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Summary

Autoimmune polyendocrine syndrome type 1 (APS-1) is a rare genetic disorder characterized
by multi-organ autoimmunity and is caused by mutations in the autoimmune regulator (AIRE)
gene. The impact and symptoms of APS-1 can differ among individuals, with varying degrees
of severity leading to a decreased quality of life and a higher risk of premature death. In this
autoimmune disorder, in addition to autoantibodies targeting specific tissues and organs, there
is growing recognition of the presence of neutralizing autoantibodies against T helper 17
(Th17)-related cytokines including anti-IL-17, anti-1L-22, as well as type I IFNs antibodies that
can possibly modulate Th17 cell differentiation and function. Dysregulation of these cytokines
may contribute to the aberrant Th17 cell responses observed in APS-1 patients. Therefore,
further research is needed to uncover the precise mechanisms involved and to explore potential

therapeutic interventions aimed at restoring immune homeostasis in APS-1 disorder.

The development of Th17 cells, which play a crucial role in mucosal immunity against fungal
infections like chronic mucocutaneous candidiasis (CMC), is initiated by the activation of
innate immune responses triggered by Candida albicans through pattern recognition. The role
of Th17 cells and their cytokines in human host defence against this fungus has been confirmed
by in-depth studies of groups of patients with heightened vulnerability to CMC due to Th17
cell deficiency. This altered plasticity of Th17 cells can contribute to the susceptibility to
chronic candidiasis in these individuals. These investigations have also provided a valuable

understanding of the intricate mechanisms involved in Th17 cell development.

Although studies conducted in mice have greatly advanced our understanding of Th17 biology,
elucidating the molecular mechanisms and signalling pathways utilizing simplified and
controlled in vitro experimental settings could be less challenging and more informative for
human biology. In this project, we aimed to study the effects of APS-1 cytokine autoantibodies
on in vitro cultures of PBMCs and expanded Th17 cells from APS-1 patients and healthy
controls. Functional and phenotypical analyses of cultured T cell subtypes were conducted
using techniques such as flow cytometry, quantitative polymerase chain reaction (QPCR,) and
enzyme-linked immunosorbent assay (ELISA). Although commercial kits were used for g°PCR
and ELISA, the cell culture conditions and parts of the flow cytometry panel needed to be

optimized in the start of this project.

Overall, flow cytometry data indicated very limited changes in Th17 cell behavior in isolated

CD4+ T cell cultures in response to commercial antibodies, which were further confirmed
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through qPCR and ELISA analyses. From flow results of Th17 cultures after addition of
healthy control (HC) HC and APS-1 sera and IgG trends towards reduced Thl17 cell
development was observed when exposed to sera, either from patients or controls. However,

no differences were seen between the patients and controls.

When further examining the effects of heat killed Candida albicans (HKCA) in the presence
or absence of HC and APS-1 sera/lgG on PBMCs derived from healthy individuals, a drop in
the proliferation of Thl7 cells within the CD4+ population due to HKCA addition was
revealed, but with no large effects with the addition of sera/lgG. Similarly, Th17 cells within
the CD4+ population of APS-1 patient PBMCs showed a non-significant effect of sera/lgG
when exposed to HKCA. To ensure the validity and generalizability of these results, future
studies should prioritize the inclusion of a larger cohorts of APS-1 patients, enabling more
robust and reliable conclusions regarding the effects of APS-1 cytokine autoantibodies on Th17

cells in an in vitro setting.



1. Introduction

1.1. The immune system

The immune system is made up of an immense network of cells, tissues, and organs that
cooperate to rid their host organism of potential threats from a variety of infections, tissue
damage, and self-cancerous cells, and its coordinated reaction to infectious agents is known as
an immunological response (Abbas and Lichtman 2009). As the initial line of defence in this
process, the body's epithelial surfaces function as a physical and chemical barrier to avoid
bacteria, viruses, parasites, and other foreign particles from easily entering the body. If
microbes manage to breach the first-line physical defence, they come into contact with the cells
and proteins of the unspecific innate immune branch that responds quickly to a wide variety of
pathogens. The second line of immune defence, referred to as the adaptive immune system,
being slower but capable of targeting specific pathogens, then comes into play (Parkin and
Cohen 2001; Rogatsky and Adelman 2014; Marshall et al. 2018).

1.1.1 The innate immune system

This defence mechanism consists of physical barriers that serve as the interface between an
organism and its environment and in addition, cellular and chemical elements such as white
blood cells, complement proteins, and cytokines, all operate in concert to locate, neutralize, or
kill pathogens. It is not necessary to be exposed to a specific pathogen in order for the innate
system to function; it is capable of quickly and efficiently detecting foreign substances in an
unspecific manner from birth. Defence cells of this rapid response system include
macrophages, dendritic cells (DCs), granulocytes, natural killer (NK) cells, and innate
lymphoid immune cells (ILCs); these are all classified as leukocytes. These immune cells are
produced in the bone marrow and then spread throughout the body via blood and lymph flow.
Macrophages and other innate immune system cells can immediately recognize pathogens
through their pattern recognition receptors (PRRs) on the exterior of the cells. PRRs generally
recognize pathogen-associated molecular patterns (PAMPS) that are specific conserved
molecular motifs only present on microbes. Consequently, PPR engagement with PAMPs
prompts a downstream signalling cascade that results in leukocyte recruitment, further driving
inflammation (Newton and Dixit 2012; Bianchi 2007; Mogensen 2009).
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1.1.2 The adaptive immune system

Unlike the innate immune system, the adaptive immune system requires extensive knowledge
of the pathogenic agents to effectively eradicate a variety of pathogens. This immune branch
is made up of white blood cells known as B and T cells that are originated from the
hematopoietic stem cells in the bone marrow and circulate through the blood and lymphatic
vessels. After an individual's immune system encounters foreign invaders and recognizes them
as non-self (antigens), these adaptive immune cells elicit highly specific and targeted immune
responses against that antigen. This type of response is acquired through antigen binding by
the highly diverse antigen receptors on the respective cells, the B cell receptor (BCR) and the
T cell receptor (TCR), which are specifically constructed and selected to act on their specific
target. Both B and T-lymphocyte commitment originates from multipotent progenitors. B cells
are in charge of making antibodies, which are proteins that can recognize and Kill certain
diseases brought on by a variety of pathogens. Additionally, when B cells come into contact
with an unfamiliar antigen, they can get activated and differentiate into memory B cells, which
then remain in circulation after an infection has been cleared, with the tendency to react quickly
and strongly in the case of re-exposure (Hagman, Ramirez, and Lukin 2012; Bonilla and
Oettgen 2010). T cells, the focus of our study, contrarily, have a more intricate role in the
immune response (detailed in 1.2).

1.2 T cells

One of the key characteristics that set T cells apart from other lymphocytes is their expression
of the TCR. T cells mature in the thymus, a specialized primary lymphoid organ located above
the heart. Based on the expression of distinct effector molecules and signalling co-receptors, T
cells can be categorized as helper/effector, cytotoxic, memory, regulatory, or gamma delta (yd)
T cells (Dong 2021). The cellular response is triggered by the exposure of naive T cells to
antigen-specific ligands and costimulatory molecules presented by antigen-presenting cells
(APCs) like DCs. As a result, T cells proliferate and differentiate into effector cells prepared
to assist in the eradication of pathogens. T lymphocytes are mostly located in lymphoid tissues,
such as the spleen, bone marrow, tonsils, and lymph nodes, and in substantial levels in the
mucosal sites, but can also be found in other organs and tissues throughout the body (Kumar,
Connors, and Farber 2018).
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1.2.1 T cell development and Maturation

