of
CVID, which are as follows!**?;

At least one of the following: Increased predisposition to infectious diseases, autoimmune
disorder, Granulomatous disease, lymphoproliferation, or presence of a family member
affected with PIDs, and fulfilling all the criteria listed below;

- Significant decrease of IgG accompanied by a reduction in IgA and/or IgM levels
on at least two measurements more than 3 weeks apart (at least 2 standard
deviations below the normal levels for age).

- At least one of the following: Impaired antibody response to vaccinations (in
patients with 1gG >100 mg/dL, responses to T-dependent or T-independent
antigens should be measured and unresponsiveness to at least one type should be
demonstrated) and/or inadequate levels of isohemagglutinins, or decreased levels
of switched memory B cells (<70% of normal levels for age).

- Excluding other primary or secondary causes of hypogammaglobulinemia is
crucial (e.g., infections, drugs, monogenic defects, such as Ataxia telangiectasia,
Combined or severe-combined immunodeficiency, Hyper-IgM syndromes, X-
linked agammaglobulinemia, X-linked lymphoproliferative disorder, metabolic

disorders, etc., chromosomal anomalies, protein loss, and malignancy).



- Diagnosis can be made after the 4™" year of life, even if the onset of symptoms is
earlier.
- No evidence for significant T-cell depletion, which is defined as (i) CD4 counts
per microliter as <300 for 2-6 years, <250 for 6-12 years, <200 for >12 years of
age, (i) percentages of naive CD4 T cells as <25% for 2-6 years, <20% for 6-16
years, <10% for >16 years of age, (iii) absence of T cell proliferation.
CVID is still diagnosed by exclusion due to variable clinical presentation and laboratory
findings''1°. The phenotype, which has been termed "variable" due to its diverse clinical
presentations, varies from simply bacterial infections to a severe disease mimicking
combined immunodeficiency'**®. Clinical symptoms and laboratory abnormalities may
manifest at any age, from early childhood to the elderly, but more common during the
second and third decades of life, and their onsets are not always concurrent!. For CVID,
five distinct clinical manifestations have generally been described, including infections
only (no disease-related complications), autoimmune disorder, polyclonal lymphocytic
infiltration, enteropathy, and lymphoid malignancy®. These phenotypes were re-
evaluated and refined following the investigation of large CVID cohorts, and categorized
as four phenotypes (autoimmune cytopenia, enteropathy, infection, and polyclonal
lymphoproliferation)®. Thus, when evaluating the clinical picture of a patient with
recently diagnosed CVID, two complications—infectious (no disease-related
complications) and noninfectious (disease-related complications)—must be taken into

account®.

1.1.1. Clinical Manifestations
The most prevalent symptomatic PID disorder, CVID, can present with wide range of

clinical manifestations, from recurrent infections to malignancy*!t"°, The following



clinical symptoms might develop in patients as initial signs of the disease or as the disease

progresses.

1.1.1.1. Infections

The most frequent clinical signs of CVID are recurrent infections. An anamnesis of acute
or chronic sinopulmonary infections, such as pneumonia, otitis, and sinusitis, is present in
the majority of CVID patients. The most frequently affected sites are the upper and lower
respiratory tracts'’. Around half of the CVID patients have had recurrent bronchitis, acute
and chronic rhinosinusitis, and/or otitis media, while more than half of the patients have
developed at least one pneumonia episode®. Around 90% of individuals with CVID
experience recurrent bacterial infections primarily with encapsulated bacteria, such as
Streptococcus pneumoniae, Haemophilus influenzae, Staphylococcus aureus, and
Pseudomonas aeruginosat™*"®, In contrast, viral, parasitic and fungal infections are
uncommon®®. Infections with viruses, such as Rhinovirus, Adenovirus, Herpes Simplex
Virus, Varicella Zoster Virus, Enterovirus, and Human Papillomavirus, may be more
recurrent and/or persistent in CVID patients, whereas severe infections upon Severe Acute
Respiratory Syndrome Coronavirus-2 (SARS-CoV-2), Epstein-Barr Virus or
Cytomegalovirus have also been reported!820-23,

The second most common infection site is the gastrointestinal tract'®. Gastrointestinal
system infections caused by pathogens, such as Human Herpes Virus-6, Hepatitis B/C
Viruses, Norovirus, Giardia lamblia, Salmonella spp., Helicobacter pylori, and
Campylobacter jejuni can lead to problems, such as chronic active gastritis, chronic or
intermittent diarrhea, hepatitis, enteropathy, malabsorption, and weight loss®?2, In
addition to respiratory and gastrointestinal tract infections, conjunctivitis, septic arthritis,

osteomyelitis, meningitis, cutaneous infections, and genitourinary tract infections are



reported for CVID%1"19 Ureaplasma and mycoplasma, uncommon pathogens, can cause
arthritis, genitourinary tract, and lung infections in patients'’. Fungal infections are also
less common, but candidiasis, invasive aspergillosis, and opportunistic Pneumocystis

jirovecii pneumonia can be observed in affected individuals'®*®,

1.1.1.2. Lung Diseases

Chronic lung disease represents one of the major complications of CVID, and
bronchiectasis in particular is a frequent condition, affecting approximately 51% of
patients?#?%, Bronchiectasis and interstitial lung disease are two different forms of chronic
lung disease that can arise from severe, recurrent, and chronic pulmonary infections'8242,
The hallmarks of bronchiectasis are thickened bronchial walls and dilated bronchi?’.
Although past chronic infection is the most prevalent underlying cause, the majority of
cases are classified as idiopathic?’. Chronic cough, phlegm, and recurrent infections of
the respiratory tract are the most prevalent symptoms?’. Granulomatous lymphocytic
interstitial lung disease (GLILD) is a unique clinico-radio-pathological interstitial lung
disease that affects patients with CVID, is related to a lung granuloma or lymphocytic
infiltration, and is considered in patients when other causes have been ruled out®®. A
multisystem  granulomatous/inflammatory  disease, including  splenomegaly,
lymphadenopathy, and/or a hepatic disorder, even when not symptomatic, can be observed

in conjunction with GLILD?,

1.1.1.3. Granulomatous and lymphoproliferative disorders
Granulomatous and lymphoproliferative disorders are serious and common non-infectious
complications in CVID patients?>%°. Granulomatous disease seen in CVID is characterized

by granuloma formation, which is non-caseificated and clusters of inflammatory cells, in



various tissues and organs, such as lungs, lymph nodes, and spleen'**%-22, In addition,
bone marrow, brain, eyes, gastrointestinal system, kidney, liver, and/or skin may be
affected®*3¢, Up to 40% of CVID patients experienced polyclonal lymphadenopathy?.
Clinically, abnormal lymphocyte proliferation characterized by lymphoid hyperplasia or
lymphocytic inflammation, splenomegaly, and lymphadenopathy are other common
presentations of CVID?23738 Two typical findings in lymph nodes and other lymphoid
tissues are characterized by the absence of plasma cells and the presence of ill-defined
germinal centers3®. Although its cause and implications are still unclear, splenomegaly is
a common symptom in CVID patients, and histological examination of splenectomy
material has revealed granulomatous lesions*#%4!, The coexistence of autoimmune
cytopenia, granulomatous disorder, and lymphadenopathy is strongly related to

splenomegaly in CV1D6:4243,

1.1.1.4. Autoimmune disorders

Autoimmune disorders are an important and complex aspect of CVID, affecting
approximately 20-30% of patients'®?2, However, the pathogenic pathways driving
autoimmunity in CVID are still uncertain. The most frequent autoimmune complications
in CVID are autoimmune hematological disorders (immune thrombocytopenic purpura,
hemolytic anemia, and Evans syndrome), and in almost half of these individuals,
hematological autoimmune disease occurs prior to or concurrently with the diagnosis of
CVID**4_ Seronegative rheumatoid arthritis affects 1 to 10% of individuals, but systemic
lupus erythematosus is very rare (less than 1%)*4°. Other autoimmune disorders
documented in CVID are autoimmune thyroiditis, vitiligo, pernicious anemia, arthritis,
psoriasis, autoimmune hepatitis, primary biliary cholangitis, and disorders like connective

tissue diseases*34%47:50,



1.1.1.5. Gastrointestinal infections and other gastrointestinal disorders

There are three primary categories of gastrointestinal manifestations in CVID: infectious,
autoimmune or inflammatory, and malignant'’. The most common gastrointestinal
symptom in patients with CVID is chronic diarrhea, affecting approximately 20-60% of
patients with/without accompanying malabsorption and weight loss'”>1>4, Exclusion of
infections upon Giardia lamblia, Salmonella, Campylobacter, Cytomegalovirus,
Norovirus, or Clostridium difficile is crucial in those patients®™>’. Around 20-30% of
individuals have intestinal inflammatory complications®8, Inflammatory bowel diseases
or colitis cause persistent inflammation in the gastrointestinal tract, with symptoms
including abdominal pain, diarrhea, and weight loss in CVID patients®. Nodular lymphoid
hyperplasia and lymphoid follicles are observed, both of which are endoscopic
characteristics}’. An intestinal biopsy reveals hyperplastic crypts, and villous
atrophy/flattening that are indicative of an enteropathy resembling celiac disease!”°.
CVID-related autoimmune enteropathy can lead to malabsorption and nutrient
deficiencies®:2. Another gastrointestinal manifestation of CVID is autoimmune gastritis,
which can damage the parietal cells required for vitamin B12 absorption, leading to
pernicious anemia®%3-%°,

Hepatomegaly with elevated liver enzymes is common in CVID!. The most prevalent
causes of hepatic problems are nodular regenerative hyperplasia and cirrhosis, and portal
hypertension can develop in some of these patients®®-%, In addition, hepatitis B and C
infections, autoimmune hepatitis, cholestasis, and primary biliary cholangitis are reported

in CVID patients®®7°,

1.1.1.6. Allergic diseases



It is thought that patients with CVID and selective IgA deficiency carry a higher risk of
developing atopic conditions due to mucosal immune defects and immune
dysregulation’. In CVID, allergic respiratory diseases, such as asthma, rhinitis, or
rhinosinusitis, occur less frequently than selective IgA and 1gG subgroup deficiency’. In
the various CVID cohorts, the prevalence of allergic diseases’? varies from 12 to 42%%73-

5. These disorders include asthma, allergic diseases, atopic dermatitis, urticaria’ ">,

1.1.1.7. Dermatologic manifestations

CVID patients can have both infectious and non-infectious dermatologic conditions’.
Dermatological manifestations include conditions, such as dermatitis-like lesions, skin
infections (candidiasis, abscesses, furunculosis, cellulitis, impetigo), recurrent herpes

labialis, oral aphthous ulcers, and urticaria, have been seen in patients with CVID"’.

1.1.1.8. Malignancy

CVID patients are more likely to develop malignancies of all types compared to the
general population. Lymphomas are the most prevalent type of malignancy in CVID"8,
CVID patients, who are with lymphoproliferative disease, have an increased risk of
developing lymphoid malignancies?®32. In addition, patients with CVID carry higher risk

of gastric malignancies’® .

1.1.2. Epidemiology

Prevalence of CVID is between 1 in 10,000 and 1 in 100,000 individuals worldwide, with
geographic variability, possibly due to differences in awareness of the disease, diagnostic
criteria, and reporting practices across different regions*8:-%7, In 2019, the numbers of
CVID cases in the Dominican Republic and USA were 1 and 4,833, respectively®. The

prevalence of CVID is 1.4/100,000 in Turkey, 1.3/100,000 in the United Kingdom, and



0.7/100,000 in France®. Compared to Africa and Asia, North America, Europe, and
Australia have relatively higher observed prevalence®288° Additional factors, such as life
style, geographic location, and access to healthcare, significantly influence the
epidemiology of CVID:90-92,

The onset age of CVID is quite diverse, ranging from early childhood to late adulthood,
with the peak incidence in the first to third decades of lifel®4?, Both genders are equally
affected, though some studies suggest a slight female predominance in adults and male
predominance in children*?%. Variable clinical presentation may explain why CVID
remains under-recognized worldwide. Recent breakthroughs in diagnostic procedures,
together with increasing awareness among healthcare professionals, will result in earlier

diagnosis and better management of CVID.

1.1.3. Etiopathogenesis of CVID

The etiopathogenesis of CVID is complex and multifactorial, and still not well
understood. It can be stated that genetic, epigenetic, and environmental factors and the
interplay between them contribute to the complexity and heterogeneity of clinical

findings®®+%, Several factors/mechanisms underlying the CVID are mentioned below.

1.1.3.1. Environmental Factors

Environmental influences are also thought to play a significant role in the development
and progression of CVID®"%97 Environmental factors include infectious agents, exposure
to pollutants and chemicals, dietary factors, microbial translocation, and stress®®1%,
Factors, such as infectious agents, particularly viruses, may trigger or exacerbate the
condition in genetically predisposed individuals®t. Chronic infections can cause immune

dysregulation and impaired Ig production®®. Additionally, there is emerging evidence that



the gut microbiome may modulate immune system functioning and contribute to the
pathogenesis of CVID%9102-104 |n  addition to infections, autoimmunity and
hyperinflammation in CVID indicate an underlying peripheral and central immune
tolerance mechanism dysfunction, which might be caused by a combination of

environmental and genetic factors'®.

