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ABSTRACT

Autoimmune polyendocrine syndrome type 1 (APS-1) is a rare, recessively inherited
monogenic autoimmune disease that is characterized by mutations in the autoimmune regulator
(AIRE) gene. Although APS-1 is considered a T cell mediated disease, some studies indicate
that the B cells role in APS-1 can be more essential to the development of the disease than
initially assumed. In-depth knowledge about B cells and their autoantibodies in APS-1 is
imperative for further elucidation of their role in disease development and progression, and to
establish their potential as diagnostic markers and as candidates for targeted treatment of APS-

1 patients.

In this study, we first confirmed mutations in AIRE in a subgroup of APS-1 patients before
measuring levels of B cell factors in sera from a large cohort of APS-1 patients and healthy
controls. Interestingly, we confirmed B cell-activating factor (BAFF) protein levels in sera to
be elevated in APS-1 patients compared to controls. A proliferation-inducing ligand (APRIL)
on the other hand, revealed decreased protein levels in sera from APS-1 patients. These are two
important regulators of B cell activation and survival. The gene expression of B-cell maturation
antigen (BCMA), a receptor for BAFF and APRIL, further showed a decreased expression in
APS-1 patients compared to controls, which may affect the differentiation into memory and
plasma cells in APS-1 patients. B cells from APS-1 patients and sex- and age-matched controls
were further activated in vitro, and their phenotype determined by flow cytometry where a
decrease of memory and naive cells was seen after seven days in culture. Optimalisation of the
method and further studies on B cells in activated form are needed to draw firm conclusions, as
the cells did not expand well in culture. We also measured the B cell factors in the cell medium,

however no major deviations between APS-1 patients and healthy controls were found.

Taken together, this study confirms the previous described changes in sera levels of BAFF in
APS-1 patients, while revealing differences in sera levels of APRIL, thus expanding our

knowledge of B cells and their factors in APS-1.



1. INTRODUCTION

1.1 THE IMMUNE SYSTEM

The most fundamental physiological function of the immune system is to defend the human
body against a broad range of infections. These defenses are divided into two different types of
responses, the innate and the adaptive immune system. An overview of the major cells within
the respective branches is given in Figure 1.1. The innate, or non-specific, immune system is
the first resistance a pathogen encounters when entering host tissuel?. Cells of the innate
immune system recognizes foreign substances and recruits yet other immune cells to the
infection site by producing signaling molecules such as cytokines and chemokines. These will
furthermore activate defense mechanisms and local cellular responses to the infection site.
Subsequently, this may lead to initiating of the adaptive immune response by activating antigen-
presenting cells (APCs)3, B cells, and T cells. Macrophages, B cells and dendritic cells are the
main types of APCs, also called professional APCs, which are immune cells that will process
and introduce an antigen to a T cell which in turn leads to T cell activation®. The rapid response
mounted by the innate immune system is followed by activation of the adaptive arm which react

slower, but have immunological memory*.

1.1.1 The Adaptive Immune System

The most essential function of the adaptive, or specific, immune system is being able to
differentiate between foreign antigens and self-antigens in order to initiate the correct responses
when a pathogen enters the host. These responses are destructive, and it is therefore crucial that
they appear as a response to foreign molecules and not to the hosts own molecules®. A key
difference between the innate and the adaptive immune response is that the adaptive immune
response is able to develop immunologic memory, which can remember previous encounters
with specific pathogens and in this way eliminate them quicker upon the next encounter. The
adaptive immune system is divided into cell-mediated and humoral immunity. The cell-
mediated immunity is mediated by T cells and defends the host predominantly against
extracellular microbes, while the humoral immunity is mediated by B cells and defends mainly

against intracellular microbes®.
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Figure 1.1 — Overview of the different cells that are involved in the innate and the adaptive immune system.
Depicted are the two different types of immune responses, the innate and the adaptive, and their respective cell
types. Macrophages, basophil, neutrophil, eosinophil and dendritic cells are a part of the innate immune system,
while natural killer (NK) T cells are somewhat in between these two immune responses. The adaptive immune
system is divided into humoral and cellular immunity which are mediated by B cells and T cells, respectively®®,
Figure created using BioRender.com and adapted from the Cell Signaling Technology website.

https://blog.cellsignal.com/immunology-overview-how-does-our-immune-system-protect-us

1.1.2 T cells

To fully understand the activation and function of B cells, T cells role in the adaptive immune
response needs to be specified. T cells originate in the bone marrow and matures in the thymus
gland. Through a process called positive selection in the thymus, the cells differentiate into
either CD4* helper T cells or CD8" cytotoxic (or killer) T cells. This is based on recognition by
either major histocompatibility complex (MHC) class | or MHC class Il, which in turn
determines whether the cell differentiate into a CD8* or CD4* T cell, respectively*’. If the cells
fail the positive selection process by not binding to self-MHC, they undergo apoptosis and is
subsequently removed by thymic cortical macrophages®®. Regulatory T cells (Tregs) are also
produced in the thymus through a prosses called negative selection, but they may be produced
in the periphery from naive T cells as well, while memory cells are only produced in the
periphery!®. Negative selection is a critical self-tolerance possess, where developing T cells that

are capable of recognizing self-antigens induces cell death'®. T cells recognizes pathogens with
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their T-cell receptor (TCR), which recognize small fragments of the pathogens that are
presented to them on MHC by APCs. Subsequently, the T cell will become activated and start
to divide and obtain a variety of effector functions®!?. There are two main types of T cells,
which are the CD4* helper T cells and the CD8* cytotoxic T cells. The latter recognizes and
eliminates cancer cells and cells that are infected with pathogens, while CD4* T cells respond
to the many different signaling molecules within the immune system. Hence, the CD4* T cells
will affect the function of both CD8* T cell as well as B cells®'3, CD4* T cells express
characteristic molecules on the surface, such as CD154 (also called CD40 ligand (CD40L)),
and CD70 (also called CD27 ligand (CD27L)), which will interact with B cells by binding to
CD40 and CD27, respectively (Figure 1.2). These bindings regulate B cell activation,
proliferation, differentiation, and cell death, where the CD40/CD154 interaction is responsible
for activation, proliferation and secretion of antibodies in the B cells'#%5, and subsequently the

CD27/CD70 interaction will lead to B cell differentiation into plasma cells*®-18,

T Cell B Cell

Figure 1.2 — The interactions between T and B cells. In order to activate B cells, three main interactions need to
occur. The MHC (here: MHCII) will together with a peptide form the peptide:MHCII complex, which can be
recognized by antigen-specific CD4+ T cells. This will subsequently lead to production of proteins that stimulates
the B cells to proliferate. The CD40 and CD154 interaction induces a signal to help stimulate the B cells for
proliferation and antibody secretion and plays a critical role in the regulation of the immune response!**S.
Subsequently, the CD27 and CD70 interaction will lead to B cell differentiation into memory and plasma cells*®

18, Figure created using BioRender.com.



1.1.3 The Autoimmune Regulator Gene

The Autoimmune Regulator (AIRE) gene is 13 kilo bases long, located on chromosome 21, and
harbours 14 exons which encodes a 545 amino acid protein®®. It is a transcription factor that is
highly expressed in the thymus gland, particularly in medullary thymic epithelial cells. The
AIRE protein is encoded by the AIRE gene and plays an essential part in negative selection of
self-reactive T cells as well as in the development of T cells by regulating expression of tissue-
specific antigens in the thymus. The AIRE protein’s role is to form and prepare the T cells for
their role in the immune system. This process is called thymic education and is important for
prevention of autoimmunity by eliminating self-reactive T cells that bind to self-antigens
through negative selection. A deficiency, for instance a mutation, in the AIRE gene, can result
in failure in eliminating these self-reactive T cells, which are then released into the blood stream
with the potential to cause an autoimmune reaction. This is indeed what happens in the severe
disorder Autoimmune polyendocrine syndrome type 1 (APS-1)?%-?2, The knowledge of AIRE’s
function and details on immune tolerance was initially discovered in mouse experiments?, but
in the last decade, there has been a large focus to understand AIRE’s impact on autoimmune
diseases and health in humans. Since the deficiency of AIRE has been thought to mostly
consider the T cell, not much research has been done on B cells in regard to APS-1. Importantly,
it is known that T and B cells work together in the adaptive immune system to provide a proper
immune response, and hence, the role of B cells in APS-1 needs to be researched more

extensively®.

1.1.4 B cells

The number of B cells in blood in general is lower than T cells, where the B cells account for
5-10% of all cells among all peripheral blood cells?*. B cells originate and matures in the bone
marrow, and they are responsible for production of antibodies?. As previously mentioned, the
CD40/CD154 and the CD27/CD70 interactions between T and B cells regulate B cell
activation, proliferation, differentiation and cell death®. As shown in the overview in Figure
1.3, a B cell becomes mature when expressing both immunoglobulin M (IgM) and IgD. The
mature B cell can then move into the periphery to become activated by antigens to further
differentiate into a memory B cell, residing in germinal center, or a plasma cell which produces

antibodies®?.
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Figure 1.3 — Overview of the development process of B cells. The figure shows the different B cell development
stages from stem cell in the bone marrow, to plasma cell in the peripheral lymphoid tissue. Immature B cells
express IgM, however when IgD is additionally expressed, the B cell becomes mature and can move into the
periphery. In the periphery it becomes activated by different antigens and goes through an isotype switch to 1gG,
IgA and IgE. After activation, they can differentiate into a memory B cell or plasma cell®?. Figure created using

BioRender.com and adapted from CusaBio website. https://www.cusabio.com/Cell-Marker/B cell.html

B cells that have not yet encountered a pathogen will harbour their antibodies in the cell
membrane, using them as receptors that can recognize pathogens in their primary state. When
the antibodies recognize a pathogen, the B cells will become activated and induce production
of many daughter cells which recognize the same pathogen*626. Some of the daughter cells can
release antibodies which are secreted from the cell and circulate freely. They can detect and
bind the pathogens, either neutralizing them or marking them for elimination by other immune
cells such as CD8* T cells. Other daughter cells bind to the pathogen and consumes it into the
cell, where it will be broken down into fragments and subsequently transported to the cell
surface. The pathogens are then bound to MHCI that will further present them to T cells and

TCR as mentioned previously®2627,

B cells produce secreted antibodies and uses them as part of the BCR on the cell surface. There
are five classes, named IgM, IgD, 1gG, IgA and IgG, serving different functions and residing
in different parts of the body. When B cells are activated, they undergo isotype switching (also
called class switching) to produce antibodies of different isotypes, such as IgG, IgE and IgA.
Isotype switching is when an activated B cell together with BCR, replace its production of IgM
to generate other isotypes and it is an essential part in the development of B cell memory. This

changes the function of the isotype but does not affect antigen specificity, and by repeated
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exposure with the same antigen, the immune system will produce antibodies with increased

affinities as a response to the antigens. This prosses is called affinity maturation*28:2°,

The antibodies that are produced first in the humoral immune response, are always IgM. IgM
has an essential role in the initial immune system defense and is the main antibody of primary
responses because it can be expressed without isotype switching. IgM is made up of five
monomers, forming a pentamer, however the monomeric form of IgM functions as part of the
B cell receptor (BCR). The latter is also true for IgD*3°. IgD is expressed on the surface of B
cells and may also play a role in the induction of antibody production3!. IgG is the main blood
antibody of secondary responses and plays an essential role in the humoral immune system with
its ability to neutralize toxins and protect against pathogens by binding them and preventing the
pathogens to replicate and enter host cells*32. IgE is the antibody of allergy and antiparasitic
activity. IgE is mostly bound on mast cells through receptors and are found in mucosa and
beneath the skin. However, IgE is also present in blood and extracellular fluid, but in low levels.
IgG and IgE are always in the monomeric form, while IgA can form dimers as well. In the
blood, IgA is most commonly present as a monomer, but when they form dimers they are
transported across different epithelia and into for instance lumen of the gut, where they protect

the immune system by blocking entry of bacteria and neutralize viruses and toxins*3334,

1.2 IMMUNOLOGICAL TOLERANCE

Immunological tolerance is defined as “ a state of indifference or non-reactivity in the immune
system towards a substance that would normally be expected to excite an immunological
response . Immunological tolerance can be divided into peripheral tolerance and central
tolerance. The latter refers to the mechanisms in primary lymphoid organs (bone marrow and
thymus) when autoreactive cells are eliminated in their maturation phase. Peripheral tolerance
occurs after the T and B cells have entered the peripheral tissue and lymph nodes acting like a
safety net which inhibits immune responses against the hosts own tissue. Apoptotic cell death,
anergy and suppression by Tregs are some functions of the T cell peripheral tolerance!!, B
cells that recognize self-antigens in the absence of specific helper T cells will not receive the
appropriate signals for activation and will become anergic and die by apoptosis®’. As mentioned
earlier, the interactions between T and B cells through the binding of CD154 and CD70 to CD40
and CD27, respectively (Figure 1.2), are responsible for B cell activation, proliferation,

differentiation, indicating that the B cells are dependent on T cells'**8, Loss of immunological

12



tolerance results in autoimmune disorders, such as type 1 diabetes (T1D), due to interaction

with self-antigens in sub-optimal environment36:383°,

1.2.1 Autoimmunity

Autoimmunity is defined as “an immune response leading to reaction with self-antigen, i.e.,
any molecule that is a normal body constituent of the animal mounting the response”*. This
occurs when the immune system attacks the body’s own healthy tissue and cells, and diseases
that occur from this type of immune response is termed “autoimmune disease”. Autoimmune
diseases affect about approximately 8% of the general population, where about 80% of them
are women“!, These diseases are divided into two classes, systemic and organ-specific, where
in systemic diseases, such as Systemic Lupus Erythematosus (SLE) or Sjogren’s syndrome
(SS), the immune system will attack self-antigens that are ubiquitously expressed, whereas in
organ-specific diseases, such as APS-1 or T1D, it will only attack self-antigens in restricted
organs. In normal circumstances, the lymphocytes that would trigger these immune responses
are destroyed before they mature, but sometimes this prosses fails, e.g. by mutations in immune

relevant genes, which subsequently leads to autoimmune diseases*“2.

1.3 AUTOIMMUNE POLYENDOCRINE SYNDROME TYPE 1 (APS-1)

APS-1, also known as autoimmune polyendocrinopathy-candidiasis-ectodermal
dystrophy/dysplasia (APECED) or polyglandular autoimmune (PGA) syndrome type 1, is a
rare, recessively inherited monogenic autoimmune disease that is characterized by mutations in
the AIRE gene®4. This means that patients harbor mutations in both AIRE alleles, one from
each parent, which leads to loss of function or lack of expression of AIRE?4445, However,
dominant mutations have occasionally been identified, although this causes milder phenotypes
and symptoms compared to classical APS-1%6. The prevalence of the disease in Norway is
estimated at 1 in 90,000%’, and at 1 in 130,000 in Ireland*. APS-1 is more common in Finland,
Sardinia, and among Persian Jews living in Israel, where the prevalence is estimated at 1 in
25,000, 1 in 14,000 and 1 in 9000, respectively*®. The three hallmarks of APS-1 are
adrenocortical insufficiency (Addison’s disease), hypoparathyroidism and chronic

mucocutaneous candidiasis, and the criteria for APS-1 diagnosis is at least two of the three
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have not evolved much since the 1950s.
Research on APS-1 is therefore essential to obtain better treatment for the APS-1 patients, as
well as implementing these findings in other more common autoimmune endocrine diseases,
like T1D.

1.3.2 B cells in APS-1
The role of B cells and their autoantibodies in APS-1 are still not fully understood since APS-
1 is considered a T cell mediated disease. However, some studies indicate that the B cells’ role

in APS-1 can be more essential to the development of the disease than initially assumed®>%3,
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Studies using Rituximab as treatment, which is a monoclonal antibody that deplete B cells by
binding through CD20, has shown a reduction of infiltration, inflammation and destruction of
tissue in AIRE knockout mice, and also improved lung function in an APS-1 patient with lung
disease®>%, Not enough research has been done in APS-1 on a proliferation-inducing ligand
(APRIL) nor on the receptors of APRIL and B cell activating factor (BAFF, also known as
BlyS). BAFF on the other hand, have been studied in other autoimmune diseases as well as in
APS-1%-%8 BAFF have shown to be a promising approach for treatment of patients suffering
from autoimmune diseases®>°¢. Belimumab is an anti-BAFF monoclonal antibody which
neutralize soluble BAFF and has shown to reduce the number of circulating naive B cells in
SLE patients. Other treatment such as blisibimod and tabalumab are also being investigated for
treatment of SLES®. Atacicept is a recombinant fusion protein, that has been shown to
neutralizes BAFF and APRIL activity in patients with SLE and rheumatoid arthritis by binding
to them®. This shows that the different B cell factors may possibly be used as treatment or

diagnostic markers in APS-1 as well.