During the individual's lifetime, common lymphoid progenitors with T lineage potential,
migrate from the bone marrow to the thymus gland. Two lobes that make up the thymus, have
distinct functions throughout the early stages of thymopoiesis. Each of these lobes separated
into a cortex and a medulla, with the outer layer cortex plays a role in the differentiation of T
cell lineages and the establishment of self- major histocompatibility complex (MHC)-
restriction. MHC molecules, divided into two classes: MHC class | and MHC class 11, play a
crucial role in the immune system by presenting antigens to T cells and triggering the immune
response. The inner layer medulla, on the other hand, is responsible for central tolerance
induction and subsequent thymocyte maturation (overview in Fig 1.1). Thymus development
and function are controlled by a variety of phenotypically and functionally different thymic
epithelial cells (TECs) including cortical TECs (cTECs) and medullary TECs (mTECSs), with
the cTECs located in the outer cortex, while mTECs are located in the inner medulla (Boyd et
al. 1993; Klein et al. 2014; Nitta et al. 2008). A population of double-negative (CD4-CD8-)
(DN) cells are early thymocyte progenitors that migrate and expand towards certain thymus
niches and do not express CD4 or CD8 proteins. These immature thymocytes go through
several rounds of transitions of DN stages after interacting with cTECs that provide
fundamental signals for their survival and development which results in the T-lineage
commitment of immature thymocytes. Cytokines, chemokines, and adhesion molecules are
expressed by TECs and interact with thymocyte progenitors. These signals aid in guiding early
thymocyte progenitors' migration into the mid cortex where the 3-chain locus is rearranged and
paired with the a-chain locus to form and express the pre-T cell surface receptors (pre-TCRs)
and maintain T-lineage specification and proliferation. Subsequently, the rapid rise in cell
proliferation leads the cells to become double-positive (DP)(CD4+CD8+) thymocytes, soon
ready to recognize their antigen and initiate an immunological response (Fig 1.1)(Klein et al.
2014; Koch and Radtke 2011).
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Figure 1.1 T cell development and maturation Primary thymocytes are classified as a double-negative (CD4-
CD8-) (DN) cell. In early thymopoiesis, being guided by Notch1 signalling, thymocytes go through several rounds
of transitions of DN stages. In this process, the B-chain locus is rearranged and paired with the a-chain locus to
form and express the pre-T cell surface receptors (pre-TCRs) and trigger T cell proliferation. The rapid rise in cell
proliferation leads the cells to acquire both CD4 and CD8 expression to become double-positive
(DP)(CD4+CD8+) thymocytes. Notch signalling commits precursors to two distinct T-cell lineages (CD4 or CD8)
and elicits the expression of genes required for the synthesis of the af or yd chains of the T-cell receptor (TCR).
Depending on the pre-TCR rearrangement, af, and y3 T cells are hypothesized to develop from a similar T cell
precursor of late Double negative (DN)2 or DN3 thymocytes. The af3 versus yd lineage diversion is determined
by the TCR signal intensity rather than TCR isotypes. While a weak signal via the pre-TCR leads cells toward the
af T cell lineage, a strong signal directs cells to enter the yd T cell lineage. The figure was modified from
(D'Acquisto and Crompton 2011) and created in Biorender.com.

1.2.2 Positive selection

Following T cell maturation and expression of a TCRaf heterodimer, DP thymocytes that
survive within the thymus migrate deep into the thymic cortex, where they encounter self-
antigens that are complexed with MHC class | and class 11 proteins displayed on the surface of
CTECs. Accordingly, double-positive T cells that fail the expression of TCRaf3 or express
receptors with a negligible affinity for self-antigens do not bind to self-MHC proteins and
become eliminated (death by neglect). T cells that are bound with moderate avidity to the self-
MHC proteins, transmit a survival signal and undergo positive selection that allows them to
survive and mature (Klein et al. 2014). During this process, DP thymocytes that bind to MHC
class Il proteins lose the expression of CD8 cell surface receptors and become CD4+ helper
single-positive cells while double-positive cells selected on MHC class | molecules mature into
CD8+ cytotoxic single-positive cells by downregulating the expression of CD4 cell surface

receptors (Fig 1.2). Thus, the cell-surface phenotype and functional potential of mature
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thymocytes are determined in this step (Duong et al. 2019; Mayerova and Hogquist 2004;
McCaughtry et al. 2012).

1.2.3 Thymic central tolerance (negative selection)

After being positively selected, T cells that are rescued from apoptosis move into the thymic
medulla (Ross et al. 2014; Ehrlich et al. 2009; Witt et al. 2005). In the medulla, the medullary
(m)TECs and thymic DCs together regulate the final stages of T cell maturation including
central tolerance and induction of T regulatory cells (Tregs) (Fig 1.2). T cell tolerance is
achieved to prevent autoimmunity by preserving immunological tolerance to self-antigens and
efficiently removing foreign antigens. This occurs through the presentation of a wide variety
of tissue-restricted self-antigens (TRAS), including those that are frequently expressed in
distant organs, to developing T cells (Klein and Kyewski 2000). The thymic expression of TRA
genes is facilitated by a transcriptional activator known as Autoimmune Regulator (AIRE),
enabling the immune system to recognize and tolerate these antigens as self and lowering the
risk of autoimmune reactions (Mathis and Benoist 2009). The negative selection of self-
reactive T cells is triggered by the interaction of TCRs with self-peptides supplied by MHC
molecules. During this process, high avidity binding of the self-reactive TCR of either CD4 or
CDS8 cells to self-antigens presented directly by MHC"9" mTECs and by cross-presentation of
DCs leads to the transmission of a strong cell death signal. This robust signal transduction leads
to deletion of autoreactive T cells from the repertoire (Fig 1.2)(Aschenbrenner et al. 2007;
Birnberg et al. 2008; Gallegos and Bevan 2004). However, it has been demonstrated that
negative selection may also eradicate T cells with moderately avidity TCRs for self-antigens,
albeit less successfully than T cells with highly avid TCRs. This is due to the induction of
weaker signals generated by moderate interaction of these T cells with TRAs which is
inadequate to trigger apoptosis. Weaker signals also lead thymocytes to either become mature
or differentiate into Treg, a T-cell subset responsible for regulating or suppressing other
autoreactive immune cells due to their moderate affinity towards self-antigens (Goverman
1999; Klein and Kyewski 2000; Mayerova and Hogquist 2004). In consequence, CD4+ and
CD8+ single-positive cells reach their last stage of maturation in the thymic medulla after
surviving both positive and negative selection, ready to leave the thymus and circulate as

antigen- naive mature T cells into the periphery (Xing and Hogquist 2012).
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Figure 1.2. T cell development and central tolerance A) Double positive (DP) thymocytes that have developed
into CD4+CD8+ precursor cells expressing a TCR and the CD4/CD8 co-receptors. B) DP thymocytes in the
thymic cortex, with no affinity for self-MHC die by neglect, while C) the ones that exhibit TCR affinity towards
self-MHC undergo a process where they downregulate either CD4 or CD8, becoming single positive (SP) cells,
migrating to the thymic medulla. Medullary thymic epithelial cells (NTECs) expressing autoimmune regulator
(AIRE) that enables them to express a broad range of self-antigens that are typically restricted to specific tissues,
helps in educating and selecting T cells with self-tolerance. D) low affinity TCR interactions with self-antigens
differentiate into naive CD4+ or CD8+ T cells. E) Intermediate affinity interactions promote the generation of
regulatory T cells (Tregs), while F) high affinity interactions with self-antigens indicate a higher likelihood of
being self-reactive, and they are eliminated through apoptosis to prevent autoimmune responses. G) Some
thymocytes may escape negative selection and enter the peripheral circulation. These cells, if they encounter
cognate antigens in peripheral tissues, may contribute to autoimmune responses. The figure was created in
Biorender.com.

1.2.4 Peripheral tolerance

The tolerance mechanisms of the thymus are not perfect, and some of the self-reactive T cells,
will escape negative selection and emerge into the periphery as naive functional T cells. Some
of these are low-avidity autoreactive T cells and others have high avidity TCRs towards self-
antigens that are not sufficiently expressed in mTECSs. Peripheral mechanisms serve as a safety
net to obtain and keep immune tolerance. The regulation of T cell clonal activation and
establishment of peripheral tolerance depend on both negative and positive costimulatory
signalling as well as TCR signalling. The TCR-DC engagement in the absence of co-
stimulatory signalling induces an unresponsive state in T cells termed anergy (Campbell et al.
2009; Telander and Mueller 1997). This achieves through negative regulation of T cells by

several TCR targeted E3 ubiquitin ligases which lead to suppression of TCR signalling and
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Interleukin-2 (IL-2) synthesis resulting in long-term loss of T cell effector functions (Mueller
2004; Bandyopadhyay et al. 2007). Additionally, anergy can be induced through negative
costimulatory factors such as cytotoxic T lymphocyte antigen-4 (CTLA-4) and the
programmed death-1 (PD-1) protein. CTLA-4 and PD-1 are both inhibitory receptors, which
block further TCR engagement and maintain T cells in an unresponsive state (Nurieva et al.
2006; Sharpe 2005; Tivol et al. 1995). Along with these mechanisms, Tregs also contribute to
peripheral tolerance by controlling immune responses to preserve immune homeostasis and
avert autoimmune disorders. These cells produce immunosuppressive cytokines including IL-
10 and TGF-B in the periphery, which prevents effector T cells and APCs from acquiring
proliferation and activation. Additionally, they engage in direct interactions with other immune
cells through cell surface molecules including CTLA-4 and PD-1 to limit their activation and
expansion (Hutloff et al. 1999; Massey et al. 2002).