1.1.3.2. Epigenetic Factors

Epigenetic mechanisms play an important role in regulating gene expression and have
been implicated in the pathogenesis of CVID%*%1% Mechanisms, such as DNA
methylation, histone and chromatin modifications, and non-coding RNAs, especially
microRNAs (miRs), may modulate the functions of the immune system without any
changes in the genetic sequence®%7-110  Studies showed that altered demethylation,
particularly in genes crucial for B cell processes and signaling, during B cell
differentiation contributes to impaired B cell function and maturation in CVID13, In
addition to DNA methylation modifications and non-coding RNAs, transcriptional
changes and defects in chromatin accessibility have been associated with CVID
phenotypes using multi-omics approaches!®'4 For example, miRs have roles in the
pathogenesis of CVID>16, Esfahani et al (2021) found that CVID patients without a
known genetic defect, overexpression of miR-125b-5p leads to decreased expression of
the BLIMP1 and IRF4 genes, which in turn impairs the terminal differentiation of B

cells18,

1.1.3.3. Immunological Defects
The pathophysiology of CVID is still not fully understood, but can be proposed as a defect

in the ability of B cells to differentiate into plasma cells''’. CVID is characterized by
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impaired antibody responses to infections and vaccines. This impairment might be caused
by inherent B-cell abnormalities or errors in the interactions between B cells and T-helper
cellst11°  Impaired somatic hypermutation, class switching, and plasma cell
differentiation  are  possible  underlying  abnormalities  that  resulting
hypogammaglobulinemia'?,

- B cell Dysfunction: The lack of B cell function is the defining feature of CVID*?!-
123123124 Although most CVID patients have normal B cell counts, they often have
decreased memory B cells and isotype-switched memory B cells, and increased
CD21'"" B cells*?1?6, Despite having an intact B-cell receptor and the capability
to produce IgM in certain activation stages, CD21'°" B cells are distinct from other
B cells and may be polyreactive!?®?’. CD73, another B cell marker, is lacking in
naive, IgM memory, and switched memory B cells of CVID patients, but is
required in class switch recombination'?®. There is a decrease in somatic
hypermutation in CD27+ cells and a reduction in the variety of the naive CD27- B
cell pool*?>?° In addition, there are also reports B cell abnormalities in CVID
started at the pro-B cell stage of development since patients also have clonally
expanded unmutated B cells?51%°,

- T cell Dysfunction: CVID patients often display T cell abnormalities, including
decreased counts of T cells, regulatory T cells (Tregs), impaired proliferative
response to antigens and mitogens, altered production of cytokines, and impaired
T cell help for B cell antibody production!!812613° Thijs suggests that T-cell defects
may contribute to the pathogenesis of CVID in certain cases!?. Additionally, this
dysfunction also affects T cells and is particularly concentrated on Tregs and

helper T cells (Th cells)®*°3L, In CVID, the number and function of Tregs are often
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reduced, contributing to the disruption of immune homeostasis and the

development of autoimmunity®’%2,

1.1.3.4. Genetic Factors

In 1968, it was discovered that CVID had a hereditary component, and the first
monogenetic defect, which was identified in Inducible T cell co-stimulator (ICOS) was
reported in 2003133134 CVID can also be a polygenic disease with a complex inheritance
pattern'®. This complexity is further compounded by disturbances related to transcription
and epigenetics'®. The development of genome-wide association studies (GWAS) and
next-generation sequencing (NGS) has proven very beneficial for rare diseases, such as
IEI**138 Various methodologies, such as positional cloning, linkage analysis, candidate
gene analysis, and fluorescence in situ hybridization, have been utilized to reveal disease-
causing genetic abnormalities'®. Novel genetic defects were identified in PID patients by
whole-exome sequencing (WES) and whole-genome sequencing (WGS) approaches*3~
139 Next-generation sequencing (NGS) technology, including WES and WGS, has
become an essential tool in clinical settings for identifying genetic variants linked to
various diseases. This technology is particularly valuable in studying a range of
conditions, including congenital anomalies, neurological disorders, primary
immunodeficiencies, cardiovascular diseases, skeletal abnormalities, and mitochondrial
disorders'#%-145  The advantages of reduced costs, rapid analysis, and the ability to obtain
extensive genetic data have led to the widespread adoption of NGS in both clinical
diagnostics and translational research!4®14’_ It also plays a significant role in elucidating
the molecular mechanisms underlying inherited disorders. Furthermore, WES/WGS is

useful for family screening and genetic counseling®®. Discovery of the genetic mutations
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causing P1Ds still remains a significant challenge despite recent advancements in NGS*3,
For most individuals, the underlying genetic defect is yet unknown.

A monogenic etiology of CVID is reported in about 20% of cases, typically displaying an
autosomal dominant (AD) mode of inheritance®*>!*8, Genes listed as associated with
CVID in the OMIM database (https://www.omim.org/) are CD19, CD81, CR2 (CD21),
ICOS, IL21, IKZF1, IRF2BP2, LRBA, MS4A1 (CD20), NFKB1, NFKB2, SEC61A1,
TNFRSF13B (TACI), TNFRSF13C (BAFFR). CD19 Molecule (CD19) encodes a critical
component of the B cell receptor complex essential for B cell activation, and mutations
cause severe impairments in B cell function!*®. CD81 Molecule (CD81) encodes a
tetraspanin protein that is part of the B cell coreceptor complex, enhancing B cell receptor
signaling; mutations disrupt B cell activation and antibody production'®*5!, Complement
Receptor 2 (CR2, also known as CD21) encodes a receptor that functions in B cell
activation and binds Epstein-Barr virus; mutations impair B cell function!®2153, 1COS
encodes a protein that is expressed on the surface of T cells and plays a crucial role in T
cell activation and function, particularly in helping B cells during the immune response>*-
156 Mutations in ICOS can impair T cell-B cell interactions, leading to defective antibody
production and compromised immune function®33*3*, Interleukin-21 (IL21) encodes a
cytokine central to B cell proliferation and differentiation, and mutations impair B cell
function®™’. IKAROS Family Zinc Finger 1 (IKZF1) encodes a transcription factor crucial
for lymphocyte development, with mutations leading to defects in B cell maturation®®81%°,
Interferon Regulatory Factor 2 Binding Protein 2 (IRF2BP2) encodes a transcriptional
corepressor involved in immune regulation, and mutations can impair immune
responsest®®16! PS-responsive vesicle trafficking, beach, and anchor protein (LRBA)

encodes a protein involved in intracellular vesicle trafficking in immune cells, with
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mutations causing defective receptor function and impacting B cell survivall43147.162
Membrane-Spanning 4-Domains Subfamily A Member 1 (MS4AL1, also known as CD20)
encodes a protein involved in B cell activation and proliferation, and mutations impair
these processes!®163164 Nuclear Factor Kappa B Subunit 1 (NFKB1) encodes a
transcription factor regulating immune responses and cell survival, with mutations
disrupting B cell development'®>16¢ Nuclear Factor Kappa B Subunit 2 (NFKB2) encodes
a transcription factor essential for B cell maturation; mutations impair B cell
survival'®’1% Inborn defects in NFKB1 and NFKB2, which encode Nuclear factor kappa
B subunit 1 (NF-xB1) and 2 (NF-xB2), respectively, are among the most common causes
of monogenic CVID*%1"0, SEC61 Translocon Alpha 1 Subunit (SEC61A1) encodes a
component of the protein translocation channel in the endoplasmic reticulum, where
mutations can affect immune cell function®’, Mutations in Tumor Necrosis Factor
Receptor Superfamily Member 13B (TNFRSF13B, also known as TACI), which encodes
a receptor that binds to ligands promoting B cell survival and antibody class switching,
lead to defective B cell function!’*1"* Tumor Necrosis Factor Receptor Superfamily
Member 13C (TNFRSF13C, also known as BAFF-R) encodes a receptor critical for B cell

survival, where mutations reduce B cell numbers and impair their function.

1.2. NF-xB Signaling Pathways

The NF-«xB signaling pathways have pivotal roles in regulating lymphocyte development,
proliferation, survival, death and effector responses'®>1">176 The NF-xB family consists
of five related transcription factors: NF-xkB1 p50/p105, NF-kB2 p52/p100, RELA, RELB,
and c-Rel*’""1® These transcription factors possess an N-terminal Rel homology domain
(RHD) in common, which includes regions responsible for dimerization, IkB binding, and

nuclear localization'’"’®, RELA, RELB, and c-Rel possess a C-terminal transcriptional
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activation domain, which is not present in p50 and p52'8>18l As a result, p50 and p52
homodimers act as transcriptional repressors unless they are paired with RELA, RELB,
or c-Rel'8182 There are two main pathways linked to NF-«kB: the canonical and
noncanonical pathways®® (Figure 1.1). The canonical NF-kB pathway activates a wide
range of pro-inflammatory and anti-apoptotic genes*®*®, In contrast, the noncanonical
NF-kB pathway is triggered by a specific set of agonists, such as B-cell activating factor
(BAFF), CD40 ligand (CD40L), lymphotoxin  (LTP) and receptor activator of NF-xB
ligand (RANKL)!8%-188 Thijs pathway progresses more slowly and plays a crucial role in
cellular differentiation and development!65176:188,

Canonical pathway Non-canonical pathway

TLRs/IL1R/TNFRs CDA40/BAFFR/RANK

Target genes of NF-kB signaling pathway

Figure 1.1 Canonical and non-canonical NFkB signaling pathways. Canonical pathway
is activated by pro-inflammatory signals, leading to IxkB degradation and nuclear
translocation of NF-xB (p65/p50) to promote inflammation-related gene expression. Non-
canonical pathway is triggered by specific TNF receptors (e.g., CD40), resulting in NIK-
dependent processing of pl00 to p52, which pairs with RELB to regulate immune
development genes. Adapted from Peng C. et al., 20208, Created in BioRender.
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Pro-inflammatory cytokines, such as Tumor necrosis factor (TNF) and IL-1, microbe-
associated molecular patterns, and stress signals can all activate the canonical NF-«xB
pathway'%%19 This path utilizes the IxB kinase (IKK) complex, which includes IKKa,
IKKP, and IKKy*®319 When activated, IkB proteins are phosphorylated and degraded,
allowing NF-kB dimers (p65-p50) to enter the nucleus and activate genes involved in
immunological and inflammatory responses!®-1%, The non-canonical NF-kB pathway is
activated by certain TNF receptor family members, such as BAFF receptor (BAFF-R),
CD40, and LTP receptor (LTBR), and does not need IKKp or IKKy 1819419 |nstead, it
relies on NF-kB-inducing kinase (NIK) and IKKoa. In resting cells, unprocessed p100
interacts with IxkBé through its C-terminal inhibitory domain, forming high-molecular
weight “kappaBsome” complexes sequestering RELB and other NF-xB subunits, which
thereby results in the inhibition of DNA-binding activity of NF-xB proteins (referred to
as IxkB& regulatory function)!®!%” Upon activation of non-canonical pathway, NIK
phosphorylates IKKa, which in turn phosphorylates the NF-kB2 precursor p100, resulting
in the proteasomal degradation of p100 and processing into p52168187.188,198.199  The
resultant p52-RelB dimers go to the nucleus and control genes required for maturation of
medullary thymic epithelial cells, lymphoid organ development, and B cell
immunity!87:194200201

The primary distinctions between these routes are their activation triggers, participating
components, and regulatory targets, with the canonical pathway causing immediate and
temporary responses and the non-canonical pathway linked with longer-term immune
system development!®®, Dysregulation of both pathways can cause disorders such as
CVID, where defective NF-kB signaling leads to weak immune responses and increased

susceptibility to infections and autoimmune problems?83194202203 " |nyestigating these
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pathways is crucial for designing therapies to regulate NF-xB activity, potentially
enhancing immune function and patient outcomes in disorders like CVID®. Alterations
in NF-kB2 activity can have a substantial influence on immunological competence, as
demonstrated in illnesses such as CVID, where dysregulation contributes to symptoms
such as defective immunoglobulin production and aberrant lymphocyte function69.204-206,
These modifications emphasize the gene's function in immunological homeostasis and the
potential consequences of its disruption, such as increased susceptibility to infections and

autoimmune disorders.

1.3. Aim of the study

CVID is the most frequent type of symptomatic PID and characterized by a wide
variability in symptoms, from recurrent infections to autoimmunity, allergy,
lymphoproliferation, malignancy, and pituitary insufficiency. Along with the lack of a
clear understanding of the underlying causes of CVID, the precise causes underlying why
symptoms vary so much from person to person are mostly unclear. Therefore, the
diagnosis of these patients is often delayed due to variable clinical presentations. In
majority of cases, the genetic cause remains unknown. However, advancements in NGS
technologies have facilitated the identification of genes linked to both autosomal recessive
and dominant forms of CVID. In our study, we focus on a multiplex family affected with
CVID, aiming to identify genetic defects using WES and to perform comprehensive
biochemical and functional characterization of the identified candidate disease-causing

monogenic variant.
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CHAPTER 2

Materials and Methods

2.1. Materials

All materials used in this study are listed in the sections below.

2.1.1. Cell culture media, solutions and recombinant protein

Table 2.1 Cell culture media, solutions and recombinant protein

Liquid consumable Catalog Manufacturer

Number
Cell Culture Water Pyrogen free L0970-500 Biowest, USA
Dimethyl sulphoxide A3672-0100 | AppliChem, USA
DMEM_ngh Glucose w/L-glutamine L0102-500 Biowest, USA
wo/Sodium pyruvate
Ili)/luglgfcco s PBS (dPBS) wio Ca2+ & 02-023-1A Biological Industries, Israel
Fetal Bovmg Seru_m_, European Grade, B10-007-1A | Biological Industries, Israel
South America origin
Lymphoprep™ Density Gradient 7801 STEMCELL Technologies,
Medium, Sterile, pH 6.3 - 7.3, Liquid USA
Opt-MEM™ 1 Reduced Serum 31985062 | Thermo Scientific, USA
Medium
RBC Lysis solution 10X 01-888-1B Biolegend, USA
RPMI 1640 wi/stable glutamine L0498-500 Biowest, USA
Trypsin-EDTA 1X Solution L0930-100 Biowest, USA
Recombinant Human CD40L 591704 Biolegend, USA

(TNFSF5) (carrierfree)

2.1.2. Contents of buffers

Table 2.2 Contents of buffers

| Buffer | Contents

| Amount

18




10X TBS AM Tris HCI pH 7.5 100 mL

5M NaCl 300 mL

ddH.O 600 mL
1IX TBS-T 10X TBS 100 mL

Tween-20 900 mL

ddH20 1mL
10X Running buffer Tris base 309

Glycine 144 g

20% SDS 50 mL

ddH.0 completeto 1 L
10X Transfer buffer Tris base 309

Glycine 144 g

ddH>0 completeto 1 L
1X Transfer buffer 10X Transfer buffer 110 mL

%2100 Methanol 165 mL

ddH.O 825 mL
2X RIPA Lysis buffer | NaCl 0.88¢

EDTA 0.15¢

Triton X-100 19

Sodium deoxycholate 1g

SDS 0.1g

1AM Tris-HCI, pH 7.6 2.5mL

ddH20 complete to 100 mL
Complete RIPA Lysis | 2X RIPA Lysis buffer 700 puL
buffer 7X Protease inhibitor 200 uL

ddH20 500 pL
PBS-EDTA solution dPBS solution 1L

EDTA solution 1mL
1.5 M Tris-HCI pH 8.8 | Tris base 6.06 ¢

ddH20 60 mL

Adjust pH with HCI

ddH-0 complete to 100 mL
0.5M Tris-HCI pH 6.8 | Tris base 12119

ddH20 80 mL

Adjust pH with HCI

ddH>O complete to 100 mL
20% SDS solution Sodium dodecyl sulphate | 2 g

ddH>O complete to 100 mL
10% APS solution APS 19

ddH>O complete to 10 mL
Mild Stripping Buffer | Glycine 759

SDS 05¢

Tween-20 5mL

ddH20 400 mL

Adjust pH to 2.2 with HCI
ddH>0

complete to 500 mL

5% Stacking gel

ddH20
40% Bis-acrylamide

4.2 mL
623 uL

19




0.5 M Tris-HCI pH 6.8 630 uL
20% SDS 25 ul
10% APS 50 uL
TEMED 5ulL

12% Separating gel ddH20 4.3 mL
40% Bis-acrylamide 3mL
1.5 M Tris-HCI pH 8.8 2.5mL
20% SDS 50 uL
10% APS 100 uL
TEMED 4 uL

ITB Buffer MnCl; 4 H20 10.88 g
CaCl; 2 H.0 2.20 ¢
KCI 18.65¢
PIPES (0.5 M, pH 6.7) 20 mL
ddH>0 completeto 1 L

1% Agarose gel Agarose (Biomax) 19
0.5X TBE buffer 100 mL
SafeView Classic 5ulL

5X TBE buffer Tris base 27 ¢
Boric acid 13.75¢g
0.5M EDTA pH:8.0 10 mL
ddH-0 complete to 500 mL

LB Broth Medium NaCl 49
Tryptone 49
Yeast extract 29
ddH.O 400 mL

LB Agar Medium NaCl 49
Tryptone 49
Yeast extract 29
Agar 60
ddH20 400 mL
100 mg/mL Ampicillin 400 uL
(if applicable)

2.1.3. Chemicals and reagents

Table 2.3 Chemicals and reagents

Product name Catalog Number Manufacturer

Agar

05039-500G

Sigma Aldrich, USA

Agarose (Biomax)

BHES500

Prona, USA
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Ammonium persulphate

(APS) 7727-54-0 Sigma Aldrich, USA
Ampicillin sodium salt BP1760-25 Fisher Bioreagents, USA
Acrylamide: Bis-

Acrylamide 37.5:1 (40% | BP1410-1 Fisher Bioreagents, USA
Solution/Electrophoresis)

Boric acid powder 302177 Carlo Erba, Germany
Bovine Serum Albumin .