1.4 IMPORTANT FACTORS FOR B CELL FUNCTION

During the differentiation process of B cells they obtain different phenotypic surface markers,
such as CD19, CD20, CD24, CD27, CD38 and IgD, which can be used to separate them from
other types of immune cells®. Targeting BAFF has shown to be a promising way to treat
different autoimmune diseases in various studies®>-%8, however there is a knowledge-gap of
APRIL's and BAFF's receptors; BAFF receptor (BAFF-R, also known as BR3),
transmembrane activator and calcium-modulating cyclophilin ligand interaction (TACI) and B
cell maturation-antigen (BCMA) roles in autoimmune diseases. Below is an overview of these

markers and their functions.

1.4.1 Phenotypic Surface Markers

CD19

CD19 is a common surface biomarker for B cells and is important for B cell activation and
proliferation. CD19 is a single-pass transmembrane protein in the immunoglobulin superfamily.
CD19 forms a complex with BCR and other surface molecules and is essential for establishing

B cell signaling and to provide the most effective immune response®263,
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CD20

CD20 is a surface protein for pre-B lymphocytes and mature B cells, however, when the B cells
differentiate into plasma cells, the expression of CD20 is lost. CD20 is important for optimal B
cell immune response and plays a role in regulation and the development of B cells into plasma
cells. However, other functions of CD20 and how the expression of CD20 is regulated is still

not completely clear*,

CD24

CD24 is a highly glycosylated signal-transducing molecule, which plays a role in B cell
selection and development in the bone marrow and is expressed on early-stage and transitional
B cells, but not on mature B cells and plasma cells®7. However, the increased prevalence of
CD24 in the early-stage and transitional B cells compared to mature B cells, is still not
completely investigated, but some studies suggests that B cell can still be subdivided based on
CD24/CD38 expression©:68.69,

CD27

CD27 is a memory marker of B cells, and it also plays a role in the pathway for B cells to
plasma cells, which means that CD27 expression can be used to differentiate between memory
B cells and naive B cells. CD27 ligand (CD70) is a transmembrane protein which is expressed
on both T and B cells in antigen stimulation response, and when CD27 and CD70 binds, they
stimulate survival and activation of T, B and NK cells*6.7°

CD38

CD38 is a transmembrane surface protein, where the expression of CD38 will increase
simultaneously with normal B cell activation’. CD38 has many different roles in immune cells,
such as modulating cell differentiation, regulation of cell recruitment and it also plays an
important role in inflammatory processes during autoimmunity. CD38 ligation with agonistic
antibodies may lead to various outcomes, such as growth stimulation, activation of kinases,
induction of cytokines, protection from apoptosis and phosphorylation of certain proteins’>73,
Due to the many different functions of CD38, the biology of the molecule during autoimmune

inflammation is still not fully understood’.
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IgD

IgD is a monomeric antibody isotype expressed on the surface of B cells where it functions as
part of the BCR, as previously mentioned and it may also be secreted into the blood stream.
Expression of high levels of I1gD is usually associated with human naive B cells®® 7, IgD acts
as an activation signal for B cells which leads to the participation in the immune defense. It is
suggested that IgD has essential immunological functions, due to that it is present in different

species and has been preserved’®78,

1.4.2 Interleukin 10, 27 and 35

Interleukin 10 (IL-10, also known as cytokine synthesis inhibitory factor (CSIF)) is an anti-
inflammatory cytokine, which plays a role in autoimmunity, inflammation and infection, and
its main function is to limit inflammatory responses. IL-10 is produced by various different cell
types, such as B cells, CD8" and CD4* T cells, NK cells, dendritic cells, monocytes and
macrophages. IL-10 has various functions in regulating immune responses, such as regulating

Ig class switching in B cells, antibody secretion, and survival of B cells?.

Epstein-Barr virus induced gene 3 protein (EBI3) is a subunit of IL-27 and IL-35 and plays a
role in regulating cell-mediated immune responses. Both IL-27 and 1L-35 belong in the IL-12
family of cytokines. IL-27 is a heterodimeric cytokine which consists of EBI3 and p28 protein
and is primarily produced by APCs, such as dendritic cells and macrophages®®®. IL-27 induces
1gG class switching and signaling in B cells where it will promote proliferation and survival of
B cells®. I1L-35 is an inhibitory cytokine which consists of EBI3 and p35 subunit of IL-12 and
is predominantly secreted by Tregs. IL-35 inhibits immune function and is involved in

regulatory cell function®84, [L-27 and IL-35 will hereinafter be referred to as EBI3.

1.4.3 B cell Activating Factor, A Proliferation-Inducing Ligand and Their Receptors

BAFF and APRIL are cytokines which belongs in the tumor-necrosis-factor (TNF) superfamily
of growth factors, and they share a 30% sequence identity to each other. BAFF and APRIL
assemble as homotrimers before binding to the receptors, as all other TNF ligands do as wel8586
(Figure 1.5). BAFF is expressed in both secreted and membrane-bound forms as homotrimers,
however, a BAFF 60-mer has been obtained in an in vitro study, where at a neutral or alkaline
pH, the formation of the more active BAFF 60-mer will occur. At an acidic pH the BAFF 60-

mer will dissociate into the less active BAFF trimers®?:87:88,
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Figure 1. 5 — Overview of BAFF and APRIL with their receptors BAFF-R, TACI and BCMA. Indicated in the
figure are the different binding of BAFF and APRIL to their receptor. As shown, BAFF binds to all three receptors
depicted in the figure, while APRIL only binds to TACI and BCMA. All three receptors promote cell survival
when their respective ligands are bound. In addition, BAFF-R promotes maturation of B cell, while TACI promotes

T-independent B cell response®%8. Figure created using BioRender.com.

BAFF is produced by myeloid cells and plays an essential role in B cell survival, function and
differentiation. It binds to three receptors as a homotrimer, which are BAFF-R, TACI and
BCMAS®"8%-91 BAFF-R is expressed on B cells and on resting T cells, and the binding of BAFF
to BAFF-R is exclusive. The binding between BAFF and BAFF-R has shown to play a role in
the transition from immature transitional stage 1 (T1) B cell to T2 B cell, which further indicates
that this binding plays a role in the maturation of B cells. This binding also leads to transcription
of the anti-apoptotic factor called Bcl-2, indicating that binding of BAFF to BAFF-R is essential

for B cell survival during the prosses from immature T1 B cell to mature B cell®>%3,

Some studies show that BAFF acts mainly through BAFF-R, even though it also binds to TACI
and BCMA. A study done on mice lacking BAFF-R showed loss of mature B cells, while mice
lacking TACI and BCMA did not have any loss of mature B cells, further indicating that the

binding between BAFF and BAFF-R is essential for B cell survival®®®*, Overexpression of
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BAFF has shown to lead to autoimmune diseases in mice and some studies have also shown
that patients that are suffering from autoimmune diseases, for instance SLE or SS, have elevated
levels of BAFF in the sera. Therefore, BAFF can be a new possible approach for the treatment

of autoimmune diseases®°-8,

While BAFF-R can only bind with BAFF, TACI and BCMA can bind with APRIL as well.
APRIL is a TNF-like cytokine and is predominantly expressed in secreted form from myeloid
cells. APRIL plays a role in B cell survival and proliferation®® and binds BCMA and TACI
with high affinity. It has been shown that BCMA have significantly higher affinity for APRIL
then for BAFF®. BCMA is only expressed on B cells, and the binding of BAFF and APRIL to
BCMA mediates plasma cell survival®®t. TACI is however expressed on B cells and on resting
T cells, and the binding of BAFF and APRIL to TACI mediates T-independent B cell responses
as well as B cell survival®°. All three receptors exist in soluble forms in sera®. BAFF 60-mer
and multimerized APRIL are able to activate TACI, while the homotrimer of APRIL and BAFF
are incapable of doing so, however they are still able to bind to TACI%?7, By characterizing
the levels of these different B cell factors, one may elucidate their function in B cells, and come

closer to understanding the role of B cells in autoimmune diseases.

1.5 AIM AND OBJECTIVES OF THE STUDY

We hypothesize that APS-1 patients have inborn or acquired defects in their B cells due to the
lack of AIRE. We aim to investigate key B cell factors in sera and stimulate B cells from APS-
1 patients in vitro with the long-term goal of exploring these as suitable targets of

immunotherapy, as well as investigate how the B cells respond upon general activation.

The specific aims were:
1. Verify mutations in the AIRE gene in a subgroup of APS-1 patients by Sanger
sequencing.
2. Activate and expand B cells in vitro from APS-1 patients and healthy controls and
investigate the phenotype by flow cytometry.
3. Investigate levels of B cell signalling molecules in
a. Sera and whole blood from APS-1 patients and healthy controls.
b. The medium of primary B cells expanded in vitro from APS-I patients and

healthy controls.
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2. MATERIALS

2.1 CHEMICALS

Table 2.1: Chemicals and reagents used in various experiments.

Chemical

Supplier

#Cat. Number

1x BigDye Buffer

AB-Serum, Human

Agarose NA

AmpliSize Molecular Ruler

Betaine Solution

CD19 MicroBeads, Human
DEPC-Treated Water

Dimethyl Sulfoxide

Ethanol 100%

ExoProStar

Fetal Bovine Serum (FBS)

Ficoll-Paque PLUS

GelRed

GeneRuler 50 bp DNA Ladder

Human BD Fc Block

MACS BSA Stock Solution

Phosphate Buffered Saline (PBS)
Pre-Developed TagMan Assay Reagents
Human ACTB (20X)

Pre-Developed TagMan Assay Reagents
Human B2M (20X)

StemMACS HSC Expansion Media XF,
Human

TagMan Gene Expression Assay (FAM)

- APRIL TNFSF13

- BAFF TNFSF13B

- BAFF-R TNFRSF13

- BCMA  TNFRSF1

- IL-10 IL-10

- IL-35 EBI3

- TACI TNFRSF13B

TagMan Gene Expression Master Mix
TBE Buffer 10X

Trypan Blue Stain 0.4%

UltraComp eBeads Compensation Beads

Thermo Fisher Scientific
Sigma

GE Healthcare

Bio-Rad

Sigma

Miltenyi Biotec

Ambion

Sigma

Kemetyl

Cytiva

Sigma

Cytiva

Biotium

Thermo Fisher Scientific
BD Biosciences
Miltenyi Biotec

Sigma

Thermo Fisher Scientific

Thermo Fisher Scientific

Miltenyi Biotec

Thermo Fisher Scientific

Thermo Fisher Scientific
Invitrogen
Invitrogen
Invitrogen

4336697
H4522-100ML
17-0554-02
1708200
B0300-1VL
130-050-301
AM9906
D8537-500ML
600068
us77720Vv
F7524
17144003
41003
SMO0373
564220
130-091-376
D2650-100ML
4333762F

4333766F

130-100-463

4331182

Hs00601664 g1
Hs00198106_m1
Hs00606874 g1
Hs00171292_m1
Hs00961622_m1
Hs01057148_m1
Hs00963364_m1
4369016

15581-044
T10282
01-2222-42
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2.2 COMMERCIAL KITS

Table 2.2: Different commercial kits used in various experiments.

Kit

Supplier

#Cat. Number

AmpliTag Gold DNA Polymerase with Gold
Buffer & MgCl,

B Cell Expansion kit, Human

BD Cytofix/Cytoperm
Fixation/Permeabilization Kit

BigDye Terminator v1.1 Cycle Sequencing
Kit

CellTrace CFSE Cell Proliferation Kit
DuoSet ELISA Ancillary Reagent Kit 2
DuoSet ELISA Human APRIL/TNFSF13
DuoSet ELISA Human EBI3

DuoSet ELISA Human TACI/TNFRSF13B
ELISA Human BCMA/TNFRSF17
High-Capacity RNA-to-cDNA Kit

Human CD40-Ligand Multimer Kit
Human BAFF-R ELISA Kit

Human IL-10 Quantikine ELISA Kit
Live/Dead Fixable Agua Dead Cell Stain Kit
PAXgene Blood RNA Kit

Quantikine ELISA Human BAFF/BlyS/
TNFSF13B

Thermo Fisher Scientific

Miltenyi Biotec
BD Biosciences

Thermo Fisher Scientific

Thermo Fisher Scientific
R&D Systems

R&D Systems

R&D Systems

R&D Systems

Thermo Fisher Scientific
Thermo Fisher Scientific
Miltenyi Biotec

Abcam

R&D Systems

Thermo Fisher Scientific
PreAnalytiX

R&D Systems

4311814

130-106-196
954714

4336774

C34554
DYO008
DY884B
DY6456-05
DY174
EH41RB
4387406
130-098-775
abh213839
D1000B
34965
762174
DBLYSOB
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2.3 PRIMERS AND ANTIBODIES

Table 2.3: Different primers, forward and reverse, used for Sanger sequencing.

Primer Direction Sequence (5°- 3") Supplier

AIRE Exon 1 Forward CAA GCG AGG GGC TGCCAGTG BioNordika
AIRE Exon 1 Reverse GGA TCT GGA GGG GCG GGG TC BioNordika
AIRE Exon 6 Forward CAC CCT GGG GCC TAC ACG ACT BioNordika
AIRE Exon 6 Reverse GAA GAG GGG CGT CAG CAA TGG BioNordika
AIRE Exon 7 Forward CCAGGAACAGCGTTGCCTC BioNordika
AIRE Exon 7 Reverse CGG TGC TCA TCC CTG AGT GCC BioNordika
AIRE Exon 8 Forward CAG GTG GTC AGG GCAGAA TTT CA BioNordika
AIRE Exon 8 Reverse AGG CTG GGC AGC AGG TGT G BioNordika
AIRE Exon 10  Forward TGC CAC AGC CTT TCCCACTCAGT  BioNordika
AIRE Exon 10 Reverse CCTCCCGGAGCCTTTCTCGC BioNordika

Table 2.4: Different antibodies used for staining cells for flow cytometry.

Antibody Fluorochrome Isotype Supplier #Cat. Number
Anti CD20, Human PE/Cyanine5 Mouse 1gG2b BioLegend 302308
Anti CD24, Human Brilliant Violet 785 Mouse 1gG2a BioLegend 311142
Anti CD27, Human Brilliant Violet 605 Mouse 1gG1 BioLegend 302830
Anti CD38, Human PE Mouse 1gG1 BioLegend 303506
Anti IgD, Human APC/Cy7 Mouse IgG2a BioLegend 348218
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2.4 INSTRUMENTS AND EQUIPMENT

Table 2.5: Instruments and equipment used in various experiments.

Instruments and equipment

Application

Manufacturer

BD LSR Fortessa Flow Cytometer

Centrifuge 5810
Fisher AccuSpin Micro 17
Gel Doc EZ Imager

Gel Doc EZ System, Sample Tray
Horizontal Orbital Microplate Shaker
Nanodrop Spectrophotometer ND-1000
SpectraMax Plus 384 Microplate Reader

Thermomixer Compact

Veriti 96-Well Fast Thermal Cycler

QuantStudio 5

Analyzing B cells

Isolation of RNA and PBMC
Isolation of RNA

Gel Imaging

Gel Imaging

Incubation in ELISA assays
Measure RNA concentration
Measure absorbance in
ELISA assays

Isolation of RNA

PCR

qPCR

BD Biosciences
Eppendorf

Thermo Fisher Scientific
Bio-Rad

Bio-Rad

Heidolph

Thermo Scientific

Molecular Devices

Eppendorf
Thermo Fisher Scientific

Thermo Fisher Scientific

2.5 COMPUTER SOFTWARE

Table 2.6: Computer software and web resources used for illustrations and analyzing results.
Software Application Manufacturer
BioRender.com Ilustrations BioRender
FlowJo 10.8.1 Analyzing flow-data FlowJo LLC
GraphPad Prism 9.2.0 Obtaining graphs GraphPad Software
Image Lab 3.0 Verifying PCR product Bio-Rad

ND-1000 V3.8.1
SoftMax Pro 7
CLC Main Workbench 8.0.1

Measure RNA concentration
Measure absorbance in ELISA assays

Analyzing sequences

Thermo Scientific
Molecular Devices
CLC Bio, Qiagen
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3. METHODS

This thesis has been conducted on DNA, RNA, sera and immune cells as biological sources.

Several different molecular biology techniques have been applied. An overview indicating the

main methods performed, and subjects included, throughout this study is found below.