1.2.5 T cell activation

In the periphery, when TCRs are engaged with proper costimulation a cascade of signalling
events trigger T cell activation is triggered. This process is required for development of
effective immune responses as it plays a crucial role in stimulating the production of high-
affinity antibodies by B cells and the establishment of cytotoxic T-cell responses. The initial
step of T cell clonal activation begins when a T lymphocyte recognizes its antigen in the form
of short peptides presented by MHC class | or class Il molecules found on the surface of APCs
(Bianchi 2007; Kawai and Akira 2010). The expression of MHC molecules and antigen
presentation is stimulated by inflammatory cytokines produced by activated innate immune
cells. IL-1, tumor necrosis factor-alpha (TNF-a), and interferon-y (IFN-y) are examples of
cytokines responsible for these upregulations and required for full T cell activation. T
lymphocytes that detect MHC class | are CD8 coreceptor expressors and serve as killer cells,
whereas those that recognize MHC class Il express the CD4 coreceptor not CD8 and function
as helper cells. Besides binding to the MHC antigen, a variety of negative and positive
costimulatory signals need to be activated in order for both cytotoxic and helper T cells to
respond efficiently to the threat and for the responses to be properly regulated. The positive
signal is provided by CD28-mediated costimulation. Transmembrane protein CD28, a member
of the immunoglobulin gene superfamily, is expressed constitutively on T cells. This molecule
on the T lymphocytes binds to one of its two ligands CD80 (B7-1) and CD86 (B7-2) on the
APCs such as DCs, monocytes, and activated B cells, which subsequently initiates T-cell

proliferation. This process leads to production of millions of T cells, all capable of the same
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antigen recognition (Sansom 2000; Mosmann et al. 1986; Romagnani 1991). To regulate the
response, T cells begin to express the coinhibitory surface molecule, CTLA-4, a competitor of
CD28. High-affinity CTLA-4/B7 engagement inhibits the interaction between these
costimulatory molecules on antigen-presenting cells and CD28 on T cells. Thus, it reduces the

signals sent to the T cell by the other molecules in the system (Wing et al. 2008).

1.3 CD4+ T helper cells

CD4+ T helper cells are diverse and can carry out various functions. After activation and
differentiation into distinct effector subtypes, the members of this group influence the

functioning of other crucial immune cells such as B cells, macrophages, and CD8+ cytotoxic
T cells through the release of their specific cytokines. They are also in charge of
chemoattraction signals that draw innate or antigen-specific cells to the sites of infection and
inflammation and boost macrophages' ability to kill bacteria. Following antigen recognition,
several variables, also known as non-cytokine factors, affect the lineage-specific fate decision
of a naive CD4 T cell that desires to differentiate into a distinct effector subtype. Some
examples of these include the presence of a certain types of PAMPs, nature of APCs, strength
of TCR stimulation and costimulation, change in cytokine magnitude, and the induction of
certain types of transcription factors. In addition, the nature of signal transducer and activator
of transcription factor (STAT) signalling is taken into account to determine T helper fate. Each
effector subset is also regulated by a distinct lineage specific transcription factor to be identified
as T-bet+ T helper 1 (Th1) cells, GATA+ T helper 2 (Th2) cells, Th17 cells, RORyt+ AhR+ T
helper 22 (Th22) cells, and BCL6+ follicular helper T cells (Tfth) (Fig 1.3 and 1.4) (Bhaumik
and Basu 2017; Zhu and Paul 2010; Basu, Hatton, and Weaver 2013). As this project is mainly
concerned with Th17 cells and the Th17-Th1-Tregs balances, these are the cell types that will

be covered in detail in this thesis.

1.4 Th17 cells

Naive CD4 T cells are transformed into Th17 cells after they encounter APCs that are pulsed
with fungal or extracellular bacterial antigens (Fig 1.3). The potent pro-inflammatory cytokines
IL-1pB, IL-6, IL-21, IL-23, and transforming growth factor B (TGF-p), as well as 1L-12, are
essential for Th17 differentiation (Basu, Hatton, and Weaver 2013; Miossec, Korn, and
Kuchroo 2009; Bettelli and Kuchroo 2005). The activation of the Th17 differentiation program
relies entirely on the presence and function of STATS3, the transcription factor retinoic acid

receptor-related orphan receptor gamma-T (RORyt) and the initial stage of differentiation
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triggered by combination of TGF-p and IL-6 (Veldhoen et al. 2006; Bettelli and Kuchroo 2005;
Mangan et al. 2006). IL-21 produced by Th17 cells themselves are responsible for the self-
amplification step, and IL-23 mediates the stabilization of Th17 cells (Bettelli and Kuchroo
2005). In addition, IL-1p can promote clonal expansion of Thl7 cells (Sutton et al. 2006).
Human Th-17 cells are identified based on the expression of surface markers including CCR6,
CCR4, and IL-23R, as well as the production of the pro-inflammatory cytokines IL-17A, IL-
17F, IL-21, and IL-22 (Rouvier et al. 1993; Durant et al. 2010) (Bettelli and Kuchroo 2005;
Chen et al. 2006; Chang and Dong 2007). Cytokine secretion by activated Th17 cells induce
inflammation by mobilizing, recruiting, and activating neutrophils in a process pivotal for the

host's defence against external pathogens (Zenobia and Hajishengallis 2015).
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Figure 1.3. Differentiation of Th17 cells. Th17 cells are generated from naive CD4+ T cells that are activated in
the presence of TGF-B/IL-6. Downstream of TCR-signalling following the cytokine/receptor interaction, STAT3
becomes activated which then leads to the expression of the Th17 master transcription factor RORyt. Activated
Th17 cells secrete IL-17A, IL-17F, IL-21, IL-22, and IL-26. Th17 cells are important for maintaining homeostasis
and integrity of mucosal tissues and contribute to the immune defence against fungal and bacterial infections.
Nevertheless, they are also responsible for inducing significant tissue inflammation in numerous autoimmune
disorders. The figure was created in Biorender.com.
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1.4.1 1L-17 family of cytokines

The IL-17 family of cytokines is made up of six related proteins (IL-17A-F) (Yao et al. 1995;
Li et al. 2000; Starnes et al. 2002; Lee et al. 2001) and five members of IL-17 receptor (IL-
17R) family (IL-17RA-IL-17RE) (Yao et al. 1995; Shi et al. 2000; Lee et al. 2001,
Haudenschild et al. 2002; Moseley et al. 2003) generated by a number of immune cells,
including Th17 cells, y8 T cells, and ILCs (Jin and Dong 2013) and have a variety of roles in
both immunity and disease processes. These small proteins contribute significantly to
development of inflammatory diseases, autoimmune disorders, and cancer through activation
of IL-17R signalling (Ferretti et al. 2003; Fossiez et al. 1996; Yang et al. 2014; Zhang et al.
2006; Tartour et al. 1999). With the highest sequence homology between IL-17A and IL-17F,
the biological role and regulation of these two cytokines are the best understood of all the
members (Wang et al. 2012). These two cytokines are mostly produced by T cells that belong
to the Th17-effector class (Park et al. 2005; Harrington et al. 2005). The activation of IL-17R-
mediated signal transduction induce several downstream signalling pathways involved in
inflammation, immune cell recruitment, and tissue remodeling. On mucosal surfaces, IL-17
stimulates chemokines to encourage neutrophil recruitment to sites of inflammation or
upregulates antimicrobial proteins to suppress microbial proliferation (Kao et al. 2004; Huang
et al. 2007; Miossec and Kolls 2012). In individuals with APS-1 disorder, the process of
clearing systemic and oropharyngeal candidiasis, which is crucially dependent on IL-17-
mediated neutrophil recruitment, is disturbed (Huang et al. 2004; Conti et al. 2009). Thus, novel
therapeutic approaches that have been created with the objective of raising or neutralizing the
levels of IL-17 have displayed promising therapeutic benefits in clinical settings, specifically

in the management of several inflammatory disorders (Patel et al. 2013).

1.4.2 1L-22 cytokine

The presence of IL-22 coexpression with IL-17 in mice has led to its widespread recognition
asa Thl7 cytokine (Liang et al. 2006). Among the cytokines from the IL-20 subfamily (IL-19,
IL-20, IL-22, IL-24, and IL-26), IL-22 has received the greatest scientific attention due to its
act on a variety of cells, including epithelial cells, fibroblasts, and immune cells, to stimulate
the production of antimicrobial peptides and other immune mediators (Zheng et al. 2007,
Ouyang et al. 2011; Lindahl and Olsson 2021). Other innate and adaptive immune system cells
can also produce this cytokine. For instance, IL-22 is generated independently of IL17

coexpression, defining a distinct subset of Th22 cells (Eyerich et al. 2009). These small proteins
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get released by Th17 cells in response to cytokines, mostly 1L-23 but also IL-6 and IL-1p.
Accordingly, mice lacking IL-23 had drastically reduced levels of IL-22 production. 1L-22
secretion is also regulated by the aryl hydrocarbon receptor (AhR) and Notch pathways (Rutz,
Eidenschenk, and Ouyang 2013).

1.4.3 Th17 differentiation pathway

The STATS3 signalling pathway, activated by IL-6, IL-21, and IL-23 signals, plays a crucial
role in Th17 differentiation (Fig 1.3) (Rouvier et al. 1993; Durant et al. 2010). Following the
cytokine/receptor engagement, STAT3 become activated through Janus kinase-mediated
(JAK) phosphorylation (Lee et al. 2009; Parham et al. 2002; Pflanz et al. 2002). Once
phosphorylated, the STAT3 dimer has the ability to translocate into the nucleus to initiate
transcription of many genes crucial to Th17 differentiation, including IL-17A, IL-17F, IL-21,
IL-23R, and RORc, the gene encoding the master transcription factor RORyt. STAT3
cooperates with RORyt to induce optimal Th17 differentiation. This developmental pathway
can be inhibited by cytokines that activate Th1 cell subset such as type | IFNs, IFN-y and IL-
27 and by the Th2 cytokine IL-4 (Guo, Chang, and Cheng 2008; Pflanz et al. 2002; Deimel et
al. 2021).