(BSA) BSA-1T Capricorn, USA
cOmplete™, Mini,

EDTA-free Protease 11836170001 Roche, USA

Inhibitor Cocktail

DTT (dithiothreitol) R0861 Thermo Scientific, USA
Ethanol 32221 Sigma Aldrich, USA
Ethylenediaminetetraaceti . .

¢ Acid (EDTA) E-5134 Sigma Aldrich, USA
Glycerol 15524 Sigma Aldrich, USA
Glycine GLNO001.1 BioShop, Canada
Hydrochloric acid (HCI) 30712-2.5L Sigma Aldrich, USA
Isopropanol 100995 Sigma Aldrich, USA
Lipofectamine 3000 L.3000-008 Thermo Scientific, USA
Transfection Kit

Mounting Medium 50011 Ibidi, Germany
Methanol 24229-2.5L-R Sigma Aldrich, USA
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N,N,N',N'-Tetramethyl

ethylenediamine 1610801 BioRad, USA
(TEMED)

NaCl 31434-1KG-R Sigma Aldrich, USA
?A?gﬁ%ﬁi?ggﬁga“ E783-50G Amresco, USA
Polyjet™ In Vitro DNA | ¢/ 455689 SignaGen Laboratories, USA
Transfection Reagent

Ponceau S C.1 27195 Applichem, USA
SafeView Classic G108 ABM, USA

Skimmed Milk - Pinar, TR

Sodium deoxycholate 302-95-4 Sigma Aldrich, USA
Sodium dodecyl sulphate | 822050 Merck, USA

(Slgggﬁ) hydroxide 06203 Sigma Aldrich, USA
Triton X-100 A1694.0250 Applichem, USA
Trizma Base T1503 Sigma Aldrich, USA
Tryptone 48647.02 Serva, Germany
Tween-20 777 Ambresco/VWR, USA
XT Sample Buffer, 4X 1610791 BioRad, USA

Yeast extract 1.037.530.500 Merck, USA
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2.1.4. Antibodies

Table 2.4 Antibodies

Clone or
Antibody Catalog Company Purpose
Number
Alexa Fluor® 488 Biolegend
anti- DYKDDDDK | 637317 gend, Immunofluorescence
. USA
Tag Antibody
. Sigma- .
Anti-FLAG Aldrich, USA Immunoblotting
Anti-GFP JL-8 Clontech, Immunoblotting
Japan
Anti-Human Proteintech, .
GAPDH 1E6D9 USA Immunoblotting
Anti- Santa Cruz, .
NFKB2(p100/p52) Sc-7386 USA Immunoblotting
DAPI 422801 Biolegend, Immunofluorescence
USA
. Tonbo
?gﬂ antl_bgfise 72-8062-M001 | Biosciences, | Immunoblotting
g USA
2.1.5. Enzymes and enzyme buffers
Table 2.5 Enzyme and enzyme buffers
Enzyme Catalog # Manufacturer
Xhol R0146S NEB, USA
EcoRI-HF R3101S NEB, USA
Sall-HF R3138S NEB, USA
Xbal R0145S NEB, USA
Q5® High-Fidelity MO0491S NEB, USA
DNA Polymerase
5X Q5 Reaction Buffer | B9027S NEB, USA
T4 DNA Ligase M0202S NEB, USA
Taq DNA Polymerase LSG-EP0406 Thermo Scientific, USA
rCutSmart buffer B6004S NEB, USA
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T4 DNA Ligase B0202S NEB, USA

Reaction Buffer

10X Taq Buffer with - Thermo Scientific, USA
(NH4)2S04

MgCl, - Thermo Scientific, USA
dNTP-Set (Na salt) - M3015.4125 Genaxxon Bioscience,

100mM

Germany

2.1.6. Plasmids

All constructed plasmid maps were shown in the Appendix C.

Table 2.6 Plasmids

Plasmid Antibiotic Resistance Manufacturer
pcDNA3.1(+) Ampicillin Invitrogen, USA
pCl-neo-N-3xFLAG Ampicillin Promega, USA
pCl-neo-C-3xFLAG Ampicillin Promega, USA
pNiFty-SEAP Ampicillin Invivogen, USA
PRL-TK Ampicillin Promega, USA
pNF-kB-Firefly-Luc Ampicillin Promega, USA
2.1.7. Primers
Table 2.7 Primers
Primer Sequence Purpose
Sanger
NFKB2_Y868N_Fwd CCCTGGAAGGTGGATCTG sequencing
(Y868N)
Sanger
NFKB2_Y868N_Rev TTGAAATAGGTGGGGACGC sequencing
(Y868N)
CAGTCTAGAATGGAGAGTTGCT | Cloning (pCl-
NFKB2_Xbal_Fwd ACAACCC Neo-N3xFlag)
GATGTCGACTCAGTGCACCTGA | Cloning (pCl-
NFKB2_Sall_Rev GGCTG Neo-N3xFlag)
GGAAGACAGTGCGAACGGGAG | SDM (pClI-
NFKB2_Y868N_Fwd | coagTc Neo-N3xFlag)
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GACTGGCTCCCGTTCGCACTGTC | SDM (pClI-
NFKB2_Y868N_Rev TTCC Neo-N3xFlag)
Sanger
NFKB2_Seql Fwd CCTGAAGCCAGTCATCTCCC Sequencing
(NFKB2 ORF)
Sanger
NFKB2_Seql Rev GGGAGATGACTGGCTTCAGG Sequencing
(NFKB2 ORF)
Sanger
NFKB2_Seq2_Fwd CTACTCGACTACGGCGTCAC Sequencing
(NFKB2 ORF)
Sanger
NFKB2_Seq2_Rev GTGACGCCGTAGTCGAGTAG Sequencing
(NFKB2 ORF)
Sanger
NFKB2_Seq3 Fwd CTGAAGGCTGGTGCTGACATC Sequencing
(NFKB2 ORF)
Sanger
NFKB2_Seq3_Rev GATGTCAGCACCAGCCTTCAG Sequencing
(NFKB2 ORF)
NFKB2_R853X_Sall Re | GATGTCGACTCAGGTTTCTGGA | Cloning (pCl-
v CCCCTCAG Neo-N3xFlag)
NFKB2_R635X_Sall_ Re | GATGTCGACTCATCCCCCCTGCC | Cloning (pCl-
% GCTCTG Neo-N3xFlag)
Cloning

Relb_EcoRI_Fwd

CTGAGAATTCATGCTTCGGTCTG
GGCC

(pcDNA3.1(+)
)

Relb_Xbal_Rev

GATTCTAGACTACGTGGCTTCA
GGCCC

Cloning
(pcDNA3.1(+)

)

RelB_Seql Fwd

CATCGAGCTCCGGGATTGTG

Sanger
Sequencing
(RelB ORF)

RelB_Seql Rev

CACAATCCCGGAGCTCGATG

Sanger
Sequencing
(RelB ORF)

RelB_Seg2_ Fwd

CCATTGCCTTTCACGTACCTG

Sanger
Sequencing
(RelB ORF)

RelB_Seq2_ Rev

CAGGTACGTGAAAGGCAATGG

Sanger
Sequencing
(RelB ORF)

NIK_EcoRI_Fwd

GTACGAATTCATGGCAGTGATG
GAAATGGC

Cloning
(pcDNA3.1(+)

)

NIK_Xhol_Rev

TATCCTCGAGTTAGGGCCTGTTC
TCCAGC

Cloning
(pcDNA3.1(+)

)
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NIK_Seql Fwd

CAGGAGGATGAGTCTCCAC

Sanger
Sequencing
(NIK ORF)

NIK_Seqg2_Rev

GTGGAGACTCATCCTCCTG

Sanger
Sequencing
(NIK ORF)

NIK_Seq3 Fwd

GCGGCTGGAAGTATTTCG

Sanger
Sequencing
(NIK ORF)

NIK_Seg4 Rev

CGAAATACTTCCAGCCGC

Sanger
Sequencing
(NIK ORF)

NIK_Seqg5 Fwd

GAGAGAGCTTTCGCCAAGG

Sanger
Sequencing
(NIK ORF)

NIK_Seq6_Rev

CCTTGGCGAAAGCTCTCTC

Sanger
Sequencing
(NIK ORF)

SV40-poly(A)-signal_Rev

GCATTCTAGTTGTGGTTTGTCC

Colony PCR
(pCI-Neo-N-
3xFlag)

VP1.5 Ext

CGGGACTTTCCAAAATGTCGT

Colony PCR
(pCl-Neo-N-
3xFlag)

BGH-Reverse

Colony PCR

853aa_Xbal Rev

CCCTCAGCAG

GGCACCTTCCAGGGTCAAGG (pcDNA3.1(+)

)
NFKB2_405- GTATGAATTCATGGCGCAGATG | Cloning (pCl-
900aa_EcoRI_Fwd GCCGCCACGG Neo-C3xFlag)
NFKB_405- GATTCTAGAGGGTGCACCTGAG | Cloning (pCl-
900aa_Xbal Rev GCTGGGGG Neo-C3xFlag)
NFKB2_R853X_400- GATTCTAGAGGGGTTTCTGGAC | Cloning (pCl-

Neo-C3xFlag)

2.1.8. Kits

Table 2.8 Kits

Kit

Catalog Number

Manufacturer

BCA Protein Assay Kit T9300A TaKaRa Bio, USA
Secreted Alkaline
Phosphatase Reporter 600260 Cayman, USA

Gene Assay Kit
(Luminescence)
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The Dual-Glo®

Luciferase Assay System E2920 Promega, USA
WesternBright ECL HRP |\ 15645 ps0 Advansta, USA
substrate kit

WizPrep Gel/PCR Wizbiosolutions Inc.
Purification Mini Kit W70050-300 Republic of Korea
WizPrep™ gDNA Mini i Wizbiosolutions Inc.
Kit (Blood) W71050-100 Republic of Korea
WizPrep™ Plasmid DNA Wizbiosolutions Inc.
Mini Kit Wiagr100 Republic of Korea
2.1.9. Equipment

Table 2.9 Equipment

Equipment Model Manufacturer
AmershamTM

Luminescent Image
Analyzer

AmershamTM Imager
600

GE Healthcare Life
Sciences, USA

Centrifuge Eppendorf 5415 R Eppendorf, USA
Centrifuge Universal 320 Hettich, Germany

Heat Block Type 17600 Dri-Bath Thermolyne, USA
Confocal Microscope Leica SP8 k/fii((::s)systems, Germany
Liquid Nitrogen L.S4800 Worthington Industries,

Refrigerator

USA
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Microplate Reader

SynergyTM HT

BioTek, Tr

NanoDrop Microvolume

UV-Vis NanoDrop One Thermo Scientific, USA
Spectrophotometer

pH meter S-610L Peak Instruments, USA
Spectrophotometer UV-5100 SOIF, China

Thermal cycler

2720 Thermal cycler

Applied Biosystems, USA

Thermal cycler TC-512 Techne, USA
fﬂ)i(fefd"a”ced VoreX: | 20240176 VELP Scientifica, Italy

2.1.10. Other materials

Table 2.10 Other materials

Product Catalog # Manufacturer

1 mL syringe 70575 Ayset, Tr

BD Vacutainer® Heparin | 56767, BD Biosciences, USA
Tubes

Cryovials, 2 mL 122263 Greiner, USA
GeneRuler 1 kb DNA SM0311 Thermo Scientific, USA
Ladder

Hemocytometer C962010 Marienfeld Superior,
Neubauer Germany
MinI-PROTEAN Tetra | 1 658007FC BioRad, USA

Handcast Systems
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Molecular Biology grade

01-869-1B Biological Industries, Israel
water

Mr. Frosty™ Freezing

. 5100-0001 Thermo Scientific, USA
Container

Prime-Step Prestained
Broad Range Protein 773302 BioLegend, USA
Ladder

WesternBright PVDF-FL
membrane roll, 0.45 pm, | L-08025-001 Advansta, USA
26cmx3.3m

2.2. Methods

2.2.1. Patient recruitment and ethics

Oral and written informed consents were obtained from the patients and healthy donors,
and clinical information and biological samples from the patients were collected by the
clinician. This study was conducted in accordance with the institutional, local, and
national ethical guidelines, and with the 1964 Helsinki Declaration and its later
amendments or comparable ethical standards. The study was approved by the Ihsan

Dogramaci Bilkent University Ethics Committee (#2022 04 28 01).