APS-1 Patients and Healthy Controls

DNA RNA Serum PBMC
Verlflc:t:)n OfbAfRE | RNf\ e;presmlrllg Analysis of signaling Functional study of
mutations by evels of signaling molecules B cells
sequencing molecules
. Primary cell culture
PCR and Sanger gPCR Sandwich ELISA
, . . and flow cytometry
sequencing (11 patients and 10 (51 patients and 40 (5 patients and 5
(6 patients) controls) controls) P

controls)

Figure 3.1 — Flowchart for the different methods conducted in this study. The figure shows an overview of the
workflow throughout this study, indicating the main methods. For the verification of AIRE mutations six APS-1
patients were used (mean age 46.3 years, range 27-77 years). For gene expression of signaling molecules, 11 APS-
1 patients (mean age: 49.1, age range: 31-63) and 10 healthy controls (mean age: 39.1, age range: 22-62) were
subjected to cDNA synthesis and qPCR. For analysis of the signaling molecules in sera, 51 APS-1 patients (mean
age: 44.82, age range: 5-77) and 40 healthy controls (mean age: 44.5, age range: 23-82) were included. For the
functional study of B cells, five APS-1 patients (mean age: 43.8, age range: 30-62) and five healthy controls (mean

age: 38.8, age range: 24-69) were included.

3.1 ETHICAL CONSIDERATIONS AND THE ROAS REGISTRY

The project has approval from the regional committees for medical and health research ethics
(REK), with REK-numbers 2018/1417 and 2009/2555. The patients in this thesis are members
of the registry for organ specific autoimmune diseases (ROAS)®%. The healthy controls were
obtained from blood doners at Haukeland University Hospital. Both patients and healthy
controls have provided written consent to donate blood to research. ROAS is the world’s largest
Addison’s registry and biobank with information from amongst others 910 live patients with
AAD and 46 patients with APS-1 (in 2020), which includes blood samples, sera and peripheral
blood mononuclear cell (PBMC) from these patients®®. The ROAS non-disclosure agreement

was signed by the candidate.

24



3.2 SANGER SEQUENCING

To verify the different mutations in the AIRE gene of the included patients, PCR was first
performed to amplify the desired DNA sequences. A master mix containing 1x PCR Gold
Buffer, 1.5 mM MgClz, 0.8 mM dNTP, 1.5M Betaine, 8U AmpliTag Gold DNA polymerase,
0.3 mM forward and reverse primer (Table 2.3), 10 pg DNA and ddH20 to a total volume of
25 ul was prepared for each reaction. The thermoprofile comprised of pre-incubation,

denaturation, annealing and elongation as show in Table 3.1.

Table 3.1: Thermoprofile used to make PCR-product by using the Veriti 96-Well Fast Thermal Cycler.

Thermoprofile Temperature (°C) Time Number of cycles
Pre-incubation 98 10 minutes -

Denaturation 98 15 seconds

Annealing 69* 15 seconds 10

Elongation 72 45 seconds

Denaturation 95 15 seconds

Annealing 50 15 seconds 30

Elongation 72 45 seconds

Elongation 72 7 minutes -

Storage 4 0 -

* Decreases by 0.5 degrees each cycle.

A 2% agarose gel was made in 1X Tris-Borate-Ethylenediamine tetra acetic acid (EDTA)
(TBE) buffer with 1X GelRed to verify the PCR-product. The GeneRuler 50 bp DNA Ladder
and the PCR-products with 6X loading dye (50% Glycine, 0.4% bromophenol blue, 0.8%
xylene cyanol, 200 mM EDTA), was added to the wells before the gel was run at 100V for 30
minutes (min). The PCR-products were verified by using ImageLab 3.0. Two microliters
ExoProStar was added to 5 ul PCR-product before it was run in the Veriti 96-Well Fast Thermal
Cycler at 37°C for 15 min, 80°C for 15 min) to clean the PCR-product. Two master mixes
containing BigDye 1.1, 1x BigDye Buffer, 2 mM forward or reverse primer and ddH20 to a
total volume of 6.5 pl was prepared. 3.5 pl of the cleaned PCR-product was added to the master
mixes and run in the PCR-machine with the thermoprofile shown in Table 3.2 before the
samples were sent to sequencing at the sequencing lab at the department of Medical Genetics,

University of Bergen. The results were analyzed using CLC Main Workbench 8.
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Table 3.2: Thermoprofile for cleaning of the PCR-product by using the Veriti 96-Well Fast Thermal Cycler.

Thermoprofile Temperature (°C) Time Number of cycles
Pre-incubation 96 5 minutes -

Denaturation 96 15 seconds

Annealing 50 15 seconds 30

Elongation 60 2 minutes

Storage 4 oo -

3.3 ISOLATION OF TOTAL RNA FROM HUMAN WHOLE BLOOD

To isolate RNA, blood from 11 APS-1 patients and 10 healthy controls was drawn directly into
PAXgene Blood RNA tubes, before frozen at -80°C after 15-30 min incubation on the bench.
RNA was later isolated by using the PAXgene Blood RNA kit from Qiagen by following the
manufacturer’s protocol. In short, the PAXgene Blood tubes were centrifuged (3000g, RT, 10
min) and the pellet was washed once with Rnase-free water and centrifuged (3000g, RT, 10
min), before dissolved in resuspension buffer. Binding buffer and proteinase K was added and
mixed by vortexing for 5 min, before incubation (500 rpm, 55°C, 10 min) in a shaker-incubator.
The lysate was transferred to a Shredder spin column and centrifuged (13000g, RT, 3 min).
Ethanol (100%) was added to the supernatant and mixed. The sample was transferred to the
PAXgene RNA spin column and centrifuged (13 000g, RT, 1 min), and washed with wash
buffer 1. DNase 1 stock solution was mixed with DNA digestion buffer to make a DNase 1
incubation mix, added to the column membrane, and incubated for 15 min on the benchtop.
After washing, a dry-spin was conducted to dry the column completely. To elute RNA, elution
buffer was placed directly onto the column membrane and centrifuged (13 000g, RT, 1 min).
After centrifugation, the eluate was incubated for 5 min at 65°C and chilled immediately on ice
afterwards. The RNA was measured using Nanodrop Spectrophotometer ND-1000 and stored
at -70°C until further use.

3.4 cDNA SYNTHESIS AND gPCR REACTION

3.4.1 cDNA Synthesis

cDNA synthesis was performed to generate cDNA from the isolated mRNA for the qPCR
reaction. For the cDNA synthesis, the mRNA from chapter 3.3 was diluted to 0.3 pg with
Diethyl pyrocarbonate (DEPC)-Treated water. The high-capacity RNA-to-cDNA kit from

Thermo Fisher Scientific was used to make a master mix containing 2X RT buffer mix and 20X
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RT enzyme mix, before it was mixed with the mRNA and run in the PCR-machine (37°C for
60 min, 95°C for 5 min).

3.4.2 gPCR Reaction

To determine if there is any significant difference in RNA expression between APS-1 patients
and healthy controls, a gPCR reaction was performed using the Tagman system. For the gPCR
reaction, master mixes for each probe (Table 2.2 in Materials) were made containing 20X
probe/primer, 2X Tagman gene expression master mix and ddH20 to a total volume of 26.5 pl.
5 ul cDNA was added to the master mix before distributed in triplicates in a 384-well plate.
The plate was vortexed and centrifuged (1 min, 300g) using Centrifuge 5810. Subsequently,
the plate was run in the gPCR-machine (50°C for 2 min, 95°C for 10 min, (95°C for 15 seconds,
60°C for 1 min) x40).

3.4.3 Calculating the 2-**ct-Value
The 2-22¢-method was use to analyze the relative changes from the gPCR experiments 1%, The

formula is shown below.

ACt = Ct (gene of interest) — Ct (housekeeping gene)
AACt = ACt (patient or control) — ACt calibrator
Relative expression: 27AACt
This was done by running a gPCR reaction with the samples of interest in triplicates with
primers for the genes of interest in addition to two housekeeping genes and subsequently
calculate the average of the triplicates for all genes for all samples. The two housekeeping genes
used were Human Beta-2-Microglobulin (B2M) and Human Beta-Actin and the average of them
was used as “Ct (housekeeping gene)” in the formula. The average of ACt of the controls was

used as the calibrator, and all calculations were done in excel.

3.5 SANDWICH ELISA

To determine the concentration of different B cell factors (antigens) in sera and supernatant
from APS-1 patients and healthy controls, Enzyme-linked Immunosorbent Assay (ELISA) was
used. A sandwich ELISA was performed for all measurements. Briefly, this method utilizes
two antibodies, a capture antibody bound to the plate and a detection antibody, where the
antigen is bound between the two. Different commercial ELISA kits were available, with slight

differences in assay performance as described below. All kits came with a standard curve to
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determine the concentration of the antigens, and all incubations were done at room temperature
(RT), except for the Human BAFF-R ELISA kit, where all incubations were conducted at 37°C.

3.5.1 DuoSet ELISA, Measuring Levels of EBI3, TACI, APRIL

A 96-well plate was coated with capture antibody solution and incubated at 4°C overnight
before the plate was washed with wash buffer. Reagent Diluent was added and incubated for
one hour to block the plate, before the plate was washed again. The samples were diluted 1:1
in Assay Diluent and both samples and standards were added in duplicates and incubated for
two hours, followed by a new wash step. Detection antibody was added and incubated for two
hours, before washing again. Streptavidin-HRP conjugated antibody was then added and

incubated for 20 min in the dark.

3.5.2 Quantikine ELISA, Measuring Levels of BAFF, BAFF-R, IL-10 and BCMA

For the Quantikine ELISA’s, the plates were coated with the capture antibody from the supplier.
The samples were diluted 1:1, 1:4 or 20-fold with 1x Phosphate Buffered Saline (PBS). The
samples and standards were added in duplicates and incubated for 1.5-3 hours, while shaking
on a horizontal orbital at 500 rpm. The plate was washed with wash buffer before Human
conjugated antibody was added to the wells and incubated for 1-2 hours while shaking. An
additional step was included for the BAFF-R and the BCMA kit, where Avidin-Biotin-
Peroxidase complex solution and Streptavidin-HRP solution was added, respectively, and

incubated for 30-45 min while shaking.

The final following steps were common for all kits. The plate was washed, before Substrate
Solution was added and incubated for 20 min-one hour in the dark, depending on the kit. For
the IL-10 HS kit, amplifier solution was also added and incubated for 30 min while shaking.
Stop solution was added before the absorbance was determined, using the SpectraMax Plus 384
Microplate Reader. The absorbance was measured at 450-490 nm to 570-690 nm, depending

on the Kit, and the concentrations were acquired by using the SoftMax Pro 7 software.
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3.5.3 Making and Interpreting the Standard Curve

The standard curve was made by making a series of 2-fold dilutions. A vial supplied with each
kit containing Recombinant Human Standard was reconstituted with 0.5 mL of Reagent Diluent
and subsequently diluted 2-fold to a seven-point standard curve in Reagent Diluent. The range
of the assays vary from 7.8 — 6000 pg/mL, depending on the Kit.

3.6 ISOLATION OF PBMC

To isolate PBMC from human blood from six APS-1 patients and six controls, heparin blood
was diluted 1:1 with 1x PBS and mixed by pipetting a few times, before being layered 2:1 on
top of Ficoll, and centrifuged (400 g, RT, 30 min, break 1) using Centrifuge 5810. The PBMC
layer was transferred to a new tube, washed with PBS, and centrifuged (400g, RT, 10 min).
After centrifugation, the supernatant was removed, and PBS was added to resuspend the pellet.
The cell suspension was diluted 1:4 in PBS and counted using Millipore cell counter with 40
MM chip. The cell suspension was centrifuged (400g, RT, 5 min) and the supernatant was
removed. Human AB serum and Dimethyl Sulfoxide (DMSQ) (4:1) was prepared for freezing
down PBMC. After centrifugation, the cells were resuspended in AB serum, transferred to
cryotubes, and incubated for 10 min at RT before being stored at -80°C for two days in a cell
freezing container. This allowed the samples to freeze gradually, before being stored at -150°C
until further use. For sample C-PBMCS5, Fetal Bovine Serum (FBS) was used, due to lack of

AB-serum.

3.7 PRIMARY CELL CULTURE

PBMC isolated from five APS-1 patients and five healthy controls was quickly thawed and
added to 10 mL 1xPBS with 5% MACS Bovine serum albumin (BSA) (Flow buffer (FB))
before being centrifuged (300g, RT, 10 min) using Centrifuge 5810. The supernatant was
removed, and the pellet was resuspended with FB. The cell suspension was filtered, and FB

was added to the filter to make sure there was no cells left in the filter.

3.7.1 Magnetic Labeling and Separation with MS Columns

The cell suspension was centrifuged (300g, RT, 10 min) and the supernatant was removed
afterwards. The cell pellet was resuspended in 80 ul of FB, and 20 pl of CD19 Microbeads per
107 total cells was added before incubated for 15 min in 2-8°C. The cells were washed with 2
mL FB, centrifuged (350g, RT, 5 min), and resuspended in 500 pl FB. The MS column provided
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with the B Cell Expansion Kit was placed in the magnetic field of the suitable MACS separator.
The column was rinsed with 500 pl of FB, before adding the cell suspension. The column was
washed by adding 500 pl of FB three times onto the column. The column was removed from
the magnetic field and placed in a suitable collection tube. 1 mL of 1x PBS was added onto the

column and the cells were immediately flushed out by pushing the plunger into the column.

3.7.2 Cell Proliferation Staining

To measure cell division, 5 mM Carboxyfluorescein Succinimidyl ester (CFSE) stock solution
and a 10 mM CFSE/PBS solution was prepared. After centrifugation (300g, RT, 10 min), the
cells were resuspended in preheated (37°C) PBS, and 1 mL of the 10 mM CFSE/PBS solution
was added and incubated at 37°C for 10 min. 2 mL of ice-cold AB-serum was added to the cells

to stop the staining and incubated on ice for 5 min, before centrifugation (300g, RT, 10 min).

3.7.3 Activating and Expanding the B Cells

Expansion medium was prepared containing 10 mL Stem MACS hematopoietic stem cell
(HSC) Expansion medium XF, 10 pl reconstituted 1L4 and 5% AB-serum. CD40-L and
crosslink antibody was mixed 1:1 and incubated for 30 min before being added to the medium.
The cells were resuspended with 1 mL expansion medium and counted using C-Chip
Disposable Hemocytometer by mixing the cells 1:1 with Trypan Blue. For B cell expansion the
cells should be resuspended in culture medium at 0.15x10°8 cells/mL. The cells were divided
into wells with the appropriate amount of Expansion medium, according to the table provided
by the manufacturer (Table 7.8 in Supplementary data) and incubated at 37°C for seven days.
The cells were then harvested, centrifuged (300g, RT, 10 min) and the supernatant was saved
for ELISA assays.

3.8 FLOW CYTOMETRY

Flow cytometry was used to phenotypically characterize the B cells after cell culture. B cells
isolated from PBMC from five APS-1 patients and five healthy controls were prepared for flow
cytometry after being cultured for seven days. The cells were stained with fluorochrome-
conjugated antibodies (Table 3.3) and analyzed with an already established inhouse panel by

flow cytometry.
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Table 3.3: Panel for flow cytometry including targets, fluorochrome, excitations and filter for emittance.

Target Fluorochrome  Dilution factor  Excitation (nm) Filter for emittance
Aqua (Live/dead) BV510 1:1000 407 525/50 band pass
CD20 Pe-Cy5 1:500 561 661/20 band pass
CD24 BV785 1:200 407 780/60 band pass
CD27 BV605 1:500 407 605/12 band pass
CD38 PE 1:200 561 582/15 band pass
CFSE FITC As described in 488 530/30 band pass
section 3.7.2
IgD APC-Cy7 1:200 640 780/60 band pass

The harvested cells from the cell culture were resuspended in FB, before adding 0.5 mg Fc
block and incubating at RT for 20 min. The cells were washed with FB and centrifuged (450g,
5 min). The supernatant was removed before Fixable live/dead Aqua cell stain mixed 1:1000
with PBS, was added and incubated at RT for 20 min in the dark. The cells were washed again,
and the supernatant was removed before a master mix containing all the antibodies (Table 3.3)
was added to the cells and incubated for at 4°C for 20 min in the dark. The cells were washed
and centrifuged (450g, 5 min) again, before the 1X Fixation/Permeabilization solution was
added to the cells and incubated at 4°C for 30 min. The cells were washed with 1X
permeabilization wash buffer and centrifuged (450g, 5 min) before the supernatant was
removed. The cells were resuspended in remaining buffer and analyzed on the BD LSR Fortessa
Flow Cytometer.