1.5 Thl7 plasticity

CD4 T cell subsets are developmentally related and have plasticity towards one another
dependent on the cytokine milieu they are in. Compared to Th1 and Th2 cell lines, which are
considered fairly stable, Th17 cells exhibit a high degree of plasticity. As an example, Treg
cells have overlapping signalling pathway with Th17 as a result of their common requirement
for TGF-pB and IL-6 throughout development. Moreover, studies suggest that IL-12 and 1L-23
induce a conversion from Th17 cells to the Th1 phenotype in the absence or with low amounts
of TGF-B, and to maintain a Th17 phenotype when combined with adequate TGF- quantities
(Fig. 1.4) (Guery and Hugues 2015; Trinchieri, Pflanz, and Kastelein 2003). Currently, the
trans differentiation ability of Th17 cells remains unsolved and appears to occur most frequent
during persistent autoimmune inflammation, and not in acute infection. This points to a

possible therapeutic potential of skewing of these pathways (Hirota et al. 2011).
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Figure 1.4. Th17 cell plasticity. Th17 cells possess the ability to undergo conversion into different lineage subsets
depending on the specific microenvironment they encounter. A) Th17/Th1 plasticity: 1L-23 and IL-12 cytokines
can trigger the differentiation of both Th17 and Th1 cell subsets upon naive CD4+ T cell activation. B) Th17/Treg
plasticity: activated naive CD4+ T cells exposed to TGF-B can lead to either Th17 or Treg cell commitment. C)
Th17/Th22 plasticity: activated naive CD4+ T cells can differentiate towards either Th17 or Th22 cells in the
presence of IL-6. The figure was modified from (Guery and Hugues 2015) and created in Biorender.com.

1.5.1 The Th17-Treg axis

The immune system relies on TGF-, expressed by Treg amongst other cell types for both
survival of naive T cells and maintenance of peripheral tolerance. This cytokine inhibits the
proliferation of self-reactive T cells and induces DCs to retain tolerance. (Korn et al. 2009;
Taylor et al. 2006) According to this TGF-p-dependent reciprocal regulation, there is a partial
overlap in differentiation programs between Th17 and Treg CD4+ T cells. By itself, TGF-$
triggers the anti-inflammatory Tregs, while combined with other cytokines such as IL-6 or IL-
21 in an inflammatory microenvironment, inhibits Treg cell differentiation and induces the
Th17 cell differentiation (Korn et al. 2009). Th17-Treg plasticity was initially observed in
mice, when, in the presence of TGF-B, IL-6 together with IL-1f induced FoxP3+ Treg
conversion to Th17 cells (Xu et al. 2007). It has also been demonstrated that, in the presence
of low concentrations of IL-6, increasing TGF-f concentrations can promote Foxp3 levels
while lowering IL-23R expression, causing the differentiation of Th cells from Th17 to Tregs.
Accordingly, FoxP3 can suppress RORyt and RORa through direct physical binding to these
Th17 lineage-specific transcription factors. Expression of IL-6, IL-21 and IL-23, on the other
hand, relieve Foxp3-mediated inhibition on RORfyt, thereby promoting Th17 cell
differentiation (Zhou et al. 2008). Overexpression of Foxp3 showed no effect on RORyt and
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RORa, while inhibiting Th17 secreted cytokine expression including IL-17, 1L-21 and IL-22,
in a process that is facilitated by an IL-2-mediated mechanism (Yang, Nurieva, et al. 2008;
Moisan et al. 2007). There are indications that, despite the paucity of evidence, this plasticity
may be crucial for immune system regulation, allowing a swift transition from suppression to

active immunity that might be a critical factor for the development of autoimmune diseases.

1.5.2 The Th17-Thl axis

The immune system's response to infection relies heavily on a T-cell subtype referred to as a
Th1 cell line. In cellular immunity, Th1 cells are in charge of activating macrophages, which
are crucial for eradicating intracellular pathogens. In addition, they promote antibody synthesis
by B-cells. The generation of Th1 cells from naive CD4+ T cells requires a complex interaction
of signalling pathways and transcription factors, primarily including IFN-y and I1L-12 signals
as well as the transcription factor T-bet. The signature cytokine of this cell line, IFN-y, is
produced in abundance by fully differentiated Th1 cells in addition to tumor necrosis factor
(TNF), lymphotoxin, and IL-2 that are all aid in antimicrobial defence. IFN-y secretion
activates macrophages and DCs, protects body against intracellular pathogens, such as
Mycobacterium tuberculosis. The IL-12 heterodimer is made up of two subunits, p35 and p40,
that is generated upon Toll-like receptor (TLR) activation of APCs by fungal antigens, but not
bacterial antigens (Hsieh et al. 1993). This cytokine is further involved in the trans
differentiation of Th17 into Thl cell line (Trinchieri, Pflanz, and Kastelein 2003). In mouse
studies, the Thl-associated cytokines IL-12 and IFN-y, suppress differentiation of Th17 cells
suggesting that there is a functional dichotomy existings between Thl and Th17. (Acosta-
Rodriguez et al. 2007) Accordingly, IL-12 combined with another cytokine, 1L-27, promote
the differentiation of Thl committed cells, leading to IFN-y production by inducing the
expression of the Thl-related transcription factors STAT4 and T-bet, while inhibiting the Th17
lineage-specific transcription factor RORyt. (Manetti et al. 1994) IL-12 share proinflammatory
properties with another cytokine ,IL-23, which is produced by DCs and macrophages. The IL-
23 signature cytokine appears to play an important role in enhancing and/or maintaining the
Th17 phenotype. IL-12 and IL-23 are identical in that they both have the p40 subunit, but differ
in the second subunit, as 1L-12 possesses the p35 subunit, but IL-23 is composed of a different
subunit, p19 (Acosta-Rodriguez et al. 2007). The simultaneous induction of I1-12/IL-23
production in DCs by their stimuli will favor Th1 responses despite IL-12 promoting IL-23p19
synthesis by APCs promotes Thl7 differentiation (Vignali and Kuchroo 2012). TGF-8 is

another essential cytokine for Th17 differentiation, and it works best when combined with IL-
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6 to promote the development of the Th17 cell line. The conversion of Th17 cells to Thl cells
can be accelerated by the absolute absence or low concentrations of TGF-B, as in the case of
overexpression of Smad7 (a TGF-f inhibitor). In the absence of TGF-f, IL-23 can promote the
development of IFN-y-producing cells and lead to cease the IL-17F and IL-17A expression
(Rizzo et al. 2014; Annunziato, Cosmi, Santarlasci, Maggi, Liotta, Mazzinghi, Parente, Fili, et
al. 2007). This provides evidence that Th17 plasticity can be inhibited by the presence of TGF-
B. In sum, T cell mechanisms which are properly regulated are essential for a functional
immune response towards microbes, but if homeostasis and tolerance are broken, T cells can
also turn against essential self-molecules ending up in autoimmune disorders (Guéry and
Hugues 2015).

1.6 Autoimmunity

Autoimmune diseases are brought on by the immune system's inability to differentiate between
non-self and self-antigens and hence, start an immunological reaction towards the hosts’ own
tissue. During thymic T cell development in a healthy host, the thymic medulla negatively
selects and eliminates lymphocytes that may be reactive to self-peptides. Significantly, mature
T cells undergo secondary selection (peripheral tolerance) after leaving the thymus, during
which the majority of leaking self-reactive T cells are suppressed or become anergic (Wang,
Wang, and Gershwin 2015). Therefore, a key issue for the underlying abnormalities of
autoimmune disorders is a perception of the loss of self-tolerance in both central and peripheral
mechanisms. It is likely that declines in the proportion of active Tregs or resistance of
autoreactive effector T cells to regulation have an impact in the onset of T cell-dependent
inflammatory autoimmune diseases (Rosenblum, Remedios, and Abbas 2015). An intricate
interplay of genetic, environmental, and immunological variables may be the origin of
autoimmunity (Ermann and Fathman 2001). Evidence for the genetic impact relies on an
increased tendency to develop autoimmune diseases associated to genetic polymorphisms that
mostly lie in the regulatory regions of genes whose products are believed to influence immune
function. For instance, among all the genes linked to autoimmune disorders, those with specific
HLA alleles, encoding the MHC-molecules which present peptides to T cells, had the greatest
and longest-standing correlations (Fernando et al. 2008). Genetic variations in cytokines and
cytokine receptors are also associated with the development and severity of many autoimmune
disorders e.g., IL-23R, which is critical for Th17 differentiation through binding to the cytokine
IL-23. Variants in the gene encoding IL-23R may lead to an increased activation of immune

cells and a pro-inflammatory response, contributing to the development of several autoimmune
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diseases, including psoriasis, inflammatory bowel diseases, systemic lupus erythematosus,
Sjogren syndrome, and type 1 diabetes (Rosenblum, Remedios, and Abbas 2015; Bunte and
Beikler 2019). The finest example of environmental factors as a contributor to autoimmunity
is the possibility for certain antigenic determinants of microorganisms to mimic host epitopes
and hence be able to induce an autoimmune response. Additional to viral or bacterial infections,
there are other environmental agents such as psychological stress, hormonal imbalance, certain
dietary factors, exposure to ultraviolet radiation from the sun, and smoking that are associated
with the development of autoimmune diseases (Wang, Wang, and Gershwin 2015). Besides
this, disrupting certain immunoregulatory pathways in the context of immunological regulation
can result in the emergence of disorders with autoimmunity characteristics (Ermann and
Fathman 2001). Recently, the well-known adverse effect of immune checkpoint inhibitor
therapy in cancer, causing autoimmune disorders, is an example of this (Paschou et al. 2021).