2.2.2. Genomic DNA isolation from whole blood

2.2.2.1. Red blood cell lysis

Whole blood samples taken using blood collection tubes containing heparin were
delivered to the laboratory on the same day for processing. First, approximately 1 mL of
blood was carefully transferred into 15 mL volume conical centrifuge tubes. To these
tubes, 9 mL of 1X red blood cell (RBC) lysis solution was added and the samples were
inverted to mix thoroughly. This mixture was incubated at RT for 20 min. After the

incubation period, the samples were separated by centrifugation at 400 g for 5 min at RT.
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The resulting supernatants were carefully removed and the remaining pellets were
resuspended with 3 mL of 1X RBC lysis solution. After this process, the pellets were
incubated for another 10 min at RT and centrifuged at 400 g for 10 min at RT.
Supernatants were removed again and pellets were resuspended with 1 mL of 1X RBC
lysis solution. The cells were then transferred to 1.5 mL centrifuge tubes and centrifuged
at 13,000 rpm for 1 min. The supernatants were removed once again and the remaining

pellets were made ready for immediate use for genomic DNA (gDNA) isolation.

2.2.2.2. gDNA isolation

WizPrep™ gDNA Mini Kit (Blood) kit was used for gDNA isolation. Pellets obtained
from RBC lysis were resuspended with 200 pL of 1X dPBS, followed by the addition of
200 puL of GB Buffer and 20 pL of Proteinase K, which we mixed by vortexing. The
mixture was incubated at 56 °C for 10 min, and we inverted the tube every 5 min.
Subsequently, 200 uL of 100% ethanol was added to the sample lysates, and we briefly
vortexed the mixture. The mixture was then applied to a Spin Column connected to a 2
mL Collection tube and centrifuged for 1 min at 13,000 rpm. The Spin Column was
transferred to a new Collection tube, and we discarded the flow-through. The Spin Column
was then washed with 500 uL of W1 Buffer and centrifuged for 1 min at 13,000 rpm,
followed by another wash with 500 pL of W2 Buffer (with added ethanol) and
centrifugation for 1 min at 13,000 rpm. We discarded the flow-through, and the Spin
Column was centrifuged for an additional 2 min at 13,000 rpm. For elution, the Spin
Column was connected to a new 1.5 mL tube, and we added 80 pL of Elution Buffer,
incubated it at room temperature for 1 min, and centrifuged for 1 min at 13,000 rpm. We
then removed and discarded the spin columns, and the concentration of purified gDNA

collected in 1.5 mL centrifuge tubes was measured with a NanoDrop™ One/OneC
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Microvolume UV-Vis Spectrophotometer. The resulting purified gDNAs were stored at

—20 °C for later use.

2.2.3. Peripheral blood mononuclear cell isolation

Whole blood was placed in blood collection tubes containing heparin in volumes ranging
from 6 to 10 mL and processed immediately on the same day. These blood samples were
transferred to 15 mL conical centrifuge tubes and diluted 1:1 (v/v) with pre-warmed 1x
dPBS at RT. Lymphoprep™ Density Gradient Medium was then added to empty 15 mL
conical centrifuge tubes with a final ratio of the blood™ mixture of 2:1 (v/v). Diluted
blood was carefully placed on top of Lymphoprep™ separation medium and samples were
centrifuged at 800 g at RT for 20 min with the deceleration setting at zero. As a result of
this process, four separate layers were formed. Peripheral blood mononuclear cells
(PBMCs) in the cloudy layer were removed using sterile Pasteur pipettes and moved into
15 mL conical centrifuge tubes supplemented with 3 mL of Wash medium containing 2%
FBS. These tubes were filled with 14 mL of Wash medium. The samples containing
PBMCs were centrifuged at 250 g for 10 min and then the supernatants were removed.
PBMCs were counted with a hemocytometer after washing in 8 mL of Wash medium. The
samples were then centrifuged again at 250 g for 10 min and the supernatants were
removed. PBMC aliquots were resuspended in freezing medium (FBS + 10% DMSO) at
a density of 5x10° cells/mL and incubated overnight at -80 °C. Transferred to cryovials
for cryopreservation using the Frosty™ Freezing Container. The next day, the

cryopreserved vials were placed in a liquid nitrogen tank for later use.

2.2.4. Genetic analysis

2.2.4.1. Whole-exome sequencing
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gDNA isolated from the peripheral blood of the patients were used for whole-exome
sequencing (WES). WES including library preparation, raw sequencing-data collection,
alignment with the reference human genome (GRCh37), variant calling and annotations
were performed by a service provider, Genoks, Turkey, as previously described?®’. The
allele frequency (AF) values were obtained from the public genome databases:
gnomAD?®, Bravo?®, UK Biobank-Allele Frequency Browser (AFB)?¥ Turkish
Genome Project Data Sharing Portal (TGP) (https://tgd.tuseb.gov.tr/), which includes
genome data of more than 500 healthy individuals from Turkey. WES data variant filtering

was performed with the help of Yilmaz Yiicehan Yazici.

2.2.4.2. Interpretation of variants

Prediction of the damaging impact of variants was performed utilizing various algorithms
including AlphaMissense?!!, Combined annotation-dependent depletion (CADD) v1.7%%2,
MutationTaster?*®, Polymorphism Phenotyping v2 (PolyPhen-2)2'?, and Sorting intolerant
from tolerant (SIFT)?4. Variant significance related to the human health was obtained
from the Clinvar database (https://www.ncbi.nlm.nih.gov/clinvar/). OMIM
(https://www.omim.org/) database was used to obtain clinical significance of the variants.
Variant clinical interpretation was performed following the American College of Medical
Genetics and Genomics (ACMG) and the Association for Molecular Pathology (AMP)

guidelines?’.

2.2.4.3. Sanger sequencing of gDNA
Sanger confirmation of the NFKB2 mutation status in the patients and their family
members was done by amplification of approximately 300 bp region encompassing the

p.Y868N mutation on their gDNASs. Primers used in this reaction are listed in Table 2.7.
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PCR amplicons were purified using WizPrep™ Gel/PCR Purification Mini Kit. Sanger

sequencing of PCR products was performed by the service provider, Macrogen (Europe).

2.2.5 Generation of NFKB2 constructs

2.2.5.1 Generation of NFKB2 constructs and site-directed mutagenesis

Generation of desired constructs was performed with the help of Aysima Atilgan
Liilecioglu. The human canonical NFKB2 (NM_001322934.2) open reading frame (ORF)
was PCR amplified using cDNA generated from PBMCs. It was cloned in frame with N-
terminal 3x DYKDDDDK (FLAG)-tag into the pCl-Neo-N-3xFlag vector through Xbal
and Sall sites. Site-directed mutagenesis (SDM) following a modified overlap-extension
PCR-based method was used to generate plasmids encoding mutant NF-kB2 as previously
described?®. To generate pCl-Neo-N-3xFlag constructs encoding mutant NF-kB2
(p.Y868N) and truncated NF-kB2 with p.R635X or p.R853X, the wild-type (WT) full-
length NF-xB2 (NP_001309863.1, 900 amino acids)-encoding plasmid was used as a PCR
template. The NF-xB2 p-Y868N was amplified with
NFKB2_Xbal Fwd/NFKB2_Y868N_Rev, and NFKB2_Sall_Rev/NFKB2_Y868N_Fwd
primer pairs. The PCR products were purified with WizPrep™ Gel/PCR Purification Mini
Kit. One-step overlap extension PCR was performed to anneal fragments to each other.
To confirm the expected sizes of PCR products, agarose gel electrophoresis was
performed. The PCR products having orange loading dye at 1X final concentration were
loaded into 1% agarose gel and run for 30 min at 120 V. Amersham Imager 600 was used
to visualize DNA. The final PCR products were then purified with WizPrep™ Gel/PCR
Purification Mini Kit.

The PCR reaction mixture includes 10 uLL Q5 Reaction Buffer, 1 pL dNTPs, 5 uL primers,

2 ng of template DNA, and 0.5 uL. Q5 High-Fidelity DNA Polymerase and molecular
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biology grade water up to 50 pL. The thermocycling conditions involve initial
denaturation at 98 °C for 30 sec, followed by 35 cycles of denaturation (98 °C for 10 sec),
annealing (60 °C for 30 sec), and extension (72 °C for 1 min 30 sec). The final extension
(72 °C for 2 min). One-step overlap extension PCR conditions: 98 °C (30 sec), 60 °C (30
sec), 72°C (2 min), primers were added; then, initial denaturation at 98 °C for 30 sec,
followed by 35 cycles of denaturation (98 °C for 10 sec), annealing (60 °C for 30 sec),
and extension (72 °C for 1 min 30 sec) and the final extension (72 °C for 2 min).

WT NF-xkB2 C-terminal fragment (amino acids 405-900) and mutant fragments with
p.Y868N or p.R853X were PCR-amplified on the pCI-Neo-N-3xFlag constructs encoding
WT or mutant NF-kB2, and cloned in frame with C-terminal 3x DYKDDDDK (FLAG)-
tag into the pCl-Neo-C-3xFlag through EcoRI and Xbal sites. WT NF-«B2 C-terminal
fragment and the mutant one with p.Y868N were amplified by using NFKB2_405-
900aa_EcoRI_Fwd and NFKB_405-900aa_Xbal_Rev primers. NF-kB2 C-terminal with
p.R853X was amplified by NFKB2_405-900aa_EcoRI_Fwd and NFKB2_R853X_400-
853aa_Xbal Rev primers. PCR reaction mix and thermocycling conditions were as
described above. Primers used are listed in Table 2.7. The expected size of the PCR
products was checked by agarose gel electrophoresis. Then, products were purified using

WizPrep™ Gel/PCR Purification Mini Kit.

2.2.5.2 Generation of NIK and RELB constructs

NIK (NM_003954.5) and RELB (NM_006509.4) ORFs were amplified by using cDNA
generated from PBMCs. PCR amplicons of NIK and RELB were inserted into the
pcDNAS3.1(+) vector through EcoRI/Xhol and EcoRI/Xbal sites, respectively. The PCR
products were purified using the WizPrep™ Gel/PCR Purification Mini Kit. To confirm

the expected sizes of the PCR products, agarose gel electrophoresis was utilized. The PCR
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products were mixed with orange loading dye (1X final concentration) and loaded into a
1% agarose gel containing 1X SafeView™ Classic nucleic acid stain. The gel was run for
30 min at 120 V. Visualization of the DNA bands was performed using the Amersham
Imager 600. The annealed PCR products were subsequently purified again with the
WizPrep™ Gel/PCR Purification Mini Kit.

The PCR reaction to generate NIK ORF mixture includes 10 uL Q5 Reaction Buffer, 1
puL dNTPs, 5 uL primers, 2 ng of template DNA, and 0.5 pL Q5 High-Fidelity DNA
Polymerase and molecular biology grade water up to 50 puL. The thermocycling conditions
involve initial denaturation at 98 °C for 30 sec, followed by 35 cycles of denaturation (98
°C for 10 sec), annealing (67 °C for 30 sec), and extension (72 °C for 2 min 30 sec), and
the final extension (72 °C for 2 min). The PCR reaction to generate RELB ORF mixture
includes 10 pL. Q5 Reaction Buffer, 1 uL. dNTPs, 5 pL primers, 2 ng of template DNA,
and 0.5 uL Q5 High-Fidelity DNA Polymerase and molecular biology grade water up to
50 pL. The thermocycling conditions involve initial denaturation at 98 °C for 30 sec,
followed by 35 cycles of denaturation (98 °C for 10 sec), annealing (68 °C for 30 sec),

and extension (72 °C for 1 min 10 sec), and the final extension (72 °C for 2 min).

2.2.5.3 Restriction enzyme digestion of PCR products and vectors

For pCl-neo-N-3xFLAG with WT or mutant NF-kB2, purified PCR products and 700 ng
of the pCl-neo-N-3xFLAG mammalian expression vector were digested with Xbal and
Sall enzymes at 37 °C for 3 h. The resulting digested products were purified using the
WizPrep™ Gel/PCR Purification Mini Kit. The restriction enzyme reaction mixture
consisted of 700 ng of pCl-neo-N-3xFLAG, 5 pL of 10X rCutSmart Buffer, 1 uL each of
Xbal and Sall and molecular biology grade water up to 50 pL. For pCl-neo-C-3xFLAG

with WT or mutant NF-xB2 C-terminal fragments, purified PCR products and 700 ng of
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the pCl-neo-C-3XxFLAG was digested with EcoRI and Xbal with the same procedure
described above. For NIK and RELB, pcDNA3.1(+) mammalian expression vector and
PCR products purified were digested with EcoRI/Xhol and EcoRI/Xbal sites,

respectively, as described above.

2.2.5.4 Ligation of digested products

The digested and purified PCR products were ligated into the digested empty
mammalian expression vector using T4 DNA Ligase at room temperature for 15 min. The
ligation reaction mixture included 1 pL of the digested pCI-neo-N-3xFLAG vector, 3.0
pL of the PCR product, 0.5 pL of T4 DNA Ligase and 0.5 pL of 10X T4 DNA Ligase

buffer.

2.2.5.5 Transformation of the ligation products

DH5a competent cells were used for transformation of ligation products. These cells were
removed from a glycerol stock by streaking onto an LB agar plate and incubated overnight
at 37 °C. Then, a single colony was selected and transferred to LB broth and grown at 37
°C, followed by incubation at 20 °C. When the optical density of the culture reached 0.55,
it was divided into two tubes and centrifuged. Cells were resuspended with cold Inoue
transformation buffer (ITB). After a second centrifugation, the pellets were mixed and
treated with DMSO. The cells were then incubated on ice, aliquoted, snap frozen with
liquid nitrogen, and stored at -80 °C. For transformation, ligation products, 5 uL each,
were added to 50-60 uL of competent cells. The mixture was incubated on ice for 15 min.
After the incubation, tubes were subjected to a heat shock at 42 °C for 45 sec. Afterwards,
the tubes were incubated on ice for another 2 min. 800 puL of LB broth medium was added

to the tubes and incubated at 37 °C for 45 min with constant shaking. Finally, 100 puL of
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the suspension was spread on LB agar plates containing ampicillin and plates were

incubated at 37 °C overnight.