Single stain compensation controls were made by adding one drop of UltraComp eBeads to 1
pl of each antibody in the panel, before incubation at 4°C for 20 min and washed. The
compensation controls were vortexed and stored at 4°C until use. This panel is an established
inhouse protocol, which has been used in the lab before. Further analysis of the cells was done
using the FlowJo 10.8.1 software.

3.9 STATISTICS

For the statistical analysis for ELISA in sera, an unpaired Student’s t-test was performed by
using GraphPad Prism 9.2.0. Pearson correlation analysis using a 95% confidence interval was
performed to calculate the correlation between age and B cell factors concentrations in sera
using GraphPad Prism 9.2.0. This analysis measures the strength of a linear association between
two variables!l, A two-tailed Wilcoxon test was used for the comparison of healthy controls

before and after culturing, while for the other statistical analysis, a two-tailed Mann-Whitney
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test was performed by using GraphPad Prism 9.2.0. The latter considers differences in medians,
shape and spread between two groups'®?. A non-parametric test was chosen due to the low
number of samples where a normal distribution cannot be assumed. The standard deviation
(SD) is shown in the graphs. The unpaired t test considers the average of two groups that are
independent of each other in order to determine if there is a significant difference between the
two groups®®®. Wilcoxon test is a non-parametric test that assumes that the two paired groups
come from a dependent population, in this case the same individual'®*. Results were considered

as statistically significant when P < 0.05. All graphs were created in GraphPad Prism 9.2.0.
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4. RESULTS

4.1 VERIFICATION OF AIRE MUTATIONS IN APS-1 PATIENTS

In order to confirm mutations in the AIRE gene in APS-1 patients, Sanger sequencing was
performed using DNA from APS-1 patients and verified on a 2% agarose gel (Figure 7.1 in
Supplementary data). The Medical Genetics department at Haukeland University hospital
sequence all patients as a part of their routine work, and six APS-1 patients were here chosen

to verify the individual mutations (Figure 4.1). See Table 4.1 for an overview of the mutations.
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Figure 4.1 — Different mutations in APS-1 patients. These are examples of the various mutations in AIRE that
patients suffering from APS-1 can harbour. The AIRE reference gene is shown at the top of each alignment. a) The
mutation shown is a homozygote 13 bp deletion in exon 8 in AIRE. Both forward and reverse strand obtain the
mutation, making it a homozygote deletion. b) The mutation shown is an insertion of C on one strand, making it a
heterozygous mutation in exon 10 in AIRE. ¢) The mutation shown is a heterozygote point mutation in exon 8 in
AIRE. One of the strands has a G, which is the same as the reference gene, while the other strand has an A, making
this a heterozygote mutation. d) The mutation shown is a point mutation in exon 7 in AIRE, both strands have
substituted a G for an A, making it a homozygote mutation. Figures from CLC Main Workbench 8.0.1.
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Table 4.1: The sequencing results indicating type of mutation and exon location in the AIRE gene.

Patient no. Exon  AIRE mutation Zygosity

P-SEQ1 1 €.22C>T Heterozygote missense point mutation
P-SEQ1 8 €.967-979del13 Heterozygote 13 bp deletion indel
P-SEQ?2 7 .879+1G>A/ c.879+1G>A Homozygote splice point mutation
P-SEQ3 10 €.1163insA/c.1249dupC One insertion and one duplication indel
P-SEQ4 8 €.932G>A Heterozygote missense point mutation
P-SEQS5 8 €.967-979del13/c.967-979del13 Homozygote 13 bp deletion indel
P-SEQ6 6 C.769C>T Heterozygous nonsense point mutation
P-SEQ6 10 ¢.1249dup Duplication of C indel

4.2 GENE EXPRESSION OF B CELL FACTORS

To investigate if the defective AIRE protein in APS-1 patients might affect key B cell factors,
the gene expression of BCMA, TACI, APRIL, BAFF, IL-10, EBI3 and BAFF-R was determined
using isolated RNA from 11 APS-1 patients and 10 healthy controls. The RNA concentration
for the controls was found to vary from 58.3 ng/ul to 126.2 ng/ul with the 260/280 value varying
between 2.07 to 2.17 (Table 7.1 in Supplementary data). The RNA concentration for the
patients varied from 15.9 ng/ul to 197.1 ng/ul with the 260/280 value between 2.08 to 2.39
(Table 7.2 in Supplementary data).

The isolated RNA was normalized to 0,3 ug and used for cDNA synthesis and subsequently
subjected to gPCR. All the investigated B cell factors were found to be expressed in blood, but
BCMA was the only gene found to have a significant downregulation in patients compared to
controls. For BCMA the fold-change for the APS-1 patients was found to be 0.564 + 0.366, and
the fold-change for the controls was found to be 1.039 + 0.298, compared to the mean of the
controls, with a P value for the difference between APS-1 patients and controls of 0.008 (Figure
4.2).
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Figure 4.2 — Gene expression of the different B cell factors. Isolated RNA from both APS-1 patients (APS-1)
and healthy controls (HC) was subjected to cDNA synthesis for each of the seven genes investigated. The relative
changes were analyzed by running a qPCR reaction with the samples of interest in addition to two housekeeping

genes (Human Beta-2-Microglobulin and Human Beta-Actin) and calculated using the 2-4-method. Each data

point represents one individual APS-1 patient or healthy control. BCMA was found to have significant difference

(APS-1=0.564 + 0.366, HC=1.039 + 0.298, P value: 0.008) of gene expression, while TACI (APS-1=2.146 + 2.145,
HC=1.347 £ 1.555, P value: 0.314), APRIL (APS-1=1.143 + 0.524, HC=1.023 + 0.231, P value: 0.809), BAFF
(APS-1=0.938 + 0.343, HC=1.038 + 0.307, P value: 0.705), IL-10 (APS-1=0.897 + 0.526, HC=1.071 £ 0.374, P
value: 0.251), EBI3 (APS-1=0.911 + 0.383, HC=1.069 + 0.387, P value: 0.350) and BAFF-R (APS-1=2.450 +
2.707, HC=1.133 £ 0.559, P value: 0.173) was found to be non-significant. Error bars show the standard deviation

(SD), and the P value was calculated by using the Mann-Whitney test in GraphPad Prism 9.2.0.
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4.4 DETERMINING LEVELS OF B CELL FACTORS IN SERA

In order to determine the protein levels of the B cell factors of interest in circulation, sera from
both APS-1 patients and healthy controls were subjected to ELISA analysis. The ELISA assay
for BAFF revealed significantly elevated levels in sera in APS-1 patients with a P value of
0.0358. However, the assay for APRIL revealed significantly lower levels in sera in APS-1
patients with a P value of 0.0239 (Figure 4.3, Table 7.3 in Supplementary data (controls) and
Table 7.5 in Supplementary data (patients)). TACI and BCMA (Figure 4.3, Table 7.3 (control)
and Table 7.5 (patients) in Supplementary data) did not reveal a significant difference, while
the ELISA assays for EBI3, IL-10 and BAFF-R (Table 7.4 (controls) and Table 7.6 (patients)
in Supplementary data) had too many samples out of range, indicating that the concentrations

of the B cell factors were too low in sera to be detected (Figure 7.2 in Supplementary data).
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Figure 4.3 — Concentrations of the different B cell factors in sera from APS-1 patients (APS-1) and healthy
controls (HC). The 96-well plate was coated with capture antibody before adding the samples, subsequently
incubated with detection antibody, and afterwards with substrate solution. The concentrations were acquired using
SoftMax Pro 7 software by measuring the absorbance at 450-490 nm to 570-690 nm, depending on the ELISA kit.
Each data point represents one individual APS-1 patient or healthy control. BAFF (APS-1=1008 + 571.7, HC=810
+ 156.7, P value: 0.0358) and APRIL (APS-1=1483 + 1567, HC=2444 + 2456, P value: 0.0239) revealed a
significant difference, however BCMA (APS-1=50.21 + 21.52, HC=59.33 + 63.95, P value: 0.3388) and TACI
(APS-1=535.3 £ 543.3, HC=344.5 + 422.7, P value: 0.1191) was shown to be non-significant. Error bars show the
SD, and the P value was calculated by using the unpaired t test in GraphPad Prism 9.2.0.

To investigate if there were any correlations between age and the concentrations of BAFF and
APRIL in sera, a Pearson correlation analysis was conducted. Since BAFF and APRIL revealed
significantly increased and decreased levels, respectively, only these two were subjected to the
analysis. However, there was no clear correlation between age and the concentrations of BAFF
and APRIL in sera from either APS-1 patients or healthy controls. (Figure 4.4).
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Figure 4.4 — Concentrations of BAFF and APRIL in sera in both APS-1 patients (APS-1) and healthy controls
(HC) correlated against age. Concentrations of BAFF and APRIL in sera was correlated against age of the APS-
1 patients and healthy controls. a) BAFF concentrations correlated against age of the healthy controls subjected to
ELISA. b) BAFF concentrations correlated against age of the APS-1 patients subjected to ELISA. ¢) APRIL
concentrations correlated against age of the healthy controls subjected to ELISA. d) APRIL concentrations
correlated against age of the APS-1 patients subjected to ELISA. There was no correlation between age and
concentration of BAFF or APRIL in sera from either APS-1 patients or healthy controls. Each data point represents
one individual APS-1 patient or healthy control. Pearson correlation coefficient was calculated in GraphPad Prism
9.2.0.

4.5 FUNCTIONAL CHARACTERIZATION OF B CELLS

With the aim to activate and expand the B cells and to analyze them phenotypically, the B cells
were isolated from PBMC from five APS-1 patients and five sex- and age-matched controls.
The B cells were subsequently cultured and subjected to flow cytometry at the point of isolation
and after seven days in culture. As the patient samples were available through ROAS, matching
controls were collected from the blood bank at Haukeland University Hospital. The

concentration of PBMC from the controls isolated in this study ranged from 2.0-5.8 x 108 cells
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(Table 7.7 in Supplementary data). The supernatant from the cultures were also analyzed by

ELISA to determine the production of B cell factors.

4.5.1 Isolation, Characterization and Expansion of B cells

To expand the B cells after isolating them from PBMC, they were activated in culture for seven
days. For the healthy controls, the start number of cells ranged from 10*10°-15*106. While the
percentage of B cells isolated from the PBMCs ranged from 1.9-3.8%, and the percentage of
live B cells after seven days in culture ranged from 2.2-37.0% (Table 4.3). For the APS-1
patients, the start number of cells ranged from 4*10°-20*108, and the percentage of B cells
isolated from these cells ranged from 0.6-1.0%. The percentage of live B cells after seven days
in culture ranged from 1.6-12.6% (Table 4.4). This indicates that B cells from the healthy
controls manage better in culture, as well as it seems to be more B cells in controls compared

to patients (Figure 4.5).

Table 4.3: Isolated B cells from PBMC from blood doners, indicating the sex and age of each healthy control, the
amount of all cells, the amount of B cells isolated, and the percentage of live B cells on day 7.

Controlno. Sex Age All cells (cellssmL) B cellsday 0 (cellssmL) Live B cells day 7
C-PBMC1 F 69 12*10° 235.000 37.0%

C-PpBMC2 M 39 10*10° 185.000 3.0%

C-PBMC3 M 29 12*10°8 275.000 2.2%

C-PBMC4 F 24 15*10° 465.000 3.5%

C-PBMC5 M 33 12*10° 460.000 7.1%

Table 4.4: Isolated B cells from PBMC from APS-1 patients, indicating the sex and age of each APS-1 patient,

the amount of all cells, the amount of B cells isolated, and the percentage of live B cells on day 7.

Patient no. Sex Age All cells (cellssrmL) B cells day 0 (cellss/mL) Live B cells day 7
P-PBMC1 F 62 4*10° 40.000 12.6%

P-PBMC2 M 46 17*10° 120.000 3.9%

P-PBMC3 M 30 9*10° 90.000 2.5%

P-PBMC4 F 49 8*10° 50.000 6.3%

P-PBMC5 M 32 20*10° 135.000 1.6%
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Figure 4.5 — Matched APS-1 patient and healthy control showing the percentage of B cells from total cells on
day 0. B cells were isolated from PBMC from APS-1 patients and healthy controls by the means of magnetic
labeling and separations using CD19 microbeads. Percentage of B cells isolated from the healthy controls and
APS-1 patients range from 1.9-3.8% and 0.6-1.0%, respectively. There is a distinct difference in the amount of B

cells between controls and APS-1 patients, where the APS-1 patients clearly have less B cells than controls.

4.5.2 Characterization of B cells by Flow Cytometry

In order to characterize the different types of B cells in the cell culture, the cells from APS-1
patients and healthy controls were subjected to flow cytometry on day 0 (for the samples with
enough cells) and after being cultured for seven days. The cells were stained with fluorochrome-
conjugated antibodies and analyzed with an already established inhouse panel by flow
cytometry (Table 3.3 in Methods). An example of the gating strategi from a control is shown

in Figure 4.6, and this gating strategi was used for all APS-1 patients and healthy controls.
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Figure 4.6 — Gating strategy for flow cytometry. All cells, single cells, live cells, B cell subset. The gating was
first set to include all cells by plotting forward scatter area (FSC-A) against the side scatter area (SSC-A). Further,
the gate was set to single cells from all cells by plotting FSC-A against forward scatter width (FSC-W), and

subsequently the gate was set to live cells by plotting FSC-A against BV510 Live, which is the live/dead marker,

making sure that the dead cells were not included in the analysis. Here, shown for one control on day 0. From the

live population, IgD was plotted against CD27, where naive cells, cells with only 1gM, IgD memory cells and

double negative (DN) cells were separated®. Figure created in FlowJo 10.8.1.

Analysis by flow cytometry after seven days revealed first and foremost that the majority of B
cells were dead in both APS-1 patients and healthy controls (Figure 4.7). On the example
showing the gating strategy, there were only 21% live cells (Figure 4.6). CFSE staining revealed

that the majority of the cells did not divide, and some cells only divided once (Figure 4.7).
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Figure 4.7 — Live B cells and cell proliferation. The B cells isolated from PBMC from APS-1 patients (APS-1)
and healthy controls (HC), were analyzed by flow cytometry before being cultured for seven days, and afterwards
analyzed again, in order to characterize the different types of B cells. The cells were stained with fluorochrome-
conjugated antibodies and analyzed with an already established inhouse panel by flow cytometry (Table 3.3 in
Methods). a) Gating strategi was done according to Figure 4.6. Each data point in the graph represents one
individual APS-1 patient or healthy control. Error bars show the SD, and the P value was calculated by using the
Mann-Whitney test in GraphPad Prism 9.2.0. The percentage of live B cells from APS-1 and HC (APS-1=5.398
+ 4.401, HC=10.56 + 14.90, P value: 0.841) on day 7 are shown. b) The CFSE staining results for one HC is
shown, where the blue graph indicates HC on day 0 and the red graph indicates HC on day 7. The largest peak are
the cells before dividing, while the next peak indicates that some of the cells divided once. The peak at

approximately 0 are the negative cells that did not obtain the staining. Figure created in FlowJo 10.8.1.

Among the cells that were alive at day 7, there were no significant changes between the APS-
1 patients and the healthy controls although there was a trend towards more double negative

(DN) cells and less naive cells in the APS-1 patients (Figure 4.8).