Autoimmune disorders are categorized into organ-specific and systemic categories depending
on whether the autoantigen is primarily associated with a particular tissue or is present in
multiple organs throughout the body (Wang, Wang, and Gershwin 2015). Rheumatoid arthritis
(RA), systemic lupus erythematosus (SLE), and systemic sclerosis are examples of frequent
systemic autoimmunity illnesses (Shi et al. 2013). Type | diabetes, autoimmune thyroid
disease, autoimmune adrenocortical failure (Addison’s disease) and autoimmune
polyendocrine syndromes are examples of organ specific disorders (Lesage and Goodnow
2001).

1.7 Autoimmune Polyendocrine Syndrome type 1 (APS-1)

The APS-1 syndrome is a monogenic organ specific autoimmune disorder which can be used
as model for failure of central immunological tolerance and what happens on the subcellular

level when tolerance becomes unregulated.

1.7.1 Clinical signs

In the wake of the discovery of the link between chronic candidiasis and hypoparathyroidism,
which was then confirmed in a child with chronic mucocutaneous candidiasis (CMC),
hypoparathyroidism, and adrenal insufficiency in 1929 (THORPE and HANDLEY 1929),
three forms of autoimmune polyendocrine syndromes were described, each with a unique
relationship between the clinical manifestations in 1980 (Neufeld, Maclaren, and Blizzard

1980). APS-1 or Autoimmune Polyendocrinopathy-Candidiasis-Ectodermal Dystrophy
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(APECED) is a rare monogenic inherited disease (OMIM#, 240300) that cause autoimmune
destruction of certain organs (Lesage and Goodnow 2001). One in every two to three million
infants are born with this multi-organ autoimmune disorder, however it is more prevalent in
Iranian Jews (1/9,000), Sardinians (1/14,000), and Finns (1/25,000), and less so in Norwegians
(1/80,000) and Poles (1/129,000). Furthermore, spanning from 0.2 to 18 years, the age of the
initial manifestation varies greatly (Bello and Garla 2023; Zhan and Cao 2021). Despite the
fact that the clinical features of APS-1 are quite diverse (Fig 1.5), the clinical diagnosis of APS-
1 has relied on the emergence of at least two of the classical triad components, including CMC,
hypoparathyroidism, and primary adrenal insufficiency (Addison's disease), or the appearance
of only one component if a sibling has already been diagnosed (Husebye, Anderson, and
Ké&mpe 2018). These clinical characteristics mainly belong to one of two categories: "classical”
or "non-classical,” as determined by the range of phenotypes linked to AIRE mutations. APS-
1 is often autosomal recessive (classical APS-1) with high titer IFN antibodies although
heterozygous dominant-negative variations with less IFN antibodies and relatively late-onset
age (non-classical APS-1) have also been noted (Guo et al. 2018; Oftedal et al. 2015; Abbott
et al. 2018).
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Figure 1.5. Hlustration of the typical clinical symptoms of individuals with APS-1. Patients with APS-1
exhibit a diverse range of clinical manifestations characterized by autoimmune dysfunction in multiple organs.
These organ-specific autoimmune symptoms vary in frequency and with differences in the age of symptom onset
The figure was modified form (Capalbo et al. 2012) and created in Biorender.com.

1.7.2 AIRE

AIRE was determined to be the responsible gene when a genetic connection between APS-1
and variants located on chromosome 21g22.3 was discovered in 1994 (Aaltonen et al. 1994).
Wild-type (WT) Autoimmune regulator (AIRE) protein with a full-length of 545 amino acids,
is expressed mostly in mTECs by the unmutated 14 exons AIRE gene (Bjorses et al. 1999). The
WT AIRE contains the homogenously staining region (HSR) domain also known as caspase
recruitment domain (CARD) present at the N terminus, which are thought to be important in
dimerization and/or caspase recruitment. Other motifs and domains include a nuclear
localization signal (NLS) essential for the nuclear localization, a central SAND (Sp100, AIRE-
1, NucP41/75, DEAF-1) domain that is considered to be involved in DNA binding, two plant
homeodomains (PHDs) mediate histone binding and transcriptional activation, a proline rich
region (PRR) interact with a number of proteins involved in transcriptional regulation, and four
interspersed LXXLL motifs that are present in nuclear receptor co-activators and are crucial
for controlling the expression of other genes outside of the thymus (Fig 1.6) (Ilmarinen et al.
2006; Sparks et al. 2016). Despite the 14 exon AIRE gene's ability to encode the WT AIRE
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protein, it has been discovered that both in humans and other species, alternative splicing of
the AIRE pre-mRNA results in transcripts with various exon configurations, each with different
functional domains and varied lengths. (Ruan et al. 1999). The Human Gene Mutation
Database (HGMD) lists more than 180 distinct rare disease-causing AIRE mutations, including
missense, nonsense, frameshift, splice-site, and gross deletions (Stenson et al. 2017). The first
dominant mutation linked to the dominant form of APECED in both humans and mice was the
SAND domain mutation ¢.682T>G (p.G228W) which then was shown to be associated with
the high risk for hypothyroid autoimmune thyroiditis in the patients (Cetani et al. 2001; Su et
al. 2008). Some of other mutations have been identified as commonly affecting APS-1 patients,
including the nonsense mutation ¢.769C>T (p.Arg257Ter), which causes an early stop codon
and is found in the SAND domain in Finnish, Central European, and Eastern European
populations (Nagamine et al. 1997; Cihakova et al. 2001). The ¢.967_979del (p.Leu323fs)
mutation is the most prevalent frameshift mutation in British, North American, Irish, and
Norwegian patients (Pearce et al. 1998; Heino et al. 1999; Dominguez et al. 2006; Wolff et al.
2007). In addition, the missense mutation ¢.254A>G (p.Tyr85Cys) is common among Persian
Jews (Bjorses et al. 2000), and the c.415C>T (p.Argl39Ter) mutation predominates in

Sardinian families (Rosatelli et al. 1998).

<« Y85C

+«—— R139X
«— (G228W
«— R257X
«— del13bp

CARD/HSR NLS SAND PHD1 PRR PHD2 545

Figure 1.6. Functional domains and most common mutations of the AIRE gene. The AIRE protein structure
is represented by boxes of different colors, each corresponding to a specific domain, and the names of these
domains are indicated below the protein structure. The most frequently observed mutations in APS-1 patients are
indicated by arrows positioned above the protein structure. The domains of the AIRE protein include: HSR
(homogenous staining region), CARD (caspase-recruitment domain), NLS (nuclear localization signal), SAND
(Sp100, AIRE-1, NucP41/75, and DEAF-1), PHD (plant homeodomain), and PRR (proline-rich region). The
numbers represent the amino acid positions of the protein. The figure was adopted from (Bruserud, Oftedal, Wolff,
et al. 2016) and created in Biorender.com.

1.7.3 Pathogenesis of APS-1

As stated in 1.3.3, AIRE has been found to facilitate the ectopic gene expression of a variety of
TRAs, while also regulating the expression of non-TRA genes, inside mTECs and lead to
negative selection of self-reactive T cells (Su et al. 2008; Kyewski and Klein 2006;
Radhakrishnan et al. 2016). Mutations in AIRE gene cause a defect in the thymus's ability to
properly eliminate autoreactive T cells, which results in the onset of APS-1 illness. Following
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this, self-reactive CD4+ T cells egress from the thymus into the periphery (Fig 1.7), suffices to
trigger autoimmune tissue infiltration, destruction, and production of autoantibodies (Niki et
al. 2006; Anderson et al. 2002) (Ramsey et al. 2002). In the final stage of development, mTECs
become mature into Hassall’s corpuscles, which are crucial for maintaining immunological
homeostasis and preventing autoimmunity by aiding in differentiation and the positive
selection of Tregs with a high affinity for self-antigens (Wada et al. 2011). In the absence of
AIRE, the morphology and distribution of mTECs are aberrant, and the medulla lacks Hassall’s
corpuscles (Metzger et al. 2013), implying AIRE's significance in mTEC maturation. Likewise,
AIRE-dependent self-antigens trigger antigen-specific Tregs by polyclonally forming their
TCR repertoire in order to positively select Tregs with high affinity TCRs for self-antigens
(Perry et al. 2014). Notably, AIRE-deficient mouse models exhibit autoimmune reactions to
self-antigens that are not controlled by AIRE, indicating the existence of additional AIRE-

independent factors mediating tolerance (Anderson et al. 2002; Niki et al. 2006).
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Figure 1.7. AIRE deficiency mechanism. AIRE, a protein expressed in a specific subset of medullary thymic
epithelial cells (nTECs), plays a crucial role in the expression and presentation of self-antigens derived from
peripheral tissues (TSAS). A) This process is important for the deletion of self-reactive T cells with high affinity
for TSAs through apoptosis or their differentiation into regulatory T cells (Tregs). B) In individuals with AIRE
deficiency, the expression and presentation of TSAs on mTECs are impaired. As a result, self-reactive T cells
escape negative selection in the thymus and enter the periphery. These T cells can then infiltrate various tissues,
leading to the autoimmune manifestations observed in APS-1 patients. The figure was created in Biorender.com.
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1.7.4 Immunological defects (Autoantibodies (autoAB))