2.2.5.6 Screening for positive colonies by PCR

A sterile pipette tip was used to transfer bacteria from single colonies into PCR tubes
containing 50 uL of molecular biology grade water. This bacteria-containing water used
as a template in colony PCR. The resulting PCR products were mixed with orange loading
dye (1X final concentration) and loaded into a 1% agarose gel with 1X SafeView™
Classic nucleic acid stain. The gel was run at 120 V for 30 min. The presence of NFKB2
inserts was confirmed by visualizing bands of the expected size (2700 bp) on the agarose
gel. The colonies with inserts were then transferred into 2 mL LB broth containing
ampicillin and incubated overnight at 37 °C with constant shaking. SV40-poly(A)-
signal_Rev and VP1.5 Ext primers were used for pCl-neo-N-3xFLAG and pCl-neo-C-
3XFLAG plasmids. BGH-Reverse and VP1.5 Ext were used for pcDNA3.1(+) plasmid.
PCR reaction mixture included 2.5 uL Taq buffer, 2 uL. MgCl12, 0.5 uL. 10mM dNTPs, 1
pL 5 mM forward primer, 1 uL 5 mM reverse primer, 0.125 pL Taq polymerase, 2.5 pL
sample, and 15.35 uLL molecular biology grade water. PCR conditions: 95 °C 5 min initial
denaturation, 95 °C 30 sec denaturation (30 cycles), 59 °C 30 sec annealing (30 cycles),

72 °C 3 min extension (30 cycles), 72 °C 5 min final extension.

2.2.5.7 Isolation of plasmid DNA

Plasmid DNA was isolated from bacterial cultures using the WizPrep™ Plasmid DNA
Mini Kit. Initially, cultured bacteria were transferred to 2 mL microcentrifuge tubes.
These tubes were then centrifuged at 13,000 rpm for 1 min, and the supernatant was

subsequently discarded. Resuspension of the bacterial pellet was achieved by adding 200
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uL of PD1 buffer, which contained RNase. Following this, PD2 buffer was added to the
solution, and the tubes were mixed through inversion 10 times. This mixture was then
allowed to incubate at room temperature for 2 min. After incubation, PD3 buffer was
added to the mix, and the tubes were inverted 10 times. The mixture was centrifuged at
13,000 rpm for 10 min. The supernatant was transferred to a spin column placed within a
2 mL collection tube, which was then centrifuged at 13,000 rpm for 1 min. The flow-
through was discarded. Next, 600 pL of wash buffer was added into the spin column and
centrifuged at the same speed for 1 min. The flow-through was removed. An additional
centrifugation step for 2 min at 13,000 rpm was performed to ensure all residual wash
buffer was eliminated. Then, the spin column was transferred to a new microcentrifuge
tube. We added 50 pL of elution buffer directly onto the column matrix and allowed it to
sit for 5 min at room temperature. The final centrifugation at 13,000 rpm for 1 min was
conducted to collect the eluted DNA, which was then measured for concentration using a
spectrophotometer and stored at -20 °C. All plasmid constructs generated were validated
by Sanger sequencing, a service provided by Macrogen (Europe). The specific primer

sequences utilized are detailed in Table 2.7.

2.2.6. Cell culture

2.2.6.1. Maintenance and propagation of cell lines

PBMCs were separated using Lymphoprep and were subsequently stored long-term in a
cryopreserved state. Lymphoblastoid B cells, which were generated with the help of
Serkan Belkaya as previously described?>?1¢, were cultured in RPMI supplemented with
10% FBS. HEK293 cells were cultured in DMEM with High-Glucose supplemented with
10% FBS. Cells in culture were maintained at 37 °C in a humidified incubator with 5%

COa..
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2.2.6.2. Cryopreservation of cells

Once the adherent cells reached confluence, the medium was discarded and the cells were
rinsed with dPBS solution. Trypsin-EDTA solution was then used to detach the adherent
cells. After trypsinization, we collected the cells with 6 mL of fresh culture media and
centrifuged at 300 g for 5 min. After centrifugation was completed, the supernatant was
discarded and the cell pellets were resuspended in freezing medium with FBS solution
containing 10% (v/v) DMSO. For HEK293 cells, we transferred 1 mL of the cell
suspension, containing 7 million cells per mL, into each cryovial. They were incubated
overnight at —80 °C in Mr. Frosty Cell Freezing Container. Similarly, Lymphoblastoid B
cells in suspension were collected and centrifuged at 300 g for 5 min. After centrifugation,
the supernatant was removed and the cell pellets were resuspended in a freezing
environment with FBS solution containing 10% (v/v) DMSO. We then transferred 1 mL
of Lymphoblastoid B cell suspension, with a density of 10 million cells per mL, into each
cryovial. They were stored them overnight at -80 °C in a Mr. Frosty Cell Freezing

Container. Finally, we moved the cryovials to liquid nitrogen for long-term storage.

2.2.6.3. Thawing of frozen cell lines

Frozen cells stored in cryovials were removed from the liquid nitrogen tank and rapidly
thawed in a 37 °C water bath. We added fresh growth medium to remove thawed cells
from freezer storage vials. The cell suspension was then transferred to a 15 mL canonical
centrifuge tube and centrifuged at 300 g force for 5 min. After centrifugation, the
supernatant was removed and the cell pellet was resuspended in fresh growth medium.
The cell suspension was then carefully transferred to a suitable culture flask. Finally, this
vial was placed in an incubator set to maintain a temperature of 37 °C and provide an

environment containing 5% CO> to support the maintenance and growth of the cells.
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2.2.6.4. Transient transfection of mammalian cell lines

HEK?293 cells were seeded on 24-well plates at a density of 1.5 x 10° cells/mL (500
uL/well) and incubated overnight at 37 °C, 5% CO?. After 16-18 h of incubation, cells
with 70%-80% confluency were transfected with either empty vector, WT or mutant NF-
kB2 constructs (300 ng), GFP-encoding plasmid (100 ng) for transfection efficiency,
and/or NIK-encoding plasmid (100 ng). Plasmids required for transfection were prepared
using Polyjet™ reagent and transferred to a centrifuge tube. Dilution was done with 50
pL serum free DMEM. We then added this diluted reagent-serum free DMEM mixture to
the diluted plasmids and mixed well by pipetting to ensure that the mixture was
homogeneous. The mixture was allowed to incubate at room temperature for 15 min. After
this process, we carefully added the diluted transfection complexes dropwise into the wells
of a 24-well plate. Cells were incubated for 48 h at 37 °C in a 5% CO environment until
required for further procedures. During the transient transfection process, the ratio of
reagent to DNA was determined as 1:3; This is equivalent to 3 pL of reagent for every 1
pug of DNA. The total amount of DNA and the volume of transfection reagent were

adjusted according to the size of the cell culture plate used in the experiment.

2.2.7. Immunoblotting

2.2.7.1. Cell lysis and protein extraction

HEK?293 cells were harvested at 48 h post-transfection and centrifuged at 13,000 rpm for
one minute. After removing the supernatant, the cell pellets were resuspended in ice-cold
complete RIPA lysis buffer containing protease inhibitor cocktail and cells were lysed by
this process. To obtain a homogeneous lysate, cell lysates were processed with 1 mL
syringes. Next, we incubated the lysates on ice for 30 min. Lysates were then centrifuged

at 13,000 rpm for 20 min at 4 °C. Supernatants containing protein extracts were carefully
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transferred to new 1.5 mL centrifuge tubes and stored at —80 °C for further use.
Lymphoblastoid B cells in 48-well plates (2x10° cells/well) were stimulated with CD40L
(2 ng/mL) for 4 h. Cells were lysed with 1x RIPA buffer supplemented with the complete

protease inhibitor cocktail as described above.

2.2.7.2. Quantification of total protein

Total protein concentration in cell lysates was measured with the TaKaRa BCA Protein
Assay Kit. In the first step, cell lysate samples were thawed on ice and then diluted 1:100
(v/v) with Molecular Biology grade water. Bovine serum albumin (BSA) protein standards
were prepared as 10 pg/ml, 20 pg/ml, 30 pg/ml, 40 pg/ml, 50 ug/ml, 70 pg/ml and 100
pg/ml. Aliquots of 100 pL of diluted protein samples and BSA standards were transferred
to a flat-bottom 96-well plate. Then, 100 puL of Bicinchoninic acid (BCA) solution
prepared by mixing Reagent A and Reagent B at a ratio of 1:100 (v/v) was added to each
well. The plate was incubated at 37 °C for 1.5 h. After incubation was completed,
absorbance values were measured at a wavelength of 620 nm using a Synergy HT
Microplate Reader. Standard curves were created using the absorbance values of BSA
protein standards and total protein concentrations of protein extracts were calculated based

on these curves.

2.2.7.3. Denaturation of protein samples

The desired amount of cell lysate was transferred to 1.5 mL centrifuge tubes. Lysates were
mixed with 4X Laemmli sample buffer and 10X DTT. Next, the volume of the samples
was adjusted by making up to 30 pL with complete RIPA lysis buffer. Next, the samples
were boiled at 95 °C for 5 min. After the boiling process was completed, the samples were

used for immunoblotting.
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2.2.7.4. SDS-Polyacrylamide gel electrophoresis

SDS-Polyacrylamide gel electrophoresis (SDS-PAGE) was performed using
polyacrylamide gels containing 12% SDS. Stacking and separation of polyacrylamide gels
were prepared as shown in Table 2.2 using a gel casting apparatus. After polymerization
was completed, polyacrylamide gels were placed in vertical electrophoresis cells in a
western blot tank filled with 1X Running buffer. Boiled protein samples stored at room
temperature were loaded onto polyacrylamide gels. The electrophoresis process was

started at 80 V for 20 min and continued by increasing to 120 V for 1.5 h.

2.2.7.5. Wet transfer of proteins onto membrane

Proteins in polyacrylamide gels were transferred to polyvinylidene difluoride (PVDF)
membranes using a Wet transfer system. In buckets filled with 1X Transfer buffer, transfer
sandwiches were prepared in the following order: one fiber pad, two blotting papers, a
PVDF membrane, a polyacrylamide gel, two blotting papers, and another fiber pad. These
sandwiches were then placed in transfer cassettes located in the transfer tank. The tank
was filled with ice-cold 1X Transfer buffer and placed in an ice container to maintain the
low temperature. The wet transfer process was performed at 250 mA for 2 h on ice. After
the transfer process was completed, the membranes were stained with Ponceau dye for
two min to evaluate the transfer efficiency of the membranes. After staining was
completed, membranes were washed with 1X TBS for 5 min. Then, they were blocked
with a solution containing 10% skimmed milk for 30 min at room temperature and then

washed 3 times with 1X TBS-T for 5 min each.

2.2.7.6. Protein detection
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The immunoblotting procedure involves the use of primary and secondary antibodies as
described in Table 2.4. Membranes were treated with an anti-NFKB2 antibody and
incubated overnight at +4 °C on an orbital shaker. To assess transfection efficiency,
membranes were also incubated with an anti-GFP antibody under similar conditions. As
a loading control, anti-human GAPDH antibody was used and membranes were incubated
on an orbital shaker for 4 h at room temperature. After primary antibody treatment,
membranes were washed three times with 1X TBS-T at room temperature, each wash
lasting 5 min. Then, membranes were incubated with secondary antibody at room
temperature on an orbital shaker for 30 min. After this incubation, membranes were
subjected to a series of three additional washes with 1X TBS-T at room temperature, each
lasting 5 min. WesternBright® ECL Chemiluminescent HRP Substrate Kit was used for
detection. The components of WesternBright ECL were mixed at a ratio of 1:1 and applied
to the membranes for 2 min in the dark at room temperature. Detection was performed

with Amersham Imager 600.

2.2.7.7. Stripping and re-immunoblotting of blotted membranes

Stripping and re-probing were performed to sequentially stain the membranes with various
antibodies. After the first primary antibody was used and detection was performed, the
membranes were stripped with Mild Stripping Buffer on an orbital shaker for 10 min at
room temperature. After stripping, the membranes were rinsed with 1X TBS-T for 5 min.
Then, the membranes were blocked with 10% skimmed milk for 30 min at room
temperature. After blocking, the membranes were washed three times with 1X TBS-T for
5 min each. After these steps, the membranes were ready for re-immunoblotting by the

previously described method.
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2.2.8. Confocal microscopy

HEK?293 cells, seeded on coverslips in 6-well plates, were transiently transfected with
either WT or mutant NF-kB2 constructs (1125 ng) together with either an empty vector
or a NIK-encoding plasmid (375 ng). We fixed the cells with 4% paraformaldehyde (PFA)
for 15 min at room temperature at 48 h post-transfection. We then permeabilized them
with 0.5% Triton X-100 in PBS for 10 min and blocked with 5% BSA for 30 min at room
temperature. We stained the cells overnight at 4 °C in the dark with Alexa Fluor® 488
anti-DYKDDDDK Tag Antibody. Following the staining, we washed the cells and
counterstained the nuclei with DAPI. We mounted the coverslips using Anti-Fade
Fluorescence Mounting medium and acquired images using a Leica SP8 Confocal
Microscope with a 63X objective and immersion oil. The antibodies we used are listed in

Table 2.4.

2.2.9. Reporter assays

For the luciferase reporter assay, we seeded HEK?293 cells in 96-well plates at a density
of 2.5 x 10° cells/mL (100 uL/well) and transiently transfected them with either an empty
vector, WT or mutant NF-xkB2 constructs (60 ng), pNF-kB-Firefly-Luc encoding NF-xB-
dependent Firefly luciferase (30 ng), pRL-TK encoding Renilla luciferase (10 ng) as the
transfection control, along with either a NIK-encoding plasmid (10 ng) or RELB-encoding
plasmid (10 ng). We performed the transfections using Lipofectamine 3000 Transfection
Reagent. Plasmids required for transfection were prepared using P3000™ reagent and
transferred to a centrifuge tube; Dilution was done with 7.5 uL Opti-MEM. Additionally,
in another centrifuge tube, Lipofectamine 3000 reagent transfection reagent was diluted
with 7.5 uL of Opti-MEM. We then added this diluted reagent-Opti-MEM mixture to the

diluted plasmids and mixed well by pipetting to ensure that the mixture was homogeneous.

44



Both reagents were performed with a ratio of 1:2 (2 pL of reagent for 1 ug DNA). The
mixture was allowed to incubate at room temperature for 20 min. After this process, we
carefully added the diluted transfection complexes dropwise into the wells of a 96-well
plate. At 48 h post-transfection, we measured the Firefly and Renilla luciferase activities
using the Dual-Glo Luciferase Assay System as per the manufacturer’s instructions.