41



HC

APS-1

BV605 CD27

Day 0 Day 7
1g|1b|lt:|glly Unswit(heig'lng memory 10° o 1gM only Unswit:hedl'&é]?gD memory
i o021
E 10% <
i .3
f i 1 o~
A 1[;"7 r;?‘:; -10* 36,4 - 59,9
bl b Y B T T T Ty T
0 lﬂ3 104 lﬂs 0 lﬂl 104 105
- lgMonly Unswitched glggb memory 1054 IgMonly Unswitched & IgD memory
i an : E e ;
= 10‘ -
3 3
3 o 9
F E DN Naive
32,4 21,7 0t 772 8,33
TR TTTTY TrTTy T A | oy Ty Y
0 10 10* 10° 0 10} 10 10
APC-Cy7 IgD
b) c)
IgM Day 7 Memory cells Day 7
47 ns 47 ns
231 T w31 |
8 8
2 24 ’ 2 24
5 ’ s : ’
> 14 ‘ B 14
0 ! J 0 T T
HC  APS-1 HC  APS-1
€ .
DN cells day 7 ) Naive cells Day 7
ns
- 80—
100 | ' ns
o1 604 -
2 ' o
8 60- 8
2 2 40
= 40 [ =
3 [ 3
20— . 20 =1
0 T T 0 [
HC  APS- HC ~ APS-1

42



Figure 4.8 — Comparison of APS-1 patients and healthy controls from flow cytometry data. The B cells, isolated
from PBMC from APS-1 patients (APS-1) and healthy controls (HC), were analyzed by flow cytometry before
being cultured for seven days, and afterwards analyzed again, in order to characterize the different types of B cells.
The cells were stained with fluorochrome-conjugated antibodies and analyzed with an already established inhouse
panel by flow cytometry (Table 3.3 in Methods). a) Gating strategi was done according to Figure 4.6. Here, one
example for both APS-1 and HC is shown for day 0 and day 7. For the HC, two distinct populations (DN cells and
naive cells) are shown on day 7, while for the APS-1 there is one population (DN cells) and a few cells spread in
the three other subsets. Figure created in FlowJo 10.8.1. b) The percentage of IgM cells in both APS-1 and HC are
shown (APS-1=2.506 + 0.60, HC=1.214 + 1.084, P value: 0.056). c) The percentage of memory cells in both APS-
1 and HC are shown (APS-1=1.744 + 0.807, HC=1.824 + 0.809, P value: >0.999). d) The percentage of DN cells
in both APS-1 and HC are shown (APS-1=83.28 + 6.667, HC=45.88 + 24.15, P value: 0.103). e) The percentage
of naive cells in both APS-1 and HC are shown (APS-1=6.210 + 4.771, HC=23.21 + 21.52, P value: 0.151). Each
data point in the graphs represents one individual APS-1 patient or healthy control. Error bars show the SD, and

the P value was calculated by using the Mann-Whitney test in GraphPad Prism 9.2.0.

Looking at the differences in the cell populations at day 0 and day 7, only controls could be
analyzed as most of the APS-1 patients did not have enough cells to prioritize flow cytometry
before culturing. After activation for seven days there was a decrease in both IgM cells and
memory cells, while there was an increase in DN cells and naive cells for most of the controls

(Figure 4.9). This indicates that they did not mature and divide into memory cells.
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Figure 4.9 — Comparison of day 0 and day 7 for the healthy controls. To obtain the percentages for the graphs,
the gating strategi was done according to Figure 4.6 and the flow cytometry data was compared for day 0 and day
7 for the healthy controls. Each data point represents one healthy control. For the IgM cells (Day 0=15.10 + 10.08,

Day 7=1.334 + 1.333, P value: 0.0625) and memory cells (Day 0=40.94 + 15.34, Day 7=1.824 + 0.809, P value:

0.0625) the decrease is quite clear, however it was found to be non-significant. DN cells (Day 0=33.48 + 19.93,

Day 7=45.88 + 24.15, P value: 0.620) and naive cells (Day 0=10.56 + 7.827, Day 7=23.21 + 21.52, P value:

0.1250) were also non-significant, however the cell number for most of the controls increased. The P value was

calculated by using the paired Wilcoxon test in GraphPad Prism 9.2.0.
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4.5.3 Levels of B cell Factors in Supernatant After Cell Culture

In order to determine levels of the B cell factors of interest, the supernatant from both APS-1
patients and healthy controls cell cultures were subjected to analysis by ELISA. The ELISA
assays for BCMA, APRIL and BAFF (Table 7.14 (controls) and Table 7.15 (patients) in
Supplementary data) revealed no major deviations in the concentration in supernatant between
APS-1 patients and healthy controls (Figure 4.10). The ELISA assay for TACI (Table 7.14
(controls), Table 7.15 (patients) and Figure 7.3 in Supplementary data) revealed that almost all
samples were out of range, indicating that the concentrations were too low to be detected. While

in the ELISA assays for EBI3 and IL-10, no samples were detected indicating too low
concentrations.
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Figure 4.10 — Concentrations of the different B cell factors in supernatant from the five sex- and age-matched
APS-1 patients (APS-1) and healthy controls (HC). The 96-well plate was coated with capture antibody before
adding the samples, subsequently incubated with detection antibody, and afterwards with substrate solution. The
concentrations were acquired using SoftMax Pro 7 software by measuring the absorbance at 450-490 nm to 570-
690 nm, depending on the ELISA kit. Each data point represents one individual APS-1 patient or healthy control.
BCMA (APS-1=8.324 + 3.446, HC=8.509 + 2.162, P value: >0.999), APRIL (APS-1=13.94 + 3.570, HC=13.19
+ 0.744, P value: 0.651) and BAFF (APS-1=78.41 + 3.416, HC=100.3 + 62.43, P value: 0.548) revealed no
significant difference. Error bars show the SD, and the P value was calculated by using the Mann-Whitney test in
GraphPad Prism 9.2.0.

45



5. DISCUSSION

APS-1 is a rare, recessively inherited monogenic autoimmune disease that is characterized by
mutations in the AIRE gene®*. In-depth knowledge about different key B cell factors in APS-
1 is needed to further elucidate the role they have in the disease and if they could be used as a
way to diagnose or treat APS-1 patients. In the present study, we aimed to investigate how the
B cells will respond upon activation, as well as investigate the levels of important B cell factors
in both sera and supernatant from APS-1 patients compared to healthy controls. A significant
difference of BAFF and APRIL in sera was confirmed, while the gene expression of BCMA
revealed a decreased expression in APS-1 patients compared to controls. Flow cytometric
analysis gave some insight to the phenotype of the live B cell after culturing in both APS-1

patients and healthy controls.

5.1 VERIFICATIONS OF MUTATIONS IN THE AIRE GENE

Sanger sequencing of the AIRE gene in six APS-1 patients was performed to verify their
mutations. Since APS-1 is a recessively inherited disease, a mutation needs to be present in
both AIRE alleles?>#445, However, dominant mutations have occasionally been identified,
although this causes milder phenotypes and symptoms compared to classical APS-1%. To this
day, there are over 130 mutations identified in AIRE®?. One of the mutations that was verified
in this study was a 13 bp deletion in exon 8 in AIRE, where both the forward and reverse strand
contained the mutation, making it a homozygote deletion. This is the most common mutation
in APS-1 patients in Norway*’. Over the years, the human reference genome has been
substantially upgraded. The sequencing methods has furthermore been improved since the early
2000s, which has led to the findings of more variations of the AIRE gene as well as other genes.
Knowledge of the mutations in the different exons can disclose information in relation to which
domain it will affect in the AIRE protein as well as the function of the protein. This again can
give us a better understanding of AIRE and for general immunological understanding, since

AIRE is essential in immunological tolerance.

5.2 COMPARISON OF B CELL FACTORS

5.2.1 Comparison of B Cell Factor Concentrations in Sera versus Supernatant
Sera levels of BAFF was found to be significantly elevated in APS-1 patients compared to

healthy controls. This finding is in concordance with previous studies of BAFF in sera in APS-
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1 patients®19, BAFF has also shown elevated sera levels in patients suffering from other
autoimmune diseases, such as SLE, SS, and rheumatoid arthritis, which indicates that BAFF
plays an essential role in the immune system and could be used as a new possible approach for
the treatment of patients suffering from APS-1°-7. Belimumab, an anti-BAFF monoclonal
antibody, neutralize soluble BAFF and has shown to reduce the number of circulating naive B
cells in SLE patients. Treatments with other anti-BAFF antibodies such as blisibimod and
tabalumab are also being investigated for treatment of SLE patients. The difference between
these two and belimumab is that the latter can only bind to soluble BAFF, while the other two
can bind to membrane-bound and soluble BAFF®°, Since the levels of BAFF in APS-1 patients’
sera are elevated such as in SLE, these treatments might be good alternatives to consider for

possible treatment of APS-1 patients as well.

In contrast to BAFF, APRIL has not been researched enough in APS-1 patients. However,
reports from other autoimmune diseases, such as SLE, have shown significant upregulation of
APRIL levels in sera in patients'®. Studies revealed that soluble APRIL, together with BAFF,
can form active BAFF/APRIL heterotrimer complexes that will circulate in sera of patients with
rheumatic diseases. It was also shown that the levels of BAFF/APRIL heterotrimer were
elevated in patients suffering from SLE and systemic immune-based rheumatic diseases®’1%,
which may contribute to the findings of elevated levels of these two ligands in these

autoimmune diseases.

One study that measured APRIL in sera in APS-1 patients, revealed no major deviation in the
levels of APRIL compared to the controls. The study stated that they used 17 APS-1 patients
and matched controls for the ELISA assays. However, by looking at the graph in the study it
seemed as there were only 10 patients that were detected with ELISA, In the present study,
51 APS-1 patients and 40 healthy controls were subjected to ELISA, which revealed a
significant downregulation of APRIL levels in sera in APS-1 patients, and not an upregulation
such as previously showed in other autoimmune diseases. Considering that every autoimmune
disease is different, and that the levels of APRIL have found to be elevated in patients suffering
from other autoimmune diseases, does not automatically mean that the same is expected in
APS-1 patients. This may possibly be a way to separate APS-1 patients from other autoimmune
diseases. The significant difference in APS-1 patients compared to healthy controls indicates
that APRIL may also be used as a possible approach for treatment of APS-1 such as BAFF.

Atacicept, a recombinant fusion protein, has been shown to neutralizes BAFF and APRIL
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activity in patients with SLE and rheumatoid arthritis by binding to them, this includes the
BAFF/APRIL heterotrimers as well®®. This treatment, like the other treatments mentioned
previously, have not been studied in patients suffering from APS-1. Since a significant
difference was found for APRIL in sera, this should also be considered as an alternative for a

possible treatment or diagnosis for APS-1 patients.

Correlation analysis between age and the concentrations of BAFF and APRIL in sera revealed
no clear deviation from either APS-1 patients or healthy controls. A study done on patients with
common variable immunodeficiency (CVID) revealed that there was an inversely correlation
between age and BAFF and APRIL in healthy controls, but not in CVID patients'®. This

observation was not confirmed in our healthy control population.

Levels of both BAFF and APRIL in supernatant from in vitro stimulated B cells showed no
difference between the APS-1 patients and controls. However, it is important to take into
consideration that this was done with APS-1 few patients and controls, and the cells did not
divide and expand as expected. Another aspect to consider when interpreting the results is that
other cell types also produce BAFF and APRIL, such as monocytes, macrophages and dendritic
cells!®11 In contrast to the assays done with sera, these other cell types were not included in
this assay, due to the B cells being isolated before being cultured. This may be an explanation

for BAFF and APRIL showing no difference in the levels in supernatant.

In sera, EBI3, BAFF-R and IL-10 were within the assay limits in some samples, but this was
still insufficient to see any significant differences and also unreliable. Indication of a
downregulation trend of BAFF-R and IL-10 may be argued, but due to the low number of
samples detected, this cannot be determined. A high-sensitivity ELISA kit for IL-10 (IL-10 HS)
was also performed to increase sensitivity. Since sera from APS-1 patients is very valuable due
to APS-1 being a very rare disease, the IL-10 HS ELISA assay was done for the controls to
check if the levels would be detectable. This was not successful as only 8 out of 40 controls
were detected and therefore IL-10 HS ELISA assay was not performed for the APS-1 patients.
The IL10- HS kit was also used for APS-1 patients and controls measuring the IL 10 levels in
the supernatant after cell expansion, but again, no samples were detected, indicating too low

concentrations.
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In supernatant, 1L-10, EBI3 and BAFF-R were all found at too low concentrations to be within
the assay limits, while TACI was only detected in one APS-1 patient and one matched control.
Interestingly, these were the oldest individuals that were analyzed, the APS-1 patient was 62
years old, and the control was 69 years old. There is an age-gap of 13 years to the next oldest
APS-1 patient (49 years). This may indicate that age could play a part in the secretion of TACI.
However, no previous studies have researched if there is in fact an inversely correlation between
age and secretion of TACI in supernatant. Only five APS-1 patients and healthy controls were
included for the assays with supernatant, which may be insufficient to notice a significant
difference. Although there was a clear difference between the one sex- and age-matched APS-
1 patient and healthy control in the TACI assay. One may argue that this difference could have

reached significance if there were more samples subjected to the assay.

Levels of TACI and BCMA in sera were equal between patients and controls. No previous
studies on TACI and BCMA in APS-1 patients has been done, but one study revealed elevated
levels of BCMA in sera in patients with myeloma, which is a blood cancer that develops from
plasma cells in the bone marrow!'?2, BCMA is expressed in various malignant plasma cells,
which would explain the elevated levels of BCMA in myeloma patients investigated in the
study*®3. In supernatant, BCMA was equal between APS-1 patients and controls. Further studies
of both BCMA and TACI in supernatant and sera in patients suffering from APS-1 needs to be

explored, in order to understand the role they play in the disease.

5.2.2 Protein Expression versus Gene Expression

As mentioned previously, the BCMA levels in both sera and supernatant were equal between
patients and controls. However, the gene expression of BCMA was the only factor investigated
that revealed a significant decreased expression in APS-1 patients compared to controls. No
previous studies on gene expression of BCMA in APS-1 patients has been done, but various
studies in myeloma have revealed elevated levels of BCMA expression'®115, The fold-change
in APS-1 patients were lower than healthy controls, which may indicate that the differentiation
into plasma cells could be affected in APS-1 patients. This would also explain the distinct
decrease of memory cells seen in cell culture in APS-1 patients. This is in concordance with
another study that have also observed that APS-1 patients had a reduction of total B cells and

switched memory B cells'e.
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Gene expression of other B cell factors investigated did not show any major deviation between
APS-1 patients and healthy controls. BAFF revealed significantly elevated levels in sera, while
it was slightly decreased in gene expression. APRIL on the other hand, revealed significantly
lower levels in sera and slightly increased in gene expression. RNA levels and protein levels
are not always the same, as all RNA does not always translate into a functional protein. Even
though the gene is expressed, errors during for instance splicing can occur, which will lead to
a non-functional protein, or a protein that has another function than the expected function?’.
This could be the reason for BAFF and APRIL having up- and downregulation in sera,

respectively, while the gene expression revealed the opposite.

5.3 PHENOTYPICAL CHARACTERIZATION OF B CELLS

The number of B cells in blood in general is lower than T cells (B cells account for 5-10% of
all cells among all peripheral blood cells)?*, which makes it all the more important to culture
and expand B cells for downstream experiments. Flow cytometry was done both after B cell
extraction and after seven days in culture, in order to establish the total number of B cells upon
expansion as well as their phenotypic changes during cell culture. Optimalization with controls
were done to establish the method. Here, the cells were cultured for 14 days where the cells
were re-stimulated and counted on day 7. This revealed that the number of live B cells increased
on day 7, however, on day 14 the number of live B cells started to decrease. Therefore, it was
decided to culture the cells for seven days and not 14 days as the protocol recommended. When
the experiments with APS-1 patients and controls started, some problems occurred during the
isolation and expansion of the B cells. Cell death was observed in the B cells cultures from both
APS-1 patients and controls, and they did not seem to expand and divide, especially the B cells
from APS-1 patients. This suggests that the B cells from the controls managed better in culture.
We do not know if this is due to cell intrinsic factors or factors within the cell culture, but equal
conditions were used in the culture of patient and control B cells, as well as equal amount of
cells were plated. Crosslinking of the B cell receptor is important for B cell survival, and
although the medium used contained 1L4, CD40L, and a crosslink antibody, which plays an
essential role in activation, differentiation and proliferation B cells!8, the B cells did not divide
or expand. One explanation might be that the crosslinking was not fully successful and therefore

led to cell death, which has been shown in a study previously**°.
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In general, the controls had more B cells than the APS-1 patients considering the starting cell
number and how many B cells were successfully isolated from PBMC. This is shown
specifically when looking at the sex- and age-matched APS-1 patient and control 5 (C-PBMC5
and P-PBMC5). C-PBMCS started with 12*10% PBMCs and 460.000 B cells were successfully
isolated, whereas P-PBMCS5 started with almost the double the amount of cells (20*108 cells)
but only 135.000 B cells were successfully isolated, which is less than half of the amount that

were successfully isolated from C-PBMCS5.