Autoimmunity generated by antibodies (ABs) against self-antigens in APS-1, along with other
manifestations, can be utilized as a diagnostic tool to track illness development and response
to therapy. These autoantibodies (autoABs) can be categorized into organ-specific, non-organ-
specific, and cytokine ABs (Perniola et al. 2000; Constantine and Lionakis 2019; Wolff et al.
2013). The emphasis of this study is on neutralizing cytokine ABs in APS-1 patients including
high-titre autoAbs to type 1 IFNs, and Th17 cell-associated cytokines such as 1L-22, and IL-
17 A/F. Type | IFNs are essential components of the innate immune response to viral infections.
AutoABs that neutralize these cytokines can suppress the antiviral response and put individuals
at risk for recurrent infectious diseases. More than 95% of APECED patients have neutralizing
autoABs against type-l1 IFNs, the majority of which target IFN-o and IFN-o subtypes.
Conversely, IFN-B-specific autoABs are only found in ~20% of patients, and autoABs against
IFN-¢ are rarely observed (Meager et al. 2006; Meloni et al. 2008; Bastard, Orlova, et al.
2021). Early recognition of IFN-» autoABs in children with suspected APECED has great
diagnostic value since these cytokine-directed autoABs can be detected with high sensitivity
and are highly specific for the condition before the onset of clinical signs (Meager et al. 2006;
Meloni et al. 2008). Regardless of having autoABs against type-1 IFNs, individuals with
APECED do not show severe viral infections that is reported in patients with congenital
complete deficiencies of two subunits of the type | IFN receptor, IFNAR1 and IFNAR2
(Bastard, Manry, et al. 2021; Hernandez et al. 2019). Clinical evidence points to the possibility
that residual type-1 IFNs still act as compensating mediators, or other type-1 IFN-independent
immune defences may be effective in preventing infection-causing viruses in these patients
(Wu et al. 2020; Yum et al. 2021). Moreover, neutralizing autoABs against IL-22 are present
in ~70-90% of APECED patients, while these ABs are less frequently seen for IL-17F and IL-
17A and absent for IL-17B and IL-17C (Ferre et al. 2016; Orlova et al. 2017; Kisand et al.
2010; Puel et al. 2010; Ahlgren et al. 2011; Bruserud, Oftedal, Landegren, et al. 2016). The
cytokines IL-17 and IL-22 function on epithelial cells by promoting the synthesis of
chemokines and antimicrobial peptides, which assist in the developing resistance to fungi,
outlined in 1.5.1 and 1.5.2 (Littman and Rudensky 2010). This thus supports the possibility
that IL-22 and anti-IL-17 A/F neutralizing autoABs could facilitate the emergence of chronic
candidiasis in APS-1 patients (Kisand et al. 2010; Puel et al. 2010).
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1.7.5 Chronic Mucocutaneous Candidiasis (CMC)

Chronic Mucocutaneous Candidiasis (CMC) is a rare, inheritable disease that impairs the
immune system's ability to resist fungal infections driven by the Candida species. Despite the
fact that approximately 20 distinct Candida species are responsible for causing candidiasis, but
C. albicans still accounts for the bulk of cases (Puel 2020). CMC is one of the initial and most
prevalent clinical signs found in APS-1 individuals. Within the first year of life, CMC affects
24 to 52% of APS-1 patients, and as people age, it becomes more frequent, impacting more
than 80% of these patients (Puel et al. 2010; Ferre et al. 2016; Bruserud, Oftedal, Landegren,
et al. 2016; Constantine and Lionakis 2019). CMC often manifests as oral, esophageal, genital
mucosae, skin, nails, and/or scalp infections and it can vary as a mild, recurrent infection or
cause persistent hypertrophic or atrophic lesions (Constantine and Lionakis 2019; Bruserud,
Oftedal, Landegren, et al. 2016). As recently revealed by the genetic analysis of CMC, IL-17-
mediated immunity has a crucial role in the prevention of mucocutaneous candidiasis. A
potential involvement for IL-17A/F in mucocutaneous defence against Candida has been
proposed by studies of the molecular and cellular basis of syndromic CMC in individuals with
various types of deficiencies who all had low levels of circulating IL-17A/F-producing T cells
(Ferre et al. 2016; Orlova et al. 2017; Puel et al. 2010; Kisand et al. 2010; Bruserud, Oftedal,
Landegren, et al. 2016). These patients subsequently had a higher propensity for developing
recurrent Candida infections of their mucous membranes, skin, and nails. Additionally, a
limited percentage of APS-1 patients have been confirmed to inherit the genetic defect STAT1
gain-of-function (GOF), which enhances the cellular response to IFN-y and is currently the
most common genetic cause of syndromic CMC. The formation and maintenance of Th17 cells
are dependent on STAT3-dependent cytokines such IL-6, IL-21, and IL-23. Th17 cells lack in
individuals with STAT1 GOF mutations, which may be due to elevated STAT1 signalling
downstream from these cytokines, enhanced STAT1 signalling downstream from type | and 11
IFNs, which is known to hinder the development of Th17 cells via STAT1, or a combination
of these two mechanisms. Therefore, the increased STAT1 signalling in these patients may
further restrict the growth of Th17 cells, adding to the observed decline in Th17 cell proportion
(Liu et al. 2011; van de Veerdonk et al. 2011; Toubiana et al. 2016; Puel 2020).
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The extensive research conducted on the functionality and pathogenesis of Th17 cells in APS-
1 patients has played a crucial role in advancing our knowledge of this autoimmune disease.
The valuable insights gained from these studies have sparked a profound curiosity, driving
further research efforts to uncover additional findings related to the pathogenesis of the Th17
cell subset in APS-1. By delving deeper into the characteristics and functionality of Th17 cells,
our aim is to unravel the intricate mechanisms underlying this autoimmune disorder, which
may hold the potential to improve the diagnosis, management, and treatment strategies for
individuals affected by this condition.

2. Aims

We hypothesized that cytokine autoABs (anti-IL-22, anti-IFNa, and anti-IFN) present in high
levels in APS-1 patients’ sera have the potential to affect Th17 cell differentiation and function.
We therefor aimed to investigate the effect of addition of cytokine ABs to in vitro T cell culture

Thi17-polarized T cell culture conditions from APS-I patients compared to healthy controls.
Specific aims:

1. Test the ability of naive CD4+ T cells from healthy controls to differentiate to Th17 cells in

conditions with:

a. Commercial type 1 anti-IFN and anti-1L-22 ABs
b. Sera or purified 1gG from APS-1 patients with high levels of these APS-1 hallmark
cytokine autoABs.

2. Evaluate how polarised Th17 cells from APS-I PBMCs respond to addition of heat killed C.
albicans (HKCA) with or without added serum or IgG from APS-1 patients or healthy controls.
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3. Materials

3.1 Reagents, antibodies, and primers

Reagent name Producer Cat. Number
2x PowerTrack SYBR Green Master Mix Thermo Fischer A46109
Commercial antibodies

Anti-Hu/Mo 1L-22, clone: 1L22JOP Invitrogen 16-7222-82
Anti-Human IFN-omega Invitrogen BMS1021
Anti-IFN-alpha Invitrogen M710
Cytokines (Th17-polirizing cytokines)

Human IL-1p Miltenyi Biotec 130-093-895
Human IL-6 Miltenyi Biotec 130-095-352
Human IL-23 Miltenyi Biotec 130-095-757
Human TGF-p1 Miltenyi Biotec 130-095-067
Cytokine antibodies

For PBMC and T cell cultures

IFNy antibody, clone: 45-15 Miltenyi Biotec 130-095-743
IL-4 antibody, clone: 7A3-3 Miltenyi Biotec 130-095-743
DEPC Treated Water Ambio (Invitrogen) | AM9915G
Dimethyl Sulfoxide (DMSO) Sigma Aldrich D2650
Dulbecco’s phosphate buffered saline (PBS) Sigma Aldrich D8537
Ficoll-Paque PLUS Cytiva 17-1440-03
Flow antibodies