For the secreted alkaline phosphatase (SEAP) reporter assay, we seeded HEK293 cells in
96-well plates at a density of 2.5 x 10° cells/mL (100 uL/well) and transiently transfected
them with either empty vector, WT or mutant NF-xB2 constructs (60 ng), pNiFty-SEAP
encoding NF-kB-dependent SEAP (30 ng), and a NIK-encoding plasmid (10 ng), using
Lipofectamine 3000 Transfection Reagent as described above. At 48 h post-transfection,
we collected the supernatant from each well and lysed the cells for western blotting. We
then used the diluted supernatants to measure SEAP activity with the Secreted Alkaline
Phosphatase Reporter Gene Assay Kit following the manufacturer’s instructions. Briefly,
10 pL of diluted culture supernatants (1:3) were transferred into white opaque 96-well
plate and placed at 65 °C for 30 min to inactivate endogenous alkaline phosphatase.
Standard dilutions were prepared and 10 pL of diluted standards were transferred into
assigned wells. SEAP substrate were added at 50 pL onto each well and incubated at RT
for 10 min. Last, we performed luminescence measurements using a BioTek Synergy HT

Microplate Reader.

2.2.10. Statistical analysis

Experiment results were plotted and analyzed using GraphPad Prism software. One-way
and Two-way ANOVA were used for statistical analyses, for which significance is
indicated by asterisks (*, P < 0.05, **, P < 0.01, ***, P < 0.001, and **** p-value <

0.0001), with P values greater than 0.05 considered non-significant (n.s.).
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CHAPTER 3

Results

3.1. Clinical characteristics of the patients

We studied a non-consanguineous multiplex family of Turkish origin, in which the two
sons (I1.1 and 11.2) and their father (1.2) were diagnosed with CVID (Figure 3.1). Index
patient (P1) was diagnosed with adrenocorticotropic hormone deficiency and CVID at the
age of 7. P2 and P3 were diagnosed with CVID at the ages of 13 and 38, respectively,
during the family screening following P1’s diagnosis. All 3 patients had low serum
concentrations of immunoglobulins (IgG, IgM and IgA) along with impaired vaccine
responses, fulfilling the diagnostic criteria of CVID. Peripheral immune phenotyping of
patients revealed decreased B and CD4+ T memory cells compared to age-matched
healthy controls. All 3 patients suffered from severe or recurrent infections, particularly
of the respiratory tract, since their childhood. Two of the patients had severe viral
infections. P1 developed influenza pneumonia. P2 had frequent episodes of labial herpes
simplex infection and developed severe COVID-19 pneumonia. Of note, P2, unlike P1
and P3, did not receive any vaccination against SARS-CoV-2. All 3 patients have been
under Immunoglobulin replacement therapy (IgRT) for decades. Antibiotic prophylaxis
was also given as the need arose. All patients are alive as of conducting this study. Details

of clinical features of the patients are provided in Appendix A.
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Figure 3.1 A novel heterozygous missense mutation in NFKB2. a Pedigree of the
multiplex family affected with CVID. The patients are shown in black, and the healthy
individual is shown in white. The proband is indicated with the arrow. Status of NFKB2
mutation (p.Y868N) status is shown. WT = wild-type.

3.2. WES data analysis of the patients

Occurrence of CVID in both the father and his two sons has strongly suggested a genetic
inheritance. We therefore performed WES on genomic DNA isolated from peripheral
blood samples of two patients, P2 (I1.1, the elder son) and P3 (1.2, the father), in order to
determine whether an inborn monogenic defect might underlie CVID in this multiplex
family. There were total 181,560 variants in 23,614 genes and 177,863 variants in 23,562
genes identified in P2 and P3, respectively (Table 3.1). We first filtered out the variant
calls with low quality: total depth coverage (DP) less than 10, mapping quality (MQ) score
less than 40, genotype quality (GQ) less than 30, or overall quality (QUAL) score less
than 60. Heterozygous variants with allele depth to DP ratio lower than 0.25 were also
removed. Next, we only selected predicted loss-of-function (pLOF) (frameshift insertion
and deletions, stop-gain (nonsense), and essential splice site (+ 2 bp from the exon-intron
boundary)), start-loss, stop-loss, in-frame insertion and deletions, and missense variants

for further analysis.
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Table 3.1 Genetic analysis of WES data of the patients

WES analysis P2 (11.1) P3 (1.2)

Total 181,560 177,863
(23,614) (23,562)

Heterozygous variants with AF<0.01%

(pLOF, start-loss, stop-loss, in-frame indel, and 131 (129) 125 (124)

missense)

Present in both patients 59 (59)

The number of annotated variations with the number of genes, shown in parenthesis, found in the patient, are shown.
In addition, the variants, which were previously listed as non-pathogenic variants
commonly found in the exomes of patients but not in the public genome databases?'’,
were eliminated. We removed the variants with AF >1% in gnomAD v2.1.1, including
variants with AF >1% in gnomAD subpopulations, including African, Ashkenazi Jewish,
Finnish, non-Finnish European, South Asian, East Asian, Latino and other. Common
variants (AF >1%) in TGP Turkish Genome Project Data Sharing Portal (TGP)
(https://tgd.tuseb.gov.tr/), which includes genome data of more than 500 healthy
individuals from Turkey, were further excluded. We hypothesized that a monogenic
etiology under an autosomal dominant (AD) mode of inheritance with complete
penetrance might underlie CVID based on its segregation in the affected family, we
focused only on the heterozygous variants. Given that CVID is rare (<1/10,000), we
retained heterozygous variants with AF <0.01% in patients. Overall, 131 heterozygous
rare variants in 129 genes and 125 heterozygous rare variants in 124 genes were revealed
in P2 and P3, respectively (Table 3.1). Among these, 59 variants in 59 different genes

were present in both patients (Table 3.1 and Table 3.2).
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Table 3.2 Heterozygous rare nonsynonymous variants present in both P2 and P3

Gene Variation gnomAD AF In silico predictions DI
Transcript HGVS C HGVS P v2.1.1 v4.1.0 | AM | CADD | MT | PP2 | SIFT

A2ML1 ENST00000299698 |[c.1361G>A [p.Gly454Asp - - B B B B B [18.3
ANKDD1B |ENST00000601380 |c.1277G>A |p.Arg426His - 4.56E-06 B B B D [14.9
ANKRD28 |ENST00000383777 |c.913G>A p.Gly305Arg - - - D D D D [3.2
C190rf55 |ENST00000396908 |c.1325T>C  |p.Leud442Pro - 1.25E-06 | - B B D D |7.1
CAPN12 ENST00000328867 [c.8C>T p.Ser3Phe - 6.20E-07 | B B B B D (9.4
CDC42EP2 |ENST00000279249 |c.259C>T p.Arg87Cys 7.96E-06 | 8.06E-06 | B D B D D |1.7
CRP ENST00000255030 |c.134C>G p.Thr45Arg - - B B B B B |1.1
CTBP2 ENST00000309035 [c.389C>A p.Pro130Gln - 1.86E-06 [ - B B B B [28.0
CTNNBIP1 |ENST00000377256 [c.16G>C p.Ala6Pro 2.12E-05 | 2.04E-05 | B D B D B |1.1
DENND1C |ENST00000381480 |c.281G>A p.Cys94Tyr - 7.44E-06 | D D B D D [6.7
DSCAM ENST00000400454 |c.5860G>A [p.Ala1954Thr - 3.10E-06 | B B B B B |3.2
EFCAB6 ENST00000262726 |c.2860A>G [p.Lys954Glu - 2.48E-06 | B B B B D |8.8
ETFDH ENST00000511912 |c.1465A>G [p.Lys489Glu - 1.24E-06 | B D B B B |1.4
EYS ENST00000370616 |[c.4510C>G [p.Gln1504Glu | 6.50E-06 | 2.58E-06 | B D B B B |21.0
FARP1 ENST00000376586 |[c.1520A>G  [p.Lys507Arg 3.98E-06 | 4.34E-06 | B D B B B |5.6
FCRL1 ENST00000368176 |[c.462A>C p.Leu154Phe - - B B B B B |4.7
GNPDA2 ENST00000295448 [c.32T>G p.LeullTrp - - B D B B D (0.6
GPR15 ENST00000284311 [c.300G>T p.Arg100Ser 3.98E-05 | 3.72E-05 | D B B B B |7.0
GPX7 ENST00000361314 [c.194G>A p.Arg65Gln 1.19E-05 | 7.44E-06 | B D B B B |1.5
GREB1 ENST00000234142 [c.3289A>G [p.Thr1097Ala - 1.25E-06 [ B D B B D [20.5
HIP1R ENST00000253083 |[c.3091dupC [p.Arg1031fs 1.42E-05 [ 1.98E-05 [ - D D - - |5.3
INPP5F ENST00000361976 [c.2746C>A  |p.His916Asn - 3.72E-06 | B B B B B 4.7
ITGA1 ENST00000282588 |c.1376A>G  [p.Tyr459Cys 3.98E-06 | 2.48E-06 | D D - D D |11.5
KMT2D ENST00000301067 |c.14315C>T [p.Thr4772Ile - - B B B B B |6.7
KRTAP10-12|ENST00000400365 [c.187T>A p.Cys63Ser 1.20E-05 [ 1.12E-05 [ B B B B D |94
LAMC1 ENST00000258341 [c.3051A>C [p.Glu1017Asp - 5.58E-06 | D D B D B |5.6
LSM11 ENST00000286307 [c.749T>C p.Leu250Pro - - B D B D B |[2.3
MANBA ENST00000226578 |c.1517G>A  [p.Ser506Asn 1.59E-05 | 7.44E-06 | D D D D D |6.6
MISP ENST00000215582 |[c.1961C>T [p.Ala654Val 4.01E-06 | 1.86E-06 | A D B D D |5.3
MYO10 ENST00000513610 [c.5098A>G [p.Met1700Val | 8.02E-06 | 1.86E-06 | B B B B B [19.4
MYOF ENST00000359263 |[c.3838C>G [p.Pro1280Ala | 8.07E-06 | 4.96E-06 | A D B D D |8.4
NFKB2 ENST00000369966 |[c.2602T>A p.Tyr868Asn - - D D B D B |[1.7
NLRP4 ENST00000301295 |c.801G>C p.Lys267Asn 1.19E-05 [ 8.05E-06 | D B B D D |1.8
NUDT12 ENST00000230792 [c.941A>G p.His314Arg 2.05E-05 | 9.35E-06 | D D D B D (2.1
NUMB ENST00000355058 [c.1834C>G [p.Pro612Ala - - B B B B B |2.5
OR4C46 ENST00000328188 |[c.788T>C p.Leu263Ser 1.60E-05 [ 1.31E-05 [ B B B B D [22.3
OSBPL9 ENST00000371710 [c.1083G>T [p.Leu361Phe | 7.97E-06 | 4.96E-06 | - D B B B |2.2
PDCD6/P  |ENST00000457054 [c.794A>G p.Gln265Arg 4.01E-06 | 3.10E-06 D D D D [19.8
PHLPP1 ENST00000262719 [c.1259C>A  |p.Pro420Gln - - B B B B D (4.8
PLEKHA7 |ENST00000531066 [c.2017C>T |p.Arg673Trp 1.77E-05 [ 1.18E-05 [ B D D D D |6.0
PTPRF ENST00000359947 |[c.1789A>C [p.lle597Leu - 6.23E-07 | B B B B B |3.5
SBDS ENST00000246868 |[c.657A>C p.Glu219Asp | 3.19E-05 | 6.20E-07 | B B B B B |2.9
SCAMP5 ENST00000562212 |[c.656C>T p.Ala219Val - 6.32E-07 | - D D D B 0.3
SEC16A ENST00000313050 [c.4670C>T |p.Alal557Val | 1.22E-05 | 4.78E-05 | D D B D D (7.9
SENP3 ENST00000429205 |[c.681G>T p.Arg227Ser 2.05E-05 | 2.48E-05 | B B B B B |1.0
SETX ENST00000372169 |[c.3341T>C  [p.lle1114Thr | 2.84E-05 | 3.22E-05 | B B B B B |7.4
SPPL2A ENST00000261854 [c.974G>A p.Cys325Tyr - - D D D D D |4.0
SUSD1 ENST00000374264 |c.1327G>T  [p.Ala443Ser 3.98E-05 | 3.90E-05 | B B B B B |2.5
TGS1 ENST00000260129 |[c.387T>A p.His129Gln - 6.50E-07 | B B B B B |7.6
TMF1 ENST00000543976 |[c.2105C>T [p.Ala702Val - 3.72E-06 | - D B D D |5.3
TRIM41 ENST00000315073 [c.169G>C p.Asp57His - - B D B B D (7.1
TRPC3 ENST00000379645 [c.580A>G p.lle194Val - 1.24E-06 | - D B D D |1.9
TTN ENST00000589042 |[c.51703C>T [p.Arg17235Trp | 1.22E-05 | 9.95E-06 | - D B - - [42.9
TULP4 ENST00000367097 [c.685G>A p.Glu229Lys - 6.20E-07 | D D B D D |4.9
UNCX ENST00000316333 |[c.827C>T p.Pro276Leu - 1.50E-06 | B D B D D |1.1
USP39 ENST00000323701 |[c.56C>A p.Ser19Tyr - - B D B B D (3.1
VPS13C ENST00000261517 [c.3745G>T  [p.Val1249Phe - 6.20E-07 | B D B D D |12.1
ZFYVE16 ENST00000338008 |[c.2621A>G [p.Asp874Gly | 3.98E-06 | 1.86E-06 | D D B D D |3.9
ZNF23 ENST00000357254 [c.230A>T p.Glu77Val - - B D B D B |1.4

Ensembl transcript IDs are provided. HGVS: Human Genome Variation Society, c: coding DNA sequence, p:
protein sequence. Gene damaging index (GDI) represents mutation-load of genes, ranging from 0.0001 to 42.91 (from
the least to the most)?'8. The variant was considered damaging if its CADD score was higher than 20. AM:
AlphaMissense, MT: MutationTaster2021, PP2: PolyPhen-2, A: Ambiguous, B: Benign, D: Damaging
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3.3. Search for candidate disease-causing variants in the multiplex family with

CVID

We next undertook a biased approach and searched for variants in a panel of genes
previously associated with CVI1D?%2219220 Thjs panel consisted of 514 genes listed in
Appendix B. We found that both patients carried a heterozygous variant
(NM_001322934.2:¢.2602T>A:p.Y868N) in NFKB2 encoding NF-kB2, which is
involved in the alternative NF-xB pathway (Table 3.2). Sanger sequencing confirmed
the familial segregation of the NFKB2:p.Y868N variant with CVID (Figure 3.2). It was
heterozygous in both the two sons (11.1, P2 and 11.2, P1) and the father (1.2, P3), but
wild-type (WT) in the healthy mother (1.1) (Figure 3.2). This was consistent with our

hypothesis of AD inheritance with complete penetrance.
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NFKB2: ¢.2602T>A: p.Tyr868Asn

VW

AGTGCGTACGGG AGC
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Figure 3.2 Familial segregation of the p.Y868N with the disease and its heterozygous
state in the patients were confirmed by Sanger sequencing.