When comparing the APS-1 patients and controls on day 7 the data must be interpreted with
care as there were few live B cells. There was no major deviation between the two conditions,
but perhaps if the culturing of the B cells were more successful, it would have been a significant
difference between APS-1 patient and control. However, there is a clear trend towards more
IgM cells and DN cells in APS-1 patients compared to controls, while there were less naive
cells in APS-1 patients compared to controls. The percentage of memory cells in both APS-1
patients and controls were close to equal. The flow cytometric analysis showed two clear
populations of DN and naive cells for controls on day 7, while when comparing the controls to
the APS-1 patients, there was only one clear population of DN cells for the APS-1 patients. A
previous study revealed that DN cells is associated with renal impairment in SLE, where the

patients had significantly elevated levels of DN B cells??°,

The differences in the cell population at day 0 and day 7 was only analyzed for the controls, as
most of the APS-1 patients did not have enough live B cells at day 0 for both cell culture and
flow analysis. The comparison of day 0 and day 7 for the controls revealed a distinct trend
toward less IgM cells and memory cells, however it did not reach significance. This is most
likely due to the low number of samples included in this experiment, and one may argue that if

there were more samples included, that there probably would have been a significant difference.

For unknown reasons a majority of B cells died in culture. One might assume that this is due to
the CFSE staining used to determine the cell proliferation of the B cells, as this is slightly toxic
to the cells'?!. The flow cytometric analysis also showed that a few of the B cells divided once,
whereas the majority the B cells did not divide at all. When new medium, interleukins, and
CD19 beads were tested, it still resulted in low number of B cell and increase in cell death
compared to the first optimalization. In the lab where this study was conducted, CFSE has been

used for several different subsets, and some have also experienced the same issues with their
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cells. Another explanation is that the B cells were marked with CD19 beads before being
cultured. These beads are still bound to the B cells in the culture and might cause an interference
so that for instance CD40L cannot bind. However, there are methods to avoid this, such as
either removing the CD19 beads after B cell isolation or untouched B cell kits, where all the

other cells get marked instead of the B cells, which leaves them untouched.

5.4 CONCLUSIONS

In-depth knowledge about different key B cell factors in APS-1 is needed to further elucidate
the role they have in APS-1 and if they could be used as a way to diagnose or treat APS-1
patients. This study focused on investigating how the B cell responded upon activation, as well
as examining the levels of important B cell factors in both sera and cell culture supernatant

from APS-1 patients compared to healthy controls.

To summarize, a significant difference of BAFF and APRIL in sera was found, where APS-1
patients had elevated levels of BAFF and lowered levels of APRIL compared to healthy
controls. These findings indicate that these two could be good candidates for a possible new
way of targeted treatment for APS-1 patients. The gene expression of BCMA revealed a
decreased expression in APS-1 patients compared to controls, which may affect the

differentiation into memory and plasma cells in APS-1 patients.

Activation and expansion of B cell in vitro had some challenges due to undisclosed reasons,
however the CFSE staining of the cells remains as the main hypothesis. Further optimization is
needed to make this a viable approach for future studies of B cells. Flow cytometric analysis
gave insight to the phenotype of the live B cell after culturing. However, this must be interpreted
with caution due to the low number of B cells and the low number of APS-1 patients included
in the analysis. As already emphasized, APS-1 is a very rare disease, which means that

obtaining blood samples, PBMC and sera samples from APS-1 patients is challenging in itself.

5.5 FUTURE PERSPECTIVES

Although a rare disease, APS-1 is a good model disease to study immunological tolerance and
might hold information that will be transferable to other endocrine autoimmune diseases. AIRE
is central in the development of T cells and to gain better knowledge about AIRE and its

functions, it would be beneficial to obtain a crystal structure of the protein. There is however a
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crystal structure of plant homeodomain 1 (PHD1) in AIRE®?, but not the whole gene. This
would be an important aspect to work towards in the future in order to gain a better
understanding of how AIRE works and to gain insight into how the different mutations affect

the function of the protein.

Further optimization is needed for activation and expansion of B cells in vitro in order to get a
more sufficient result. As crosstalk between B and T cells is important for B cell survival*8, a
co-culture system with other immune cells could aid in the proper activation and expansion of
the B cells. To establish why there was so much cell death in the cultures, levels of apoptosis
markers could have been measured using qPCR or by flow cytometry. To avoid expanding the
number of B cells, approaches like single cell analysis have the benefit of reduced sample
volumes, which can be useful and well suited for this type of study, where there are few B cells

and few patients.

Gaining more knowledge about the key B cell factors and the role that they play in APS-1 is
critical for the development of future treatments and overall understanding of autoimmune
diseases. The current study was performed using whole blood, serum or blood cells, and access
to secondary lymphoid tissue or tissue where the autoimmune process is ongoing would likely
give a more correct picture of the autoimmune reaction. This is however difficult to organize
as there are few patients and many of these tissues are not easily available. Prioritizing further
studies on B cells is imperative, as is characterizing of the cells in the different stages of
activation as well as what happens to the B cells when administering drugs to knockdown or

increase different factors.

To this day, diagnosis of APS-1 patients is determined by the presence of two out of the three
hallmark manifestations. The treatment of the patients is challenging as they have many
different manifestations and symptoms, and the treatments strategies have not evolved much
since the 1950s. Research on APS-1 is imperative to obtain better treatment for the APS-1

patients as well as to implement these findings into other more common autoimmune diseases.

53



6. REFERENCES

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

Parkin J, Cohen B. An overview of the immune system. The Lancet. 2001;357(9270):1777-
1789.

Delves PJ, Roitt IM. The Immune System. New England Journal of Medicine. 2000;343(1):37-
49.

Marshall JS, Warrington R, Watson W, Kim HL. An introduction to immunology and
immunopathology. Allergy, asthma, and clinical immunology : official journal of the Canadian
Society of Allergy and Clinical Immunology. 2018;14(Suppl 2):49-49.

Janeway CA Jr TP, Walport M, et al. Immunobiology: The Immune System in Health and
Disease. 5th edition. New York: Garland Science; 2001.

Alberts B JA, Lewis J, et al. Molecular Biology of the Cell. Vol 4th edition. New York: Garland
Science; 2002.

Abul K. Abbas AHL, Shiv Pillai. Basic Immunology: Functions and Disorders of the Immune
System. Vol Sixth Edition. Philadelphia: Elsevier; 2020.

Kumar BV, Connors TJ, Farber DL. Human T Cell Development, Localization, and Function
throughout Life. Immunity. 2018;48(2):202-213.

Kulski JK, Shiina T, Anzai T, Kohara S, Inoko H. Comparative genomic analysis of the MHC:
the evolution of class | duplication blocks, diversity and complexity from shark to man.
Immunological Reviews. 2002;190(1):95-122.

Chaplin DD. Overview of the immune response. The Journal of allergy and clinical
immunology. 2010;125(2 Suppl 2):S3-S23.

Sakaguchi S, Yamaguchi T, Nomura T, Ono M. Regulatory T cells and immune tolerance. Cell.
2008;133(5):775-787.

Griesemer AD, Sorenson EC, Hardy MA. The role of the thymus in tolerance. Transplantation.
2010;90(5):465-474.

Morris GP, Allen PM. How the TCR balances sensitivity and specificity for the recognition of
self and pathogens. Nature Immunology. 2012;13(2):121-128.

Shiku H. Importance of CD4+ Helper T-cells in Antitumor Immunity. International Journal of
Hematology. 2003;77(5):435-438.

Callard RE, Herbert J, Smith SH, Armitage RJ, Costelloe KE. CD40 cross-linking inhibits
specific antibody production by human B cells. International Immunology. 1995;7(11):1809-
1815.

Kooten Cv, Banchereau J. Functions of CD40 on B cells, dendritic cells and other cells. Current
Opinion in Immunology. 1997;9(3):330-337.

Agematsu K. Memory B cells and CD27. Histol Histopathol. 2000;15(2):573-576.

Nagumo H, Agematsu K, Shinozaki K, et al. CD27/CD70 interaction augments IgE secretion
by promoting the differentiation of memory B cells into plasma cells. Journal of immunology
(Baltimore, Md. : 1950). 1999;161:6496-6502.

Elgueta R, Benson MJ, de Vries VC, Wasiuk A, Guo Y, Noelle RJ. Molecular mechanism and
function of CD40/CD40L engagement in the immune system. Immunological reviews.
2009;229(1):152-172.

Blechschmidt K, Schweiger M, Wertz K, et al. The mouse Aire gene: comparative genomic
sequencing, gene organization, and expression. Genome Res. 1999;9(2):158-166.

Zhao B, Chang L, Fu H, Sun G, Yang W. The Role of Autoimmune Regulator (AIRE) in
Peripheral Tolerance. J Immunol Res. 2018;2018:3930750.

Proekt I, Miller CN, Lionakis MS, Anderson MS. Insights into immune tolerance from AIRE
deficiency. Current opinion in immunology. 2017;49:71-78.

Anderson MS, Su MA. Aire and T cell development. Current opinion in immunology.
2011;23(2):198-206.

54



23.
24,

25.

26.

27.
28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41,

42,

43.

44,

45,

Mathis D, Benoist C. Aire. Annual Review of Immunology. 2009;27(1):287-312.

Biotec M. MACS Handbook Blood (Human). 2022; https://www.miltenyibiotec.com/US-
en/resources/macs-handbook/human-cells-and-organs/human-cell-sources/blood-human.html.
Accessed 27.05.22, 2022.

Shahaf G, Zisman-Rozen S, Benhamou D, Melamed D, Mehr R. B Cell Development in the
Bone Marrow Is Regulated by Homeostatic Feedback Exerted by Mature B Cells. Frontiers in
Immunology. 2016;7.

Sanchez-Trincado JL, Gomez-Perosanz M, Reche PA. Fundamentals and Methods for T- and
B-Cell Epitope Prediction. Journal of Immunology Research. 2017;2017:2680160.

Mak TW, Saunders ME. Immunity to Pathogens. The Immune Response. 2006:641-694.

Mak TW, Saunders ME, Jett BD. Chapter 5 - B Cell Development, Activation and Effector
Functions. Primer to the Immune Response (Second Edition). Boston: Academic Cell; 2014.
Doria-Rose NA, Joyce MG. Strategies to guide the antibody affinity maturation process. Current
opinion in virology. 2015;11:137-147.

Keyt BA, Baliga R, Sinclair AM, Carroll SF, Peterson MS. Structure, Function, and Therapeutic
Use of IgM Antibodies. Antibodies (Basel). 2020;9(4).

Petar P, Dubois D, Rabin BS, Shurin MR. Chapter 12 - Immunoglobulin Titers and
Immunoglobulin Subtypes. In: Lotze MT, Thomson AW. Measuring Immunity. London:
Academic Press; 2005.

Thomson CA. 1gG Structure and Function. In: Ratcliffe MJH. Encyclopedia of Immunobiology.
Oxford: Academic Press; 2016.

Sutton BJ, Davies AM, Bax HJ, Karagiannis SN. IgE Antibodies: From Structure to Function
and Clinical Translation. Antibodies. 2019;8(1):19.

Woof JM, Kerr MA. The function of immunoglobulin A in immunity. The Journal of Pathology.
2006;208(2):270-282.

Nobel Lecture: Immunological Tolerance. Elsevier Publishing Company, Nobel Prize Outreach
AB 2022.; 1960. <https://www.nobelprize.org/prizes/medicine/1960/medawar/facts/>.
Accessed 04 May 2022.

Romagnani S. Immunological tolerance and autoimmunity. Intern Emerg Med. 2006;1(3):187-
196.

Brooks JF, Murphy PR, Barber JEM, Wells JW, Steptoe RJ. Peripheral Tolerance Checkpoints
Imposed by Ubiquitous Antigen Expression Limit Antigen-Specific B Cell Responses under
Strongly Immunogenic Conditions. The Journal of Immunology. 2020;205(5):1239-1247.
Walker LSK, Abbas AK. The enemy within: keeping self-reactive T cells at bay in the
periphery. Nature Reviews Immunology. 2002;2(1):11-19.

Zhang P, Lu Q. Genetic and epigenetic influences on the loss of tolerance in autoimmunity.
Cellular & Molecular Immunology. 2018;15(6):575-585.

Delves PJ. Autoimmunity. In: Delves PJ. Encyclopedia of Immunology (Second Edition).
Oxford: Elsevier; 1998.

Fairweather D, Rose NR. Women and autoimmune diseases. Emerging infectious diseases.
2004;10(11):2005-2011.

Britannica TEOE. "autoimmunity". 2018; https://www.britannica.com/science/autoimmunity.
Accessed 14 March 2022.

Ké&mpe O. Introduction: Autoimmune polyendocrine syndrome type 1 (APS-1): a rare
monogenic disorder as a model to improve understanding of tolerance and autoimmunity. J
Intern Med. 2009;265(5):511-513.

Anderson MS, Venanzi ES, Klein L, et al. Projection of an immunological self shadow within
the thymus by the aire protein. Science. 2002;298(5597):1395-1401.

Wu B. Autoimmune Polyglandular Syndrome Type 1. DermNet New Zealand. 2016.

55


https://www.miltenyibiotec.com/US-en/resources/macs-handbook/human-cells-and-organs/human-cell-sources/blood-human.html
https://www.miltenyibiotec.com/US-en/resources/macs-handbook/human-cells-and-organs/human-cell-sources/blood-human.html
https://www.nobelprize.org/prizes/medicine/1960/medawar/facts/
https://www.britannica.com/science/autoimmunity

46.

47,

48.

49,

50.

o1.

52.

53.

54,

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

Oftedal Bergithe E, Hellesen A, Erichsen Martina M, et al. Dominant Mutations in the
Autoimmune Regulator AIRE Are Associated with Common Organ-Specific Autoimmune
Diseases. Immunity. 2015;42(6):1185-1196.

Wolff AS, Erichsen MM, Meager A, et al. Autoimmune polyendocrine syndrome type 1 in
Norway: phenotypic variation, autoantibodies, and novel mutations in the autoimmune regulator
gene. J Clin Endocrinol Metab. 2007;92(2):595-603.

Dominguez M, Crushell E, llmarinen T, et al. Autoimmune polyendocrinopathy-candidiasis-
ectodermal dystrophy (APECED) in the Irish population. J Pediatr Endocrinol Metab.
2006;19(11):1343-1352.

Betterle C, Greggio NA, Volpato M. Autoimmune Polyglandular Syndrome Type 1. The
Journal of Clinical Endocrinology & Metabolism. 1998;83(4):1049-1055.

Husebye ES, Perheentupa J, Rautemaa R, Kdmpe O. Clinical manifestations and management
of patients with autoimmune polyendocrine syndrome type I. J Intern Med. 2009;265(5):514-
529.

Husebye ES, Anderson MS, Kampe O. Autoimmune Polyendocrine Syndromes. N Engl J Med.
2018;378(12):1132-1141.

Wolff ASB, Braun S, Husebye ES, Oftedal BE. B Cells and Autoantibodies in AIRE Deficiency.
Biomedicines. 2021;9(9):1274.

Gavanescu |, Benoist C, Mathis D. B cells are required for Aire-deficient mice to develop multi-
organ autoinflammation: A therapeutic approach for APECED patients. Proceedings of the
National Academy of Sciences. 2008;105(35):13009-13014.

Popler J, Alimohammadi M, Kédmpe O, et al. Autoimmune polyendocrine syndrome type 1:
Utility of KCNRG autoantibodies as a marker of active pulmonary disease and successful
treatment with rituximab. Pediatric Pulmonology. 2012;47(1):84-87.

Schneider P, Tschopp J. BAFF and the regulation of B cell survival. Immunol Lett.
2003;88(1):57-62.

Mackay F, Schneider P, Rennert P, Browning J. BAFF AND APRIL: a tutorial on B cell
survival. Annu Rev Immunol. 2003;21:231-264.

Mackay F, Browning JL. BAFF: a fundamental survival factor for B cells. Nat Rev Immunol.
2002;2(7):465-475.

LeBien TW, Tedder TF. B Ilymphocytes: how they develop and function. Blood.
2008;112(5):1570-1580.

Shin W, Lee HT, Lim H, et al. BAFF-neutralizing interaction of belimumab related to its
therapeutic efficacy for treating systemic lupus erythematosus. Nature Communications.
2018;9(1):1200.

Hartung H-P, Kieseier BC. Atacicept: targeting B cells in multiple sclerosis. Therapeutic
advances in neurological disorders. 2010;3(4):205-216.

Vale AM, Schroeder HW, Jr. Clinical consequences of defects in B-cell development. J Allergy
Clin Immunol. 2010;125(4):778-787.

Wang K, Wei G, Liu D. CD19: a biomarker for B cell development, lymphoma diagnosis and
therapy. Exp Hematol Oncol. 2012;1(1):36.

Fujimoto M, Poe JC, Inacki M, Tedder TF. CD19 regulates B lymphocyte responses to
transmembrane signals. Seminars in Immunology. 1998;10(4):267-277.