For PBMC and T cell panel

Anti-CD3, Brilliant Violet510, clone UCHT1 Biolegend 300448
Anti-CD4, Alexa Fluor700, clone: RPA-T4 BD Biosciences 557922
Anti-ROR gamma(t), APC, clone: AFKJS-9 Invitrogen 17-6988-82
Anti-FoxP3, PE-CF594, clone: 236 A/E7 BD Biosciences 563955
Anti-Gata3, eFluor450, clone: TWAJ Invitrogen 48-9966-42
Anti-T-bet, Alexa Fluor488, clone: eBio4B10 (4B10) Invitrogen 53-5825-82
Anti-CD183 (CXCR3), PE, clone: G025H7 Biolegend 353706
Anti-CD194 (CCR4), PerCP-efluor 710, clone: D8SEE | Invitrogen 46-1949-42
Anti-CD196 (CCR6), PE-Cyanine7, clone: R6H1 Invitrogen 25-1969-42
Anti-Eomes, APC eFlluor780, clone: WD1928 Invitrogen 47-4877-42
HKCA (Heat killed Candida albicans) Invivogen TIrl-hkca
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Isotype controls

Mouse 1gG1 kappa Isotype control (CCR4), PerCP- Invitrogen 46-4714-80
efluor 710, clone: P3.6.2.8.1
Mouse 1gG1 kappa Isotype control (CCR6), PE- Invitrogen 25-4714-80
Cyanine7, clone: P3.6.2.8.1
Mouse 19gG1 kappa Isotype control (CXCR3), PE, clone: | Biolegend 981804
MOPC-21
Rat IgG2a kappa Isotype control (RORyt), APC, clone: Invitrogen 17-4321-81
eBR2a
Mouse 1gG1 kappa Isotype control (FoxP3), PE-CF594, | Biolegend 562292
clone: X40
Rat 1gG2b kappa Isotype control (GATAZ3), eFluor450, | Invitrogen 48-4031-82
clone: eB149/10H5
Mouse 1gG1 kappa Isotype control (T-bet), Alexa Invitrogen 53-4714-80
Fluor488, clone: P3.6.2.8.1
Lipopolysaccharide (LPS) Thermo Fischer 00-4976-93
PBS Tablets Merck 524650-1EA
Primers for T cell panel (primer sequences in appendix
1)

Merck
Gene target Eurogentec
p-actin Eurogentec
CCR4 Merck
CXCR3 Merck
EF-1 Eurogentec
Eomes Eurogentec
FoxP3 Merck
GATA3 Merck
RORyt
T-bet
Rinsing buffer: Miltenyi Biotec 130-091-376
MACS BSA Stock Solution
Superscript™ 1V VILO™ Master mix with ezDNase Invitrogen (Thermo | 11766050

Fischer Scientific)
TexMACS medium Miltenyi Biotec 130-097-196
Trypan blue solution 0,4% CORNING 25-900-ClI
UltraComp eBeads Compensation beads Invitrogen 01-2222-42
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3.2 Consumables, equipment, and kits

Product name Producer Cat. Number
384 PCR-plate vollrand starstedt 72-1984-202
C-Chip disposable hemocytometer Burker B NanoEntek 2B18250
Coolcell freezing container Corning 432001
Cryotubes 1,2 mL VWR 479-1254
Disposable Glass Pasteur pipettes 150mm VWR 612-1701
eBioscience FOXP transcription factor | Invitrogen 00-5521-00
Fixation/Permeabilization Kit
Eppendorf tubes
Safe-lock Tube 1,5 mL Eppendorf 0030-120-086
Falcon serological pipettes Corning
-10 mL 357551
-25mL P8250
Falcon tube
-15mL VWR 525-1068
-50 mL Sarstedt 62-547-254
Human IL-17 ELISA Kit R&D Systems P304050
LIVE/DEAD Fixable Yellow Dead Cell Stain Kit | Invitrogen L34959
LS column Miltenyi Biotec 130-042-401
MiniMACS separator Miltenyi Biotec 130-042-102
MicroAmp Optical 96-Well reaction plate Applied N8010560
Biosystems (by
Thermo Fischer
Scientific)
Microtube 2 mL Sarstedt 72.694.006
Naive CD4+ T cell isolation kit 11 Miltenyi Biotec 130-094-131
Pipetboy acu 2 controller Integra Integra Biosciences
QIlAshredder (250) Qiagen 79656
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QuadroMACS separator Miltenyi Biotec 130-098-308
Rneasy mini kit (250) Qiagen 74106
Scepter Sensors 40 uM Millipore PHCC40050
Twin.tec PCR plate 384 Eppendorf F166876J
Vacuette Lithium Heparin tubes 9 mL Greiner bio-one 455084

3.3 Instruments

Instrument name

Producer

BD LSR Fortessa

BD Biosciences

Centrifuge 5810

Eppendorf AG

CO2 incubator

Sanyo

GeneAmp PCR system 9700

Thermo Fisher

Multifuge 3SR+ Centrifuge

Thermo Scientific

Nanodrop ND-1000 Spectrophotometer

BD

Olympus CKX53 microscope

Olympus

Sceptre handheld automated cell counter

Merck (Millipore)

Vacusafe inspiration system

Integra Biosciences

Vortex 1 SO00

Ika

Quant Studio 5 Real-Time PCR Intrument (384- Well
Block)

Thermo Fischer Scientific
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3.4 Software

Software name

Developer

BD FACS Diva BD Biosciences
Microsoft Excel v.2208 Microsoft

Flow Jo 10.8.1 FlowJo LLC
GraphPad Prism 9.5.1 GraphPad

QuantStudio Design & Analysis Softwarel.6.0

Thermo Fischer

Softmax Pro Software

Molecular Devices

Thermo Fisher connect

Thermo Fisher Scientific
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3. Methods

3.1. Experimental pipeline
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Figure 3.1. The experimental pipeline consists of a number of key methods (highlighted in black) that make
use of particular biological materials (highlighted in purple). A) Isolation of PBMCs, B) Isolation and cell
culture of CD4+T cells with Th17-polarizing cytokines and human T-activator CD3/CD28 beads, C) Culturing
PBMCs with Th17-polarizing cytokines with heat killed Candida albicans. Following with endpoint assays
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examining the survival, phenotype, and functionality of T cell subsets after culture using D) Flow cytometry, E)
gPCR F) ELISA. The figure is created in Biorender.com.

In this project, we opted for two approaches to evaluate how Th17-cell differentiation and
function may be impacted by cytokine autoABs in APS-1 patients. To start, we utilized in vitro
cultures of CD4+ T cells isolated from whole blood of healthy control subjects (Fig 3.1A/B/C),
including ten controls (without any criteria), added Thl17-differentiating cytokines and then
applied:

1. Serum from APS-1 patients (N=6) with type-1 IFN and IL-22 autoABs

2. Serum from APS-I patients (N=2) without IL-22 autoAB

3. Purified 1gG from APS-I patients (N=3) with type-1 IFN and IL-22 autoABs
4. Commercial typel anti-IFN ABs

5. Commercial anti-1L-22 AB

Further, we estimated how these cytokine autoABs affected the response to C. albicans in in
vitro cultures of PBMCs (Fig 3.1C), which are composed of different lymphocytes and
monocytes and were isolated from both APS-1 patients and healthy controls. To monitor
possible changes in the different T cell subtypes and function after seven days of Thl7-
inducing culture (cultures with isolated CD4+ T cells), we incorporated various well-
established endpoint assays including flow cytometry, Real time polymerase chain reaction
(gPCR), and enzyme-linked immunosorbent assay (ELISA) (Fig 3.1D/E/F).

3.2 Theory behind the methods

3.2.1 Flow cytometry

Flow cytometry is a powerful tool effective for studying cell populations at the single level
based on their physical and chemical properties, that has revolutionized our understanding of
intricate biological processes. This potent technology was employed in our project to swiftly
evaluate and gauge the characteristics of different CD4 T cell subsets. In this procedure, a cell
sample is first treated with fluorescent dyes that bind to specific cellular markers on the exterior

or interior of cells. Cells in fluid samples are then arranged into a stream of individual particles
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that guide them one by one through single or multiple laser beams and each fluorophore-
labelled individual particle then can be probed separately for visible light scatter and one or
more fluorescence parameters that is detected by instrument sensors. Subsequently, signals
from each fluorochrome are captured and the scattered light and fluorescence generated by
each cell is measured (Fig 3.2). Lastly, the data acquired by the cytometer can be used to study
information on particle properties that include size, shape, granularity, and fluorescence
intensity. One consideration about utilizing several fluorophores in this method is bleeding of
signals into other channels due to overlapping emitting spectral properties. To account for these
overlaps, a mathematical process called compensation is needed, which subtracts overlapping
signals using complex matrices. A gating strategy is then used to evaluate the data, allowing
one to distinguish between cell populations that are positive for each marker with sequential
methodology, specific for the information that is wanted. This information is important to
distinguish specific cell subsets.
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Figure 3.2. The fundamental principles of flow cytometry. A) Cells are introduced into the cytometer and
focused into B) a single-cell stream using a fluidics system that makes the cells pass through the cytometer one at
atime. C) cells are exposed to lasers that excite fluorophores attached to ABs targeting specific phenotypical or
functional markers. D) here exemplified by a CD4+ T cell, extra- and intracellular markers of different T cell
subtypes that we utilized in experiments in this study. E) Upon excitation, each fluorophore emits light with a
longer wavelength, which is then directed through a series of mirrors and bandpass filters. These filters select a
narrow range of wavelengths that correspond to specific fluorophores and direct them towards corresponding
detectors (e.g., FSC: forward scatter channel, FL: Fluorescence channels). F) The detectors convert the received
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light energy into voltage pulses, which are then captured and analyzed by the software, providing data for further
analysis on plots. The figure was modified from (O'Neill et al. 2013) and created in Biorender.com.