Of note, we also found that P2 and P3 had a heterozygous missense mutation in
Shwachman-Bodian-Diamond syndrome (SBDS) gene, in which mutations have been
proposed to be associated with CVID in some cases??!. However, this SBDS variant,
predicted to be benign, was not present in P1 and the mother, not consistent with the
segregation of the disease in the family, confirmed by Sanger sequencing (data not
shown). Overall, we did not reveal any other candidate disease-causing variants in
genes, which can cause inborn errors of immunity under AD mode of inheritance, in
the patients. The p.Y868 is a highly conserved residue across various species, which
is located in the NIK-responsive sequence (NRS) of the protein (Figure 3.3). A
missense variant at this location, p.Y868C, has been previously linked to CVID*°,
however the p.Y868N is novel (not previously associated with any disease) and not
listed in public genome databases. We also assessed the predicted damaging impact of

51



this variant using various in silico algorithms. AlphaMissense, CADD, and PolyPhen-
2 and predicted p.Y868N as damaging, but it was benign by MutationTaster and SIFT
(Table 3.2). Finally, NFKB2:p.Y868N was interpreted as likely disease-causing in this

family based on the ACMG-AMP variant classification criteria (PM1, PM2, PM5, and

PP1)%’
p-Y868
+
H.sap1iens AEVKEDSAYGSQSVEQE
C.lupus AEVKEDSAYGSQSVEQE
B.taurus TEVKEDSAYGSQSVEQE
M.musculus AEVKEDSAYGSQSVEQE
R.norvegicus TEVKEDSAYGSQSVEQE
G.gallus TEVKEDSAYGSESVEEE
D.rerio SDSTEDSGFGSQSIGEE
X.tropicalis AEGKNDSAYESQSMEVD

Figure 3.3 Conservation of the p.Y868 residue, highlighted in bold, across various
species. (Source: NCBI HomoloGene).

3.4. Impact of the p.Y868N on NF-kB2 expression and its nuclear localization

Following activation of the alternative NF-xB2 pathway, NIK-mediated
phosphorylation of the NF-kB2 precursor p100 (amino acids 1-900) culminates in
p100 processing to form the transcriptionally active p52 (amino acids 1-405) and
subsequent translocation of p52 and its heterodimerization partner, RELB, into the
nucleus'®®. We sought to characterize the impact of the p.Y868N variant on the
processing of the p100 precursor to generate p52. We therefore generated full-length
OREF constructs, which encode wild-type (WT) and mutant NF-xB2 with p.Y868N
with an in-frame N-terminal 3xFLAG tag. We also generated mutant NF-xB2
constructs with previously reported morbid mutations: p.R635* or p.R853*. We
transiently transfected HEK293 with either empty vector, WT or mutant NF-xB2
constructs, along with a GFP-encoding plasmid for transfection efficiency and/or NIK-
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encoding plasmid. When over-expressed together with NIK, the p.Y868N led to a
severely impaired generation of p52 compared to the WT (Figure 3.4). The p.R635*
and p.R853* caused abolished processing of p100 into p52, consistent with previous
findings??? (Figure 3.4).

NF-kB2: Empty WT Y868N R853* R635*
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Figure 3.4 Impact of p.Y868N on NF-kB2 expression in vitro. Representative
immunoblot images showing expression levels of NF-kB2 (p100/p52) in whole cell
lysates (25 pg protein/lane) from HEK293 cells transiently transfected with empty,
WT or mutant NF-xB2, along with a GFP encoding plasmid and/or a plasmid encoding
NIK. Immunoblotting was performed using anti-NF-kB2 antibody. The membranes
were then stripped and reblotted with anti-GFP and anti-GAPDH, serving as
transfection efficiency and loading controls, respectively. Expected molecular
weights: NF-kB2 p100: ~100 kDa, NF-xB2 p52: ~52 kDa, GFP: ~ 27 kDa, GAPDH:
~ 36 kDa.

Moreover, we tested the impact of the p.Y868N variant on the subcellular localization
of NF-kB2 by confocal microscopy. HEK293 cells were transiently transfected with
either WT or mutant NF-kB2 constructs along with the NIK-encoding plasmid. At 48
h post-transfection, the cells were fixed, permeabilized, and stained with anti-Flag Tag

Antibody. Nuclei were counterstained with DAPIL. While the WT NF-xB2
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demonstrated nuclear translocation, the p.Y868N variant was not detected in the

nucleus when over-expressed together with NIK (Figure 3.5).

NF-kB2: WT Y868N

-NIK

+NIK

Figure 3.5 Impact of p.Y868N on subcellular localization of NF-kB2. Representative
confocal fluorescence microscopy images showing subcellular localization of WT and
mutant NF-kB2 when transiently over-expressed in HEK293 with or without NIK.
Blue shows the nucleus stained by DAPI. Green shows NF-kB2 stained by anti-FLAG
antibody.

Finally, we assessed the formation of p52 from the NF-kB2 p100 precursor in patients’
cells. Lymphoblastoid B cells generated from PBMCs of patients and healthy controls
were stimulated with CD40L, followed by cell lysis and immunoblotting. We found
that processing of p100 into p52 was abolished in the patients’ cells in comparison
with the healthy controls (Figure 3.6). To sum up, these findings demonstrated that the
p.Y868N variant is a deleterious allele, causing impaired generation of p52 from the

NF-xB2 p100 precursor.
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Figure 3.6 Impact of p.Y868N on NF-kB2 expression in patients’ cells.
Representative immunoblot images showing NF-kB2 (p100/p52) expression in whole
cell lysates (45 pg protein/lane) from Lymphoblastoid B cells derived from three
healthy donors and patients upon treatment with or without CD40L. Immunoblotting
was performed using the anti-NF-kB2 antibody. The membranes were then stripped
and reblotted with anti-GAPDH as the loading control. Expected molecular weights:
NF-xB2 p100: ~100 kDa, NF-xB2 p52: ~52 kDa, GAPDH: ~ 36 kDa.

3.5. Impact of the p.Y868N on NF-kB2 function

We next aimed to determine the impact of the p.Y868N variant on NF-kB2 function.
We utilized a recently described p52-dependent luciferase reporter assay to assess the
kB transcriptional activity in vitro??2. Briefly, HEK293 cells were transiently
transfected with a plasmid encoding NF-kB-dependent Firefly luciferase, Renilla
luciferase plasmid, NIK-encoding plasmid, RELB-encoding plasmid, and either an
empty vector, WT or mutant NF-kB2 constructs. When over-expressed together with
NIK and RELB, the WT NF-kB2 had around 76% decrease in kB-dependent luciferase
activity, however the p.Y868N variant led to approximately 50% repression in
comparison with the empty vector (Figure 3.7). Known loss-of-function (LOF) and
gain-of-function (GOF) variants of p52, p.R853* and p.R635*, were also tested in the
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same assay. These variants, p.R853* and p.R635*, led to lower (~35%) and higher
(~83%) repression, respectively, compared to the empty vector, consistent with the

previous findings??? (Figure 3.7).
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Figure 3.7 Impact of p.Y868N on NF-kB2 function in vitro. Relative luciferase
activity (Firefly/Renilla) normalized to the empty vector in HEK293 cells at 48 h upon
transient transfection with NFkB-driven Firefly luciferase and Renilla luciferase (as
transfection efficiency control) plasmids, vectors encoding NIK and RELB, and either
empty vector, WT, or mutant NF-kB2. Empty vector was set as 1. Data are the mean
+ SEM of five independent experiments performed in duplicates. (ns: non-significant,
* p-value < 0.05, ** p-value < 0.01, *** p-value < 0.001, **** p-value < 0.0001; One-
way ANOVA followed by Tukey’s post-hoc test)

Moreover, we generated constructs encoding the C-terminal fragment (amino acids
405-900) of WT and mutant NF-kB2. We found that the expression of C-terminal
fragment of WT NF-kB2 in HEK293 cells was reduced due to its proteasomal
degradation, when transiently transfected together with NIK in HEK293 cells (Figure

3.8).
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Figure 3.8 Impact of p.Y868N on expression of NF-kB2 C-terminal fragment in vitro.
Representative immunoblot images showing expression levels of WT and mutant NF-
kB2 C-terminal fragment (amino acids 405-900) in whole cell lysates (10 g
protein/lane). HEK293 cells were transiently transfected with NFxB-driven secreted
alkaline phosphatase (SEAP) plasmid and either empty vector, WT, or mutant NF-xB2
C-terminal fragment (amino acids 405-900) in the presence or absence of a plasmid
encoding NIK. At 48 h post-transfection, cell lysates were processed for
immunoblotting in Figure 3.8 and supernatants were utilized for measurement of
SEAP activity in Figure 3.9. Immunoblotting was performed using anti-FLAG
antibody. The membranes were then stripped and reblotted with anti-GAPDH as the
loading control. Expected molecular weights: NF-kB2 C-terminal fragment: ~ 57 kDa
and GAPDH: ~ 36 kDa.

We also utilized luciferase- and SEAP-based p52-dependent reporter assays in
HEK?293 cells and showed that over-expression of the C-terminal fragment of WT NF-
kB2 with NIK had no repression on NF-kB-dependent transcriptional activity
compared to the empty vector (Figure 3.9A-B). On the other hand, the C-terminal
fragment of p.Y868N NF-kB2 was not degraded when over-expressed with NIK,
similar to the p.R853* morbid allele, which exhibits p52 LOF and IkBd GOF activities.
These findings were consistent with previous findings???. Both the p.Y868N and
p.R853* variants exhibited transcriptional repressive activity using luciferase- and

SEAP-based reporter assays performed in HEK293 cells (Figure 3.9).
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Figure 3.9 Impact of p.Y868N on function of NF-kB2 C-terminal fragment in vitro.
A. HEK293 cells were transiently transfected with NFxB-driven secreted alkaline
phosphatase (SEAP) plasmid and either empty vector, WT, or mutant NF-kB2 C-
terminal fragment (amino acids 405-900) in the presence or absence of a plasmid
encoding NIK. At 48 h post-transfection, cell lysates were processed for
immunoblotting in Figure 3.8 and supernatants were utilized for measurement of
SEAP activity in Figure 3.9. Data are the mean = SEM of three independent
experiments. (ns: non-significant, * p-value < 0.05, ** p-value < 0.01, *** p-value <
0.001, **** p-value < 0.0001; Two-way ANOVA followed by Tukey’s post-hoc test).
B. Relative luciferase activity (Firefly/Renilla) normalized to the empty vector in
HEK?293 cells at 48 h upon transient transfection with NFKB-driven Firefly luciferase
and Renilla luciferase (as transfection efficiency control) plasmids, and either empty
vector, WT, or mutant NF-KB2 C-terminal fragment (amino acids 405-900) in the
presence of a plasmid encoding NIK. Empty vector was set as 100. Data are the mean
+ SEM of two independent experiments performed in duplicates.
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Furthermore, we assessed the dose-dependent impact of p.Y868N variant on the
processing of WT NF-kB2 precursor pl00 to form p52 in transiently transfected
HEK?293 cells. We found a dose-dependent inhibition of WT p100 processing into p52
with increasing concentrations of p.Y868N NF-«kB2, similar to the p.R853* (Figure
3.10), as expected???. In conclusion, these results demonstrated that the novel p.Y868N
is a LOF allele in NF-xB transcriptional activity due to impaired p52 generation from
p100. The p.Y868N allele also exhibits GOF in IxBd regulatory function since the

accumulation of unprocessed p100 leads to increased inhibitory action of IkBd.
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Figure 3.10 Dose-dependent impact of p.Y868N on WT NF-«B2. Representative
immunoblot images showing expression levels of NF-kB2 (p100/p52) in whole cell
lysates (25 pg protein/lane) from HEK293 cells transiently transfected with plasmids
encoding NIK, and various amounts of WT or NF-kB2 mutants, together with constant
amounts of empty vector (top panel) or WT NF-«B2 (bottom panel). Immunaoblotting
was performed using anti-NF-kB2 antibody. The membranes were then stripped and
reblotted with anti-GFP and anti-GAPDH as transfection efficiency and loading
controls, respectively. Expected molecular weights: NF-kB2 p100: ~100 kDa, NF-xB2
p52: ~52 kDa, GFP: ~27 kDa, GAPDH: ~36 kDa.
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CHAPTER 4

Discussion

We herein report the discovery of a private heterozygous missense variant, p.Y868N,
in NFKB2 by WES in a multiplex family, in which two siblings and their father were
diagnosed with CVID. This diagnosis was established based on the consistently low
levels of serum immunoglobulins, specifically 1gG, IgM, and IgA, coupled with
impaired responses to vaccinations, and a recurrent history of infectious diseases.
These clinical manifestations were documented during a comprehensive family
screening that was conducted decades ago. Further laboratory investigations of
peripheral blood samples revealed that the affected individuals exhibited a marked
reduction in the populations of memory lymphocytes, which are critical components
of the adaptive immune system against recurrent infections. Inborn errors of NF-xB1
and NF-xB2 are among the most common causes of monogenic CVID!170 The
canonical NF-kB1 pathway is involved in the regulation of inflammatory responses,
whereas the alternative NF-kB2 pathway regulates maturation of medullary thymic
epithelial cells, lymphoid organogenesis, survival and development of B
lymphocytes'®®. There have been at least 40 different pathogenic mutations reported
in NFKB2%22, The p.Y868N is a novel variant, which has not been previously
associated with CVID or is not listed in public genome databases including recently
released Turkish Genome Portal. This mutation affects an evolutionary conserved
amino acid residue, on which a different missense mutation, p.Y868C, is known to
cause CVID', Y868 is found between the sites S866 and S870, which are
phosphorylated by NIK on NF-xB2 precursor p100, crucial for processing of p100 into

active p52'%. Tyrosine to Asparagine substitution at amino acid position 868 is
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predicted to be damaging by many in silico prediction algorithms tested. We showed
by Sanger sequencing that the p.Y868N segregates with the disease among family
members, confirming an AD mode of inheritance with complete penetrance. Together
with these findings, p.Y868N is interpreted as likely disease-causing based on ACMG-
AMP classification criteria.

To characterize the molecular and cellular impact of the p.Y868N variant on NF-kB2,
we carried out an extensive series of biochemical and functional studies using
overexpression systems and patients’ cells. Overall, our findings indicated that the
p.Y868N variant results in a LOF activity related to the generation of the p52 subunit,
thereby impairing its role in transcriptional repression. Additionally, it shows a GOF
effect by enhancing the inhibitory activity of IkBd. These findings were consistent
with that two previously-reported mutations at the same residue, p.Y868C and
p.Y868*, were LOF in p52 activity and GOF in IxB§ regulatory function???. Similar
to previously reported CVID cases with NFKB2 variants that display both p52 LOF
and IkB& GOF activities??2, two of our patients experienced severe or recurrent viral
diseases including influenza pneumonia in P1, and severe COVID-19 pneumonia and
frequent episodes of labial herpes simplex infection in P2. Overall, our findings expand
the genotypic and phenotypic spectrum of human NF-kB2 deficiency.