Kuijpers TW, Bende RJ, Baars PA, et al. CD20 deficiency in humans results in impaired T cell-
independent antibody responses. The Journal of Clinical Investigation. 2010;120(1):214-222.
Pavlasova G, Mraz M. The regulation and function of CD20: an "enigma" of B-cell biology and
targeted therapy. Haematologica. 2020;105(6):1494-1506.

Mensah FFK, Armstrong CW, Reddy V, et al. CD24 Expression and B Cell Maturation Shows
a Novel Link With Energy Metabolism: Potential Implications for Patients With Myalgic
Encephalomyelitis/Chronic Fatigue Syndrome. Frontiers in Immunology. 2018;9.

56



67.

68.

69.

70.

71.

72.

73.

74,

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Fang X, Zheng P, Tang J, Liu Y. CD24: from A to Z. Cellular & Molecular Immunology.
2010;7(2):100-103.

Sanz I, Wei C, Jenks SA, et al. Challenges and Opportunities for Consistent Classification of
Human B Cell and Plasma Cell Populations. Frontiers in Immunology. 2019;10.

Palanichamy A, Barnard J, Zheng B, et al. Novel human transitional B cell populations revealed
by B cell depletion therapy. Journal of immunology (Baltimore, Md. : 1950).
2009;182(10):5982-5993.

Wu Y-CB, Kipling D, Dunn-Walters DK. The relationship between CD27 negative and positive
B cell populations in human peripheral blood. Frontiers in immunology. 2011;2:81-81.

Pittner BT, Shanafelt TD, Kay NE, Jelinek DF. CD38 expression levels in chronic lymphocytic
leukemia B cells are associated with activation marker expression and differential responses to
interferon stimulation. Leukemia. 2005;19(12):2264-2272.

Ibrahim S, Keating M, Do K-A, et al. CD38 expression as an important prognostic factor in B-
cell chronic lymphocytic leukemia. Blood. 2001;98(1):181-186.

Mehta K, Shahid U, Malavasi F. Human CD38, a cell-surface protein with multiple functions.
Faseb j. 1996;10(12):1408-1417.

Piedra-Quintero ZL, Wilson Z, Nava P, Guerau-de-Arellano M. CD38: An Immunomodulatory
Molecule in Inflammation and Autoimmunity. Frontiers in Immunology. 2020;11.

Geisberger R, Lamers M, Achatz G. The riddle of the dual expression of IgM and IgD.
Immunology. 2006;118(4):429-437.

Gutzeit C, Chen K, Cerutti A. The enigmatic function of IgD: some answers at last. European
journal of immunology. 2018;48(7):1101-1113.

Ubelhart R, Hug E, Bach MP, et al. Responsiveness of B cells is regulated by the hinge region
of IgD. Nature Immunology. 2015;16(5):534-543.

Jelinek JTLaDF. Middleton's Allergy: Principles and Practice. Vol Ninth Edition: Elsevier Inc;
2020.

Cho MJ, Ellebrecht CT, Payne AS. The dual nature of interleukin-10 in pemphigus vulgaris.
Cytokine. 2015;73(2):335-341.

Collison LW, Workman CJ, Kuo TT, et al. The inhibitory cytokine IL-35 contributes to
regulatory T-cell function. Nature. 2007;450(7169):566-569.

Shimozato O, Sato A, Kawamura K, et al. The secreted form of p28 subunit of interleukin (IL)-
27 inhibits biological functions of IL-27 and suppresses anti-allogeneic immune responses.
Immunology. 2009;128(1 Suppl):e816-e825.

Morita Y, Masters EA, Schwarz EM, Muthukrishnan G. Interleukin-27 and Its Diverse Effects
on Bacterial Infections. Frontiers in Immunology. 2021;12.

Sawant DV, Hamilton K, Vignali DAA. Interleukin-35: Expanding Its Job Profile. Journal of
interferon & cytokine research : the official journal of the International Society for Interferon
and Cytokine Research. 2015;35(7):499-512.

Niedbala W, Wei X-q, Cai B, et al. IL-35 is a novel cytokine with therapeutic effects against
collagen-induced arthritis through the expansion of regulatory T cells and suppression of Th17
cells. European Journal of Immunology. 2007;37(11):3021-3029.

Wallweber HJ, Compaan DM, Starovashik MA, Hymowitz SG. The crystal structure of a
proliferation-inducing ligand, APRIL. J Mol Biol. 2004;343(2):283-290.

Szodoray P, Jonsson R. The BAFF/APRIL System in Systemic Autoimmune Diseases with a
Special Emphasis on Sjogren's Syndrome. Scandinavian Journal of Immunology.
2005;62(5):421-428.

Zhang Y, LiJ, Zhang Y-M, Zhang X-M, Tao J. Effect of TACI Signaling on Humoral Immunity
and Autoimmune Diseases. Journal of Immunology Research. 2015;2015:247426.

57



88.

89.

90.

91.

92.

93.

94,

95.

96.

97.

98.

99.

100.

101.

102.

103.
104.

105.

106.

107.

108.

Cachero TG, Schwartz IM, Qian F, et al. Formation of Virus-like Clusters Is an Intrinsic
Property of the Tumor Necrosis Factor Family Member BAFF (B Cell Activating Factor).
Biochemistry. 2006;45(7):2006-2013.

Moore PA, Belvedere O, Orr A, et al. BLyS: member of the tumor necrosis factor family and B
lymphocyte stimulator. Science. 1999;285(5425):260-263.

Hwangpo T, Schroeder HW. 34 - Primary Antibody Deficiencies. In: Rich RR, Fleisher TA,
Shearer WT, Schroeder HW, Frew AJ, Weyand CM. Clinical Immunology (Fifth Edition).
London: Elsevier; 2019.

Day ES, Cachero TG, Qian F, et al. Selectivity of BAFF/BLYS and APRIL for binding to the
TNF family receptors BAFFR/BR3 and BCMA. Biochemistry. 2005;44(6):1919-1931.
Tardivel A, Tinel A, Lens S, et al. The anti-apoptotic factor Bcl-2 can functionally substitute
for the B cell survival but not for the marginal zone B cell differentiation activity of BAFF. Eur
J Immunol. 2004;34(2):509-518.

Rauch M, Tussiwand R, Bosco N, Rolink AG. Crucial role for BAFF-BAFF-R signaling in the
survival and maintenance of mature B cells. PloS one. 2009;4(5):e5456-e5456.
Shulga-Morskaya S, Dobles M, Walsh ME, et al. B Cell-Activating Factor Belonging to the
TNF Family Acts through Separate Receptors to Support B Cell Survival and T Cell-
Independent Antibody Formation. The Journal of Immunology. 2004;173(4):2331-2341.
Laurent SA, Hoffmann FS, Kuhn PH, et al. y-Secretase directly sheds the survival receptor
BCMA from plasma cells. Nat Commun. 2015;6:7333.

Ingold K, Zumsteg A, Tardivel A, etal. Identification of proteoglycans as the APRIL-specific
binding partners. Journal of Experimental Medicine. 2005;201(9):1375-1383.

Bossen C, Cachero TG, Tardivel A, et al. TACI, unlike BAFF-R, is solely activated by
oligomeric BAFF and APRIL to support survival of activated B cells and plasmablasts. Blood.
2008;111(3):1004-1012.

Universitetssykehus. HBH. Registeret for organspesifikke autoimmune sykdommer ROAS.
2019; https://helse-bergen.no/avdelinger/medisinsk-klinikk/seksjon-for-
hormonsjukdommar/roas#rapporter-og-resultater.

Kvalitetsregistre. NSfM. Nasjonalt register for organspesifikke autoimmune sykdommer
(ROAS). 2020; https://www.kvalitetsregistre.no/register/autoimmune-sykdommer/nasjonalt-
register-organspesifikke-autoimmune-sykdommer-roas.

Livak KJ, Schmittgen TD. Analysis of Relative Gene Expression Data Using Real-Time
Quantitative PCR and the 2-AACT Method. Methods. 2001;25(4):402-408.

Schober P, Boer C, Schwarte LA. Correlation Coefficients: Appropriate Use and Interpretation.
Anesth Analg. 2018;126(5):1763-1768.

Hart A. Mann-Whitney test is not just a test of medians: differences in spread can be important.
Bmj. 2001;323(7309):391-393.

Kim TK. T test as a parametric statistic. Korean journal of anesthesiology. 2015;68(6):540-546.
Schober P, Vetter TR. Nonparametric Statistical Methods in Medical Research. Anesthesia and
analgesia. 2020;131(6):1862-1863.

Lindh E, Lind SM, Lindmark E, et al. AIRE regulates T-cell-independent B-cell responses
through BAFF. Proceedings of the National Academy of Sciences of the United States of
America. 2008;105(47):18466-18471.

Koyama T, Tsukamoto H, Miyagi Y, et al. Raised serum APRIL levels in patients with systemic
lupus erythematosus. Annals of the Rheumatic Diseases. 2005;64(7):1065-1067.

Roschke V, Sosnovtseva S, Ward CD, et al. BLyS and APRIL Form Biologically Active
Heterotrimers That Are Expressed in Patients with Systemic Immune-Based Rheumatic
Diseases. The Journal of Immunology. 2002;169(8):4314-4321.

Dillon SR, Harder B, Lewis KB, et al. B-lymphocyte stimulator/a proliferation-inducing ligand
heterotrimers are elevated in the sera of patients with autoimmune disease and are neutralized

58


https://helse-bergen.no/avdelinger/medisinsk-klinikk/seksjon-for-hormonsjukdommar/roas#rapporter-og-resultater
https://helse-bergen.no/avdelinger/medisinsk-klinikk/seksjon-for-hormonsjukdommar/roas#rapporter-og-resultater
https://www.kvalitetsregistre.no/register/autoimmune-sykdommer/nasjonalt-register-organspesifikke-autoimmune-sykdommer-roas
https://www.kvalitetsregistre.no/register/autoimmune-sykdommer/nasjonalt-register-organspesifikke-autoimmune-sykdommer-roas

1009.

110.

111

112.

113.

114.

115.

116.

117.

118.

119.

120.

121.

122.

by atacicept and B-cell maturation antigen-immunoglobulin. Arthritis Research & Therapy.
2010;12(2):R48.

Jin R, Kaneko H, Suzuki H, et al. Age-related changes in BAFF and APRIL profiles and
upregulation of BAFF and APRIL expression in patients with primary antibody deficiency. Int
J Mol Med. 2008;21(2):233-238.

Moreaux J, Legouffe E, Jourdan E, et al. BAFF and APRIL protect myeloma cells from
apoptosis induced by interleukin 6 deprivation and dexamethasone. Blood. 2004;103(8):3148-
3157.

Vincent FB, Saulep-Easton D, Figgett WA, Fairfax KA, Mackay F. The BAFF/APRIL system:
emerging functions beyond B cell biology and autoimmunity. Cytokine & growth factor
reviews. 2013;24(3):203-215.

Maglione PJ, Ko HM, Tokuyama M, et al. Serum B-Cell Maturation Antigen (BCMA) Levels
Differentiate Primary Antibody Deficiencies. The journal of allergy and clinical immunology.
In practice. 2020;8(1):283-291.e281.

Seckinger A, Delgado JA, Moser S, et al. Target Expression, Generation, Preclinical Activity,
and Pharmacokinetics of the BCMA-T Cell Bispecific Antibody EM801 for Multiple Myeloma
Treatment. Cancer Cell. 2017;31(3):396-410.

Bellucci R, Alyea EP, Chiaretti S, et al. Graft-versus-tumor response in patients with multiple
myeloma is associated with antibody response to BCMA, a plasma-cell membrane receptor.
Blood. 2005;105(10):3945-3950.

Carpenter RO, Evbuomwan MO, Pittaluga S, et al. B-cell maturation antigen is a promising
target for adoptive T-cell therapy of multiple myeloma. Clin Cancer Res. 2013;19(8):2048-
2060.

Perri V, Gianchecchi E, Scarpa R, et al. Altered B cell homeostasis and Toll-like receptor 9-
driven response in patients affected by autoimmune polyglandular syndrome Type 1: Altered B
cell phenotype and dysregulation of the B cell function in APECED patients. Immunobiology.
2017;222(2):372-383.

Anna A, Monika G. Splicing mutations in human genetic disorders: examples, detection, and
confirmation. Journal of applied genetics. 2018;59(3):253-268.

Granato A, Hayashi EA, Baptista BJA, Bellio M, Nobrega A. IL-4 Regulates Bim Expression
and Promotes B Cell Maturation in Synergy with BAFF Conferring Resistance to Cell Death at
Negative Selection Checkpoints. The Journal of Immunology. 2014;192(12):5761-5775.
Donjerkovi¢ D, Scott DW. Activation-induced cell death in B lymphocytes. Cell Research.
2000;10(3):179-192.

You X, Zhang R, Shao M, et al. Double Negative B Cell Is Associated With Renal Impairment
in Systemic Lupus Erythematosus and Acts as a Marker for Nephritis Remission. Frontiers in
Medicine. 2020;7.

Last'ovicka J, Budinsky V, Spisek R, Bartinkova J. Assessment of lymphocyte proliferation:
CFSE Kills dividing cells and modulates expression of activation markers. Cell Immunol.
2009;256(1-2):79-85.

Chignola F, Gaetani M, Rebane A, et al. The solution structure of the first PHD finger of
autoimmune regulator in complex with non-modified histone H3 tail reveals the antagonistic
role of H3R2 methylation. Nucleic acids research. 2009;37:2951-2961.

59



7. SUPPLEMENTARY DATA

7.1 VERIFICATION OF AIRE MUTATIONS IN APS-1 PATIENTS

The PCR product was verified on a 2% agarose gel before subjected to Sanger sequencing.

) M 1 2 b M 1 2
a —

\pr -w  500b .
300bp — P —

Figure 7.1 — Verification of the PCR product using agarose gel electrophoresis. The PCR product was analyzed
by electrophoresis in a 2% agarose gel to verify that there in fact was a PCR product before being subjected to
Sanger sequencing. The DNA ladder (M) is indicated by the base pair (bp) size of selected fragments. a) Lane 1
shows an APS-1 patient with mutation in exon 7, while Lane 2 shows exon 7 of a healthy control. b) Lane 1 shows
an APS-1 patient with mutation in exon 6, while Lane 2 shows exon 7 of a healthy control. Image taken with Gel

Doc EZ Imager and analyzed using ImageLab 3.0.

7.2 RNA ISOLATION
RNA isolation was performed using the PAXgene Blood RNA kit from Qiagen by following

the manufacturer’s protocol.

Table 7.1: Isolated RNA from 10 healthy controls, indicating the concentration, 260/280 value, 260/230 value,

sex and age for each control.

Control no.  Sex Age Concentration (ng/ul) 260/280 260/230
C-RNA1 F 29 92.2 2.14 1.83
C-RNA2 M 59 74.7 2.07 1.13
C-RNA3 F 22 118.5 2.10 1.57
C-RNA4 F 46 110 2.14 2.04
C-RNA5 F 25 112.9 2.15 0.76
C-RNAG6 F 31 126.2 2.11 1.77
C-RNA7 F 28 110.9 2.17 1.96
C-RNAS M 46 58.3 2.14 0.71
C-RNA9 M 62 63.5 211 1.25
C-RNA10 M 43 69.0 2.07 1.79
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Table 7.2: Isolated RNA from 11 APS-1 patients. indicating the concentration, 260/280 value, 260/230 value, sex
and age for each APS-1 patient.

Patient no. Sex Age Concentration (ng/ul) 260/280 260/230
P-RNA1 F 52 197.1 2.13 2.05
P-RNA2 F a7 114.1 2.16 2.19
P-RNA3 M 56 114.7 2.14 1.15
P-RNA4 M 46 44.3 2.16 1.76
P-RNA5 F 31 75.8 2.20 2.04
P-RNA6 M 35 120.1 2.12 1.60
P-RNA7 F 63 130.3 2.13 1.31
P-RNAS8 M 60 15.9 2.39 0.23
P-RNA9 M 76 60.1 2.08 1.96
P-RNA10 F 50 242.8 2.14 1.75
P-RNA11 M 36 105.3 2.22 2.14

7.3 CONCENTRATIONS FROM ELISA ANALYSIS WITH SERA

ELISA analysis was performed in order to determine the concentrations in sera in both APS-1

patients and healthy controls.

Table 7.3: Raw data from ELISA shown for BAFF, APRIL, TACI and BCMA using sera from healthy controls,

which was used to create Figure 4.3 in Results.