3.2.2 Real time quantitative polymerase chain reaction

Reverse Transcription-Quantitative Polymerase Chain Reaction (RT-qPCR) is a laboratory
technique that combines reverse transcription and PCR to detect and quantify RNA molecules
in a sample. RT-PCR was carried out in this instance as an additional technique to measure the
expression of genes involved in CD4 T cell differentiation, activation, and function. Measuring
the gene expression in CD4 T cells from different individuals and under various experimental
circumstances, enables insight into molecular mechanisms underlying CD4 T cell biology and
immune responses. Using this method in some of our experiments, we quantified the expression
of lineage-specific genes such as RORyt, FoxP3, T-bet, and GATAS, along with the expression
of extracellular receptor genes including CCR6, CCR4, and CXCR3 (as listed as primers in
Table 3.1).

The first step of RT-PCR is reverse transcription, where RNA is converted into complementary
DNA (cDNA) using a reverse transcriptase enzyme. The target sequence of interest can then
be amplified using cDNA as the starting material in a dye-based (SYBR green) or probe-based
(TagMan assay) PCR reaction. A SYBR Green PCR approach is utilized in this project, in
which the number of products made is quantified based on the fluorescent dye SYBR Green
which binds to generated double-stranded cDNA. To add specificity to the reaction, a pair of
PCR primers are designed that specifically amplify the wanted-cDNA sequence. As the DNA
is amplified during the gPCR procedure, the quantity of double-stranded cDNA rises and hence
the intercalated SYBR Green dye between the cDNA strands also rises, causing an increase in
fluorescence intensity. The cycle at which the fluorescence signal reaches a specific threshold,
which is usually defined as when the increase rate of the fluorescence signal is most linear, is
called the cycle threshold (Ct). The Ct value is used to calculate the amount of cDNA in the
sample, which can then be related to the initial RNA level of this particular gene. A high Ct
indicates a low initial concentration of RNA while a low Ct-value (below 35) indicates a high
expression of that particular gene in the indicated sample. The delta-delta Ct method was
employed to determine the fold changes in gene expression for each sample. In this method, he
delta Ct value is a measure of the variation between two or more samples that is determined by

comparing the threshold cycle (Ct) values of the target gene and a house keeping reference
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gene. Thus, the delta Ct value is the relative abundance of each sample's target gene, corrected
to that of the reference gene. Further, the delta-delta Ct technique compares the delta Ct value
of the target gene in one sample to the delta Ct value of the target gene in another sample,
which makes it possible to calculate the fold changes in gene expression for each sample.

3.2.3 Enzyme-linked immunosorbent assay (ELISA)

The functioning of the Th17 cell subsets was evaluated using sandwich ELISA assays to
determine the secretion of its hallmark cytokine, IL-17, following the cell expansion under
various circumstances with or without addition of cytokine ABs in medium. The ELISA assay
requires microplates that are precoated on a surface, with an immobilized capturing ABs that
will specifically bind their target antigen of interest once the samples are added onto the plate.
After any unbound materials have been removed by washing, the detection AB, which is
specific for a distinct epitope on the same target antigen and is conjugated to an enzyme, is
then added, and given time to attach to the antigen, creating a sandwich complex. When a
substrate is introduced, this enzyme-linked second AB, such as Avidin-Horseradish-Peroxidase
(HRP), reacts with the chromogenic substrate and provides a quantifiable signal, which is
commonly a color change or fluorescence. Chromogenic substrate that is typically used to react
with HRP is tetramethylbenzidine (TMB), a colorless compound that is oxidized by hydrogen
peroxide (H20>) in the presence of HRP to yield a blue-colored end product. The addition of a
strong acid called stop solution, which transform the product's color from blue to yellow, can
finally terminate the reaction. Thus, the intensity of the resultant color, which directly
correlates to the level of enzyme activity and, consequently, the presence or quantity of
cytokines in the samples, is measured using a spectrophotometer.

3.3 APS-1 patients and healthy controls

Blood was collected in serum separator tubes for serum and in heparin-tubes for subsequent
isolation of PBMCs and frozen at -80 °C for one to three days, before being placed for long
time storage at -150 °C. Sera, purified IgG, and cells from APS-1 patients were available from
the Norwegian national registry of organ specific autoimmune disorders (ROAS), and they had
all signed written consents for participation in this project (N=8, mean age: 39 years, age range
of 17-67, 2 females, 6 males) (Appendix I). This study was approved by the Regional
Committee for Medical and Health Research Ethics (REK), Western Norway (biobank
approval number 2013/1504 and project approval numbers 2018/1417 and 2009/2555).
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Blood from 70 healthy donors were available from the blood bank of Haukeland University
hospital, Bergen, Norway. All donors had agreed to participate in research projects, and they
were anonymised in this study. From these donors, three sex-matched controls with APS-1
patients (mean age: 55 years, age range of 41-63, 3 males) were used for culturing the last

experiment on PBMCs.

3.4 Isolation and freezing of human peripheral blood mononuclear cells

PBMCs were isolated by density centrifugation using Ficoll-Paque™ Plus. Fresh whole blood
was collected in two 9 mL heparin tubes, and the blood was then diluted with PBS at a 1:1
ratio. The diluted cellular whole blood fraction was overlaid onto 12 mL of the Ficoll-Paque™
Plus and then subjected to 400xg for 30 min at room temperature (RT) with low break
acceleration (“1”’). The PBMC layer was extracted, topped with PBS up to 50 ml and washed
at 400xg, RT for 10 min. The supernatant was aspirated, and the pellet resuspended in 10 mL
PBS. The Scepter™ 2.0 Handheld Automated Cell Counter with 40uM sensor was used to
count the cells. The samples were then washed at 400xg in RT for 5 min, and the cell pellet
resuspended in human AB serum containing 10% (v/v) DMSO. The cells were left at RT for
10 min in a CoolCell cryogenic container and the containers were then frozen at -80 °C for one

to three days, before being placed for long time storage at -150 °C.

3.5 Magnetic CD4+ T cell isolation and expansion

Frozen PBMC samples were rapidly thawn in hand and transferred to 15ml falcon tubes for
wash to remove residual DMSO. The cells were rinsed 2X with up to 10 ml (PBS w/0.5% BSA)
by centrifugation at 350xg for 10 min at RT and then counted manually by Trypan Blue and
light microscope for total count. Naive CD4+ T cells were isolated from PBMCs using the
Human Naive CD4+ T cell Isolation kit Il from Miltenyi according to the protocol of the
manufacturer. In brief, per ten million isolated CD4+ T cell, 40 ul of (PBS w/0.5% BSA) buffer
and 10 pl of Biotin AB cocktail 1l were added and incubated at 2-8 °C for 5 minutes. Addition
of 30 ul of (PBS w/0.5% BSA) buffer and 20 puL of microbead cocktail, per ten million cells,

was the next step followed by incubation at 4 °C for 10 minutes.

An LS column was washed with 3 ml (PBS w/0.5% BSA), before application of the cells. Cells
were transferred to the column with 3 mL (PBS w/0.5% BSA) and collected from columns in

15ml tubes. The newly isolated CD4+ T cells were counted manually by Trypan Blue for total

42



count and washed by centrifugation at 350xg for 10 min at RT. The pellet was resuspended in

culture medium (TexMACS medium).

3.6 Cell culture and Thl17-differentation conditions

Purified CD4+ T cells were resuspended to 2*10° cells/mL in TexMACs medium and cultured
in 96-well plates in presence of 1.5 pL pre-washed Dynabeads Human T-Activator CD3/CD28
(1:2 bead-to-cell ratio). Th17-polarizing cytokines were added to the culture, including IL-1
(0.002ng/uL), IL-6 (0.003ng/uL), IL-23 (0.003ng/uL), and TGF-B (0.25ng/uL), as well as anti-
IFNy (100ng/uL) anti-1L-4 (250 ng/2.5 pL) in 100uL. TexMACs medium. Cells were incubated

for seven days at 37 °C, in an atmosphere of 5% CO2, without any media exchange.

The day after seeding (day 1), an additional 100 pL fresh culture medium, and same
concentrations of Th17-polarizing cytokines, anti-IL-4 and anti-IFNy were added. Cell growth

was visually monitored during the course of the seven days of expansion.

Sera, 1gG or commercial cytokines were then added to the cultures in different amounts. Due
to the cumbersome assays and availability of precious sera and 1gG from patients, these
concentrations were