Increased viral susceptibility in individuals with inborn errors of the alternative NF-
kB pathway was attributed to impaired central T cell tolerance, leading to generation
of autoantibodies against type | interferon (IFN)s??2. Preexisting neutralizing
autoantibodies against type | IFNs have been identified as underlying culprit in
individuals who developed severe forms of COVID-19 pneumonia, herpesvirus
diseases, influenza pneumonia, Middle East respiratory syndrome, adverse reactions

to the yellow fever live-attenuated vaccine, and West Nile virus encephalitis??2223.231-
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233,224224-230_ presence of autoantibodies that neutralize IFN-02 and IFN-o have been
reported in patients with p52 LOF and IkB& GOF NFKB2 variants, who were
unvaccinated against SARS-CoV-2 and developed severe/critical COVID-19
pneumonia???. We did not assess the presence of anti-type | IFN autoantibodies in the
patients in this thesis work, however detection of neutralizing autoantibody activity
against type I IFNs in our patients’ plasma samples may explain severe or recurrent
viral diseases developed in our patients, P1 and P2. All three patients have received
IgRT for decades, yet they have continued to suffer from infections, particularly of the
upper respiratory tract, presumed to be mostly due to viruses. The variability among
three related patients in susceptibility, frequency and severity of viral infections can
be attributed to age, environmental factors such as lifestyle, or perhaps presence or
absence of neutralizing autoantibodies against type I IFNSs.

Early diagnosis is of great importance in CVID, which is the most common
symptomatic primary immunodeficiency disease in the adult age group and is
characterized by impaired and/or insufficient immunoglobulin production. CVID
disorders, which are not a single disease but an umbrella diagnosis, can occur under
the influence of many genetic defects. Although specific genetic/molecular defects
have been identified in some patients, the underlying causes have not yet been
determined in the vast majority of patients. Although it may be familial, displaying
autosomal recessive or autosomal dominant inheritance, it may also occur
sporadically. Clinical findings are important for the definitive diagnosis of CVID,
especially the characteristics and frequency of infections are a warning sign for
clinicians. Yet, diagnosis can still be delayed for clinical presentations with infectious
complications and especially for the manifestations with non-infectious symptoms.

Early diagnosis of these patients is vital for early treatment. Because early
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immunoglobulin treatment and prophylaxis for infections prevent chronic
complications and increase the life quality of patients. Moreover, genetic diagnosis
paves the way for patient-specific treatments such as gene therapies. In addition,
genetic diagnosis is of great importance for the patients as well as their relatives.
Family screening should be performed during diagnosis, keeping in mind that there
may be patients in the same family, who have been overlooked/undiagnosed or who
have different clinical phenotypes. Considering that CVID diagnosis is more common
in the 2nd and 3rd decades of life, genetic counseling is especially important for
patients of reproductive age. In this respect, human genetic studies are important even
in patients, who have already been diagnosed by meeting the CVID diagnostic criteria
and receiving treatment. In geographical regions where consanguineous marriages are
common, genetic testing and premarital counseling should be considered for
individuals who have familial CVID history. In summary, elucidation of the genetic
and molecular pathways underlying CVID will greatly contribute to the dissection of
clinical phenotypes, which will enable the development/implementation of patient-

specific follow-up and treatments.
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CHAPTER 5

Conclusion and Future Perspectives

In this study, we investigated the monogenic basis of CVID in a multiplex Turkish
family by performing WES analysis on the genomic DNA of two affected family
members. Our findings revealed a novel heterozygous variant (p.Y868N) in NFKB2,
which encodes a key regulator in the alternative NF-xB pathway. Our results showed
that the NFKB2: ¢.2602T>A:p.Y868N variant is a CVID-causing allele. NF-xB2 with
p.Y868N is LOF for p52 and GOF for IkBo regulatory activities. Our discovery of this
novel pathogenic variant in NFKB2 expands the spectrum of known genetic mutations
associated with CVID and underscores the importance of the alternative NF-xB
pathway in immune regulation in humans. These insights have potential implications
for the diagnosis and management of CVID in affected individuals. Further
investigation of variability among clinical symptoms of individuals with pathogenic
variants in NFKB2 will provide valuable insights into the genotype-phenotype
correlation in CVID. Additionally, expanding the study to larger cohorts and different
populations may help to identify other rare variants contributing to CVID and related
immunodeficiencies. Future studies should also focus on elucidating the molecular
mechanisms underlying the impaired NF-kB2 processing caused by the p.Y868N
variant. Transcriptomic and proteomic approaches could be employed to further
dissect the functional consequences of this variant in relevant cell types, such as B and
T cells, in patients. Another future direction would be to assess autoantibodies that
neutralize type I IFNs in patients’ plasma samples, which may underlie severe or
recurrent viral diseases in our patients. Moreover, exploring potential therapeutic

strategies to modulate NF-kB2 activity, including small molecules or gene therapy
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approaches, could offer new avenues for treating CVID patients with NFKB2
mutations. In summary, our study provides significant insights into the genetic basis
of CVID and highlights the importance of the alternative NF-xB pathway in immune

homeostasis.
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APPENDIX

A. Clinical features of the patients

Patients: P1 P2 P3
Onset of 2 months Childhood Childhood
infections

Infection profile

- Recurrent upper and
lower RTI

- Recurrent otitis media
- Recurrent urinary tract
infections

- One episode of
COVID-19 (mild, before
vaccination)

- Cutaneous candidiasis
- Diarrhea in childhood

- Recurrent upper and
lower RTI

- Recurrent herpes
labialis

- Two episodes of
COVID-19 (severe and
mild, without
vaccination)

- Recurrent upper and
lower RTI

- Recurrent urinary tract
infections

- M. tuberculosis
infection in childhood

Other
manifestations

- Adrenocorticotropic
hormone deficiency
- Autoimmune peripheral

- Eczema in childhood
- Recurrent oral ulcers
and diarrhea in childhood

- Recurrent diarrhea
- Asthma
- Arterial hypertension

hypothyroidism - Nephrolithiasis

- Adrenal Adenomas

Autoantibodies* | ANA: negative
Anti-TPO: positive

Anti-TG: positive

ANA: negative
Anti-TPO: negative
Anti-TG: negative

ANA: negative
Anti-TPO: negative
Anti-TG: negative

COVID-19 Yes No Yes
vaccination
Treatment - Levothyroxine, - IgRT since the age of - IgRT and antibiotic

hydrocortisone, and IgRT | 22 prophylaxis since the
since the diagnosis diagnosis

RTI: respiratory tract infections, IgRT: Immunoglobulin replacement therapy, ANA:
Antinuclear antibody, Anti-TPO: Thyroid peroxidase antibody, Anti-TG:
;I'hyr_oglobulin antibody

During IgRT

B. Gene List

The following list includes genes that are associated with CV|D*%7:219220
ACP5, ACTB, ADA, ADA2, ADAM17, ADAR, ADGREZ2, AICDA, AIRE, AK2, ALGS6,
ALPK1, ANGPT1, ANKZF1, AP3B1, AP3D1, APOL1, ARHGEF1, ARID3A, ARPC1B,
ASAH1, ATM, ATP6AP1, B2M, BACH2, BANK1, BCL10, BCL11B, BCL2L11, BLK,
BLM, BLNK, BLOC1S3, BLOC1S6, BTK, C1QA, C1QB, C1QC, C1R, C1S, C2, C3,
C4A, C4B, C5, C6, C7, C8A, C8B, C8G, C9, CAMLG, CARD11, CARD14, CARDS,
CARD9, CARMIL2, CASP10, CASP8, CBL, CCBE1, CD19, CD247, CD27, CD3D,
CD3E, CD3G, CD40, CD40LG, CD46, CD55, CD59, CD70, CD79A, CD79B, CD81,

CDB8A, CDC42, CDCA7, CEBPE, CFB, CFD, CFH, CFHR1, CFHRS5, CFI, CFP,
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CHD7, CIB1, CIITA, CLCN7, CLPB, COL7A1, COLEC11, COPA, CORO1A, CR2
(CD21), CSF2RA, CSF2RB, CSF3R, CTC1, CTLA4, CTNNBL1, CTPS1, CTSC,
CXCR2, CXCR4, CYBA, CYBB, CYP27A1, DBR1, DCK1, DCLRE1B, DCLREI1C,
DDX41, DEF6, DGAT1, DIAPH1, DKC1, DNAJC21, DNASEI1L3, DNASEZ2,
DNMT3B, DOCK2, DOCKS8, DSG1, DTNBP1, DUOX2, EBF1, EFL1, EIF2AKS,
ELANE, EPG5, ERBB2IP, ERBIN, ERCC2, ERCC3, ERCC6L2, EXTL3, F5, FADD,
FANCA, FANCB, FANCE, FANCF, FANCI, FANCL, FAS, FASLG, FASN, FAT4,
FBN1, FCGR3B, FCHO1, FCN3, FERMT1, FERMT3, FNIP1, FOXI3, FOXN1,
FOXP3, FPR1, G6PC3, G6PD, GAB2, GATA1, GATA2, GFI1, GINS1, GTF2EZ2,
GTF2H5, GUCY2C, HAX1, HELLS, HMOX1, HPS1, HPS3, HPS4, HPS5, HPSG,
HTRA2, HYOUL, ICQOS, ICOSLG, IFIH1, IFNAR1, IFNAR2, IFNGR1, IFNGR2,
IGHM, IGKC, IGLL1, IKBKB, IKBKB, IKBKG, IKZF1, IL10, IL10RA, IL10RB,
IL12B, IL12RB1, IL12RB2, IL17F, IL17RA, IL17RC, IL18, IL18BP, IL1A, IL1RN,
IL21, IL21R, IL23R, IL2RA, IL2RB, IL2RG, IL2RG, IL36RN, IL6R, IL6ST, IL7R,
INO8O, INPPSD, IRAK4, IRF2BP2, IRF3, IRF4, IRF7, IRFS8, IRF9, ISG15, ITCH,
ITGAM, ITGAX, ITGB2, ITGB2, ITK, JAGN1, JAK1, JAK3, KAT6A, KDMG6A,
KMT2A, KMT2D, KRAS, LAMTOR?2, LAT, LAX1, LCK, LCT, LIG1, LIG4, LIPA,
LPIN2, LRBA, LRRC8A, LYN, LYST, MAD2L2, MAGT1, MALT1, MAP3K14, MASP1,
MASP2, MBL2, MCM4, MEFV, MKL1, MOGS, MPLKIP, MPO, MRE11A, MS4A1,
MSH5, MSN, MTHFD1, MVK, MX1, MYD88, MYH9, MYOS5B, MYSM1, NBAS, NBN,
NBPF15, NCF1, NCF2, NCF4, NCKAP1L, NCSTN, NEUROG3, NFKB2, NFATS5,
NFE2L2, NFKB1, NFKB2, NFKBIA, NHEJ1, NHP2, NLRC3, NLRC4, NLRP1,
NLRP12, NLRP2, NLRP3, NLRP3, NOD2, NOP10, NOTCH2NLC, NRAS, NSMCES3,
OAS1, ORAIL, OSTM1, OTULIN, P2RX7, PARN, PAX1, PCNA, PEPD, PGM3,

PIK3C2A, PIK3CD, PIK3CG, PIK3R1, PLCG2, PLVAP, PMS2, PNLIP, PNP,
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POLAl, POLD1, POLD2, POLE, POLE2, POLR3A, POLR3F, POMP, PRFI,
PRKCD, PRKD1, PRKDC, PSENEN, PSMA3, PSMB4, PSMB8, PSMB9, PSMG2,
PSTPIP1, PTEN, PTPN2, PTPN6, PTPRC, RAB27A, RAC1, RAC2, RAG1, RAGZ2,
RANBP2, RASGRP1, RBCK1, REL, RELA, RELB, RFWD3, RFX5, RFXANK, RFXAP,
RHOH, RIGI, RIPK1, RMRP, RNASEH2A, RNASEH2B, RNASEH2C, RNASEL,
RNF113A, RNF168, RNF31, RNU4ATAC, RORC, RPSA, RTEL1, SAM9, SAMDO9,
SAMDOL, SAMHD1, SAR1B, SASH3, SBDS, SCO2, SEC61A1, SEMASE, SERPING1,
SF3B1, SGPL1, SH2D1A, SH3BP2, SH3KBP1, SI, SIAE, SKIC2, SKIC3, SLC10AZ,
SLC11A1, SLC26A3, SLC29A3, SLC35C1, SLC37A4, SLC39A7, SLC46A1, SLC51B,
SLC5AL, SLC7A7, SLC9A3, SLX4, SMARCAL1, SMARCD2, SNX10, SOCS1, SP110,
SPINKS5, SPINT2, SPPL2A, SRP54, SRP72, STAT1, STAT2, STAT3, STAT4, STATSB,
STIM1, STK4, STN1, STX11, STX3, STXBP2, SYK, TADA2A, TAOK?2, TAP1, TAPZ,
TAPBP, TBK1, TBX1, TCF3, TCIRG1, TCN2, TECR, TERC, TERT, TFRC, TGFB1,
TGFBR1, TGFBR2, THBD, TICAM1, TIMMS50, TINF2, TLR1, TLR3, TLR7, TMC6,
TMC8, TMC8, TMEM173, TMPRSS15, TNFAIP3, TNFRSF11A, TNFRSF13B (TACI),
TNFRSF13C (BAFFR), TNFRSF1A, TNFRSF1A, TNFRSF4, TNFRSF6B, TNFRSF9,
TNFSF11, TNFSF12 (TWEAK), TNFSF13 (APRIL), TNIP1, TONSL, TOP2B, TP63,

TPP2, TRAC, TRAF3, TRAF3IP2, TREX1, TRNT1, TTC37, TTC7A, TUBB1, TYK2
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C. Plasmid Maps
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Appendix Figure 1 Constructed NFKB2 plasmid maps using pCl-neo-N-3xFLAG
mammalian expression vector
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Appendix Figure 2 Constructed RELB plasmid map using pcDNA3.1(+)
mammalian expression vector
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Appendix Figure 3. Constructed NIK plasmid map using pcDNA3.1(+) mammalian
expression vector
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