Concentration

Concentration

Concentration

Concentration

Control no.  (pg/mL) BAFF (pg/mL) APRIL (pg/mL) TACI (pg/mL) BCMA
C-ELISAL 942.54 2529.244 261.639 27.935
C-ELISA2 896.15 1323.731 58.841 20.556
C-ELISA3 914.995 3006.033 170.160 18.516
C-ELISA4 1105.857 1309.744 263.980 33.492
C-ELISA5 1185.246 2274.671 513.891 35.621
C-ELISA6 1064.666 1879.143 115.117 28.434
C-ELISA7 765.612 8399.810 - 160.957
C-ELISAS8 744,932 1565.551 - 176.038
C-ELISA9 855.957 1003.236 511.030 32.221
C-ELISA10  930.719 1676.550 - 19.151
C-ELISA11  778.061 3404.097 244,768 27.689
C-ELISA12  881.256 1340.010 1325.757 35.521
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C-ELISA13
C-ELISA14
C-ELISA15
C-ELISA16
C-ELISA17
C-ELISA18
C-ELISA19
C-ELISA20
C-ELISA21
C-ELISA22
C-ELISA23
C-ELISA24
C-ELISA25
C-ELISA26
C-ELISA27
C-ELISA28
C-ELISA29
C-ELISA30
C-ELISA31
C-ELISA32
C-ELISA33
C-ELISA34
C-ELISA35
C-ELISA36
C-ELISA37
C-ELISA38
C-ELISA39
C-ELISA40

868.403
1194.037
860.824
795.097
787.661
872.733
833.655
904.296
614.287
697.209
772.349
680.621
560.498
905.652
856.291
565.490
697.651
587.267
832.733
771.646
670.604
745.113
558.034
621.993
854.513
694.316
657.416
874.787

2196.466
1402.969
988.855
1044.851
440.550
1737.642
2324.926
3234.409
704.080
2303.893
2037.967
511.690
3543.618
2344.954
9718.402
9649.469
3733.001
2633.245
1084.174
9114.815
1168.679
1451.215
761.801
1199.207
930.803
715.251
370.189
699.251

58.889
143.857
86.441
132.255
67.500
91.506
531.337
1585.587
136.557
247.584
79.533
1343.563
58.388

203.665
92.124

168.074
118.469

691.458

225.267
1628.327

31.633
17.824
27.777
25.394
26.053
29.629
50.561
172.117
33.371
25.755
28.392
29.384
60.539
25.031
179.289
238.870
32.923
27.913
19.934
278.607
27.218
40.635
41.619
48.450
58.932
32.941
63.174
83.236
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Table 7.4: Raw data from ELISA shown for BAFF-R, IL-10 HS, EBI3 and IL-10 using sera from healthy controls,

which was used to create Figure 7.2. Only 20 healthy controls were subjected to the EBI3 and IL-10 analysis.

Concentration

Concentration

Concentration

Concentration

Control no.  (pg/mL) BAFF-R  (pg/mL) IL-10 HS  (pg/mL) EBI3 (pg/mL) IL-10
C-ELISAZ2 - - - 18.490
C-ELISA3 - - - 6.339
C-ELISA4 - - - 11.322
C-ELISA7Y 10854.408 - - 44.621
C-ELISAS8 1611.715 1.213 - 12.775
C-ELISA9 - - - 0.987
C-ELISA11 - 7.204 - 0.239
C-ELISA12 - 1.862 - -
C-ELISA13 - 2.821 - -
C-ELISA1S - - - 49.643
C-ELISAl6 - 2.372 - -
C-ELISA18 - - 495.907 -
C-ELISA19 - - - -
C-ELISA20 - - - 7.535
C-ELISA21 - 82.162 * *
C-ELISA27 - 0.894 * *
C-ELISA28  204.215 - * *
C-ELISA31 - 1777 * *

* Not run due to many samples out of range
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Table 7.5: Raw data from ELISA shown for BAFF, APRIL, TACI and BCMA using sera from APS-1 patients,

which was used to create Figure 4.3 in Results.

Concentration

Concentration

Concentration

Concentration

Patient no. (pg/mL) BAFF (pg/mL) APRIL (pg/mL) TACI (pg/mL) BCMA
P-ELISA1 1288.763 563.071 409.637 **
P-ELISA2 575.984 1513.040 1849.866 67.989
P-ELISA3 825.385 666.117 829.773 54.542
P-ELISA4 959.845 1203.503 26.254 24.876
P-ELISA5 1158.645 1710.888 639.891 40.701
P-ELISAG6 863.328 761.197 266.925 54.982
P-ELISA7 774.137 10315.370 2445.348 79.635
P-ELISAS8 698.262 - *x *x
P-ELISA9 1425.135 515.519 464.976 37.891
P-ELISA10  860.455 900.493 ** 44.102
P-ELISA11 1247.192 1707.534 533.225 33.047
P-ELISA12 1026.138 148.131 410.466 50.174
P-ELISA13 1191.529 388.944 ** 44.768
P-ELISA14 790.365 1512.604 199.576 33.983
P-ELISA15  4240.626 1367.731 - 18.053
P-ELISA16 1632.330 945.997 311.049 33.536
P-ELISA17 1066.761 3469.641 425.561 50.954
P-ELISA18 1185.933 3531.743 11044.979 114.210
P-ELISA19 1188.451 2448.661 2291.546 66.477
P-ELISA20  2315.661 1559.421 502.292 39.164
P-ELISA21 612.710 663.377 262.008 36.611
P-ELISA22  959.548 1275.673 225.730 48.908
P-ELISA23  810.361 1487.696 214.904 32.056
P-ELISA24  999.837 819.622 564.249 64.352
P-ELISA25  876.965 1880.228 210.085 33.195
P-ELISA26  908.442 1540.397 432.020 40.754
P-ELISA27 583.929 1135.349 410.079 40.125
P-ELISA28  678.987 1288.712 236.080 48.604
P-ELISA29  867.518 808.852 234.803 45.699
P-ELISA30  ** 748.923 1106.162 58.863
P-ELISA31 1054.938 1356.475 273.442 33.625
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P-ELISA32
P-ELISA33
P-ELISA34
P-ELISA35
P-ELISA36
P-ELISA37
P-ELISA38
P-ELISA39
P-ELISA40
P-ELISA41
P-ELISA42
P-ELISA43
P-ELISA44
P-ELISA45
P-ELISA46
P-ELISA47
P-ELISA48
P-ELISA49
P-ELISAS0
P-ELISA51
P-ELISAS52
P-ELISAS53
P-ELISA54

1648.607
858.659
615.963
788.032
1621.124
1046.562
766.828
1231.339
854.637
1180.867
678.726
701.795
735.922
747.428
728.842
853.919
575.450
723.769
866.917
584.420
149.899
1198.817
613.159

1247.892
1281.185
749.386
2039.722
812.464
644.234
6144.603
1489.875
521.847
987.649
479.505
590.595
409.613
823.998
1811.136
2458.781
1750.026
1242.026
1527.330
801.173
948.479
569.307
1013.503

114.945
225.471
271.846
63.467
202.865
406.629
14936.614
729.761
172.593
490.161
294.595
567.430
325.118
596.308
1108.033
265.499
402.016
80.813
535.393
1956.138
471.497
420.021
217.723

51.452
58.805
48.762
38.249
53.547
47.029
94.434
50.666
38.062
47.419
70.657
39.765
77.424
67.269
40.378
43.760
39.218
20.365
42.449
139.634
46.733
30.502
52.534

** Not run due to lack of sample
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Table 7.6: Raw data from ELISA shown for BAFF-R, EBI3 and IL-10 using sera from APS-1 patients, which was

used to create Figure 7.2. Only 20 APS-1 patients were subjected to the EBI3 and IL-10 analysis.

Concentration (pg/mL)

Concentration

(pg/mL) Concentration (pg/mL)

Patient no. BAFF-R EBI3 IL-10
P-ELISAL - - 15.252
P-ELISA2 - - 8.423
P-ELISA3 - 112.391 -
P-ELISA4 - - 6.916
P-ELISAS - 310.391 -
P-ELISAG - - 10.394
P-ELISA7 - 44,412 -
P-ELISA8 - 90.806 -
P-ELISA9 - - 1.776
P-ELISA1l - - 15.362
P-ELISA12 - 1263.980 -
P-ELISA13 - - 9.147
P-ELISA14 - - 15.406
P-ELISA15 - - 3.993
P-ELISA16 - 100.591 -
P-ELISA17 - - 2.186
P-ELISA18 278.582 - 13.433
P-ELISA19 - - 8.134
P-ELISA20 46.328 - 6.426
P-ELISA34 46.328 - -
P-ELISA39 42.645 - -

66



EBI3 IL-10 BAFF-R

ns 60 ns 15000 -
~ ) - ——
E 1200- E E
E B S :
=2 £ 404 £ 10000+
c 5 5
S 800+ 8 T 2
@
5 I i IS a
§ § 20 ! § 5000
L 400 c s g
3 ‘ 3 t ’-ﬁ (&)
0 T r 0 ™ - 0 t f
HC APS-1 HC APS-1 HC  APS-1

Figure 7.2 — Concentrations of the different B cell factors in sera from APS-1 patients and healthy controls.
The 96-well plate was coated with capture antibody before adding the samples, subsequently incubated with
detection antibody, and afterwards with substrate solution. The concentrations were acquired using SoftMax Pro
7 software, by measuring the absorbance at 450-490 nm to 570-690 nm, depending on the ELISA kit. Each data
point represents one individual APS-1 patient or healthy control. EBI3 (APS-1=320.4 + 471.4, HC=495.9 £ O, P
value: not determined due to only one HC sample detected), IL-10 (APS-1=8.988 + 4.813, HC=16.88 + 18.10, P
value: 0.146) and BAFF-R (APS-1=100.4 + 118.9, HC=4223 + 5786, P value: 0.200) was shown to be non-
significant, but there was many samples with too low concentrations that were not detected, making this result
insufficient. Error bars show the SD, and the P value was calculated by using the unpaired t test in GraphPad Prism
9.2.0.

7.4 FUNCTIONAL CHARACTERIZATION OF B CELLS

7.4.1 Isolation of PBMC from APS-1 patients and controls
PBMC was isolated from blood that were obtained from healthy controls from the blood bank

at Haukeland University Hospital.

Table 7.7: Isolation of PBMC from nine healthy controls, indicating the sex, age and number of cells isolated.
Only five controls (C-PMBC1 - C-PMBC5) that were sex- and age-matched with APS-1 patients were used for

cell culture.
Control no. Sex Age Number of cells
C-PBMC1 F 69 4.7%10°
C-PBMC2 M 39 2.0*10°
C-PBMC3 M 29 4.9%10°
C-PBMC4 F 24 5.8*10°
C-PBMC5 M 33 2.5*10°
C-PBMC6 M 71 5.7%10°
C-PBMC7 - - 4.0%10°
C-PBMC8 F 18 4.3*10°
C-PBMC9 F 22 4.5%10°

67



7.4.2 Cell Culture Plating
The manufactures protocol showed how many cells should be added to the appropriate culture

plate with the appropriate amount of medium.

Table 7.8: Culture plate sizes suitable for different cell numbers and appropriate amounts of medium to be added

is indicated as well.

Total cell number (high Total cell number (low

density) density) Final medium volume Culture plate
0.5x10° 0.075x10° 0.5mL 48 well
1.0x10° 0.15x10° 1mL 24 well
2.0x106 0.3x10° 2mL 12 well
4.0x10° 0.6x10° 4 mL 6 well

7.4.3 Raw Data from Flow Cytometry
Raw data from flow cytometry for healthy controls (unstained and stained) and APS-1 patients

(stained) from before after culturing.

Table 7.9: Raw data from flow cytometry shown for the five healthy controls on day O (stained), indicating the

percentage of single B cells, live B cells and B cell subsets.

Stained day 0

Control number  Allsingle cells  Live DN IgM only Naive Unswitched
C-PBMC1 94.5 % 253% 129% 12.3% 232% 53.0%
C-PBMC2 90.6 % 150% 32.6% 9.8 % 1.8% 54.3 %
C-PBMC3 92.8 % 4.8 % 66.3 % 5.6 % 105% 16.8%
C-PBMC4 95.4 % 3.3% 31.2% 16.0 % 9.3% 44.4 %
C-PBMC5 94.9 % 3.9% 24.4 % 31.8% 8.0% 36.2%

Table 7.10: Raw data from flow cytometry shown for the one healthy control on day 0 (unstained), indicating the

percentage of single B cells, live B cells and B cell subsets.

Unstained day 0
Control number  Allsingle cells  Live DN IgM only Naive Unswitched

C-PBMC5 93.60 % 417%  75.60 % 19.80 % 0% 0%
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Table 7.11: Raw data from flow cytometry shown for the five healthy controls on day 7 (stained), indicating the

percentage of single B cells, live B cells and B cell subsets.

Stained day 7

Control number  Allsingle cells  Live DN IgM only Naive Unswitched
C-PBMC1 85.2 % 370% 37.2% 0.2% 596% 3.0%
C-PBMC2 91.0 % 3.0% 84.0 % 1.3% 9.2% 1.4 %
C-PBMC3 93.5 % 22 % 53.1% 3.6 % 206% 21%
C-PBMC4 95.7 % 35% 21.2% 0.5% 55% 0.9%
C-PBMC5 92.0% 7.1% 33.9% 1.1% 215% 16%

Table 7.12: Raw data from flow cytometry shown for three of the APS-1 patients on day O (stained), indicating

the percentage of single B cells, live B cells and B cell subsets.

Stained day 0

Patient number  All single cells  Live DN IgM only Naive Unswitched
P-PBMC1 - - - - - -

P-PBMC2 79.5% 193% 85.6% 2.8% 3.7% 7.7 %
P-PBMC3 - - - - - -

P-PBMC4 74.7 % 25.2 % 87.6 % 6.0 % 2.0% 4.8%
P-PBMC5 91.1% 8.8 % 26.2 % 2.1 % 216%  48.6%

Table 7.13: Raw data from flow cytometry shown for the five APS-1 patients on day 7 (stained), indicating the

percentage of single B cells, live B cells and B cell subsets.

Stained day 7

Patient number  All single cells  Live DN IgM only Naive Unswitched
P-PBMC1 83.6 % 126% 855% 2.1% 103% 19%
P-PBMC2 88.5 % 3.9% 91.9 % 3.0% 1.1% 1.9%
P-PBMC3 92.3% 2.5% 83.3% 2.9% 101% 28%
P-PBMC4 91.2 % 6.3 % 82.3% 1.7% 1.0% 0.5%
P-PBMC5 91.5% 1.6 % 73.4 % 2.9 % 8.6 % 1.7%
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7.4.4 ELISA Analysis after Cell Culture
ELISA analysis was performed in order to determine the concentrations in supernatant in both

APS-1 patients and healthy controls.

Table 7.14: Raw data from ELISA shown for BAFF, APRIL, TACI and BCMA using supernatant from healthy
controls, which was used to create Figure 4.10 in Results. The IL-10 HS and EBI3 analysis was also performed,

however every sample had too low concentration, resulting in them not being detected.

Concentration Concentration Concentration Concentration
Control no.  (pg/mL) BAFF (pg/mL) APRIL (pg/mL) TACI (pg/mL) BCMA
C-PBMC1 70.991 12.827 290.888 6.709
C-PBMC2 72.036 12.827 - 6.634
C-PBMC3 81.397 12.352 - 7.513
C-PBMCA4 211.533 14.008 - 10.689
C-PBMC5 65.662 13.949 - 11.000

Table 7.15: Raw data from ELISA shown for BAFF, APRIL, TACI and BCMA using supernatant from APS-1
patients, which was used to create Figure 4.10 in Results. The IL-10 HS and EBI3 analysis was also performed,

however every sample had too low concentration, resulting in them not being detected.

Concentration Concentration Concentration Concentration
Patient no. (pg/mL) BAFF (pg/mL) APRIL (pg/mL) TACI (pg/mL) BCMA
P-PBMC1 80.319 12.479 33.718 11.000
P-PBMC2 73.625 20.067 - 11.000
P-PBMC3 82.551 13.772 - 10.448
P-PBMC4 82.551 10.935 - 5.188
P-PBMC5 78.831 12.438 - 3.985
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Figure 7.3 — Concentrations of TACI in supernatant from the one sex- and age-matched APS-1 patient and
control. The 96-well plate was coated with capture antibody before adding the samples, subsequently incubated
with detection antibody, and afterwards with substrate solution. The concentrations were acquired using SoftMax
Pro 7 software by measuring the absorbance at 450-490 nm to 570-690 nm, depending on the ELISA kit. Statistical
analysis for TACI (APS-1=33.72, HC=290.9) was not done due to only one APS-1 patient and one control being
detected. Figure created in GraphPad Prism 9.2.0.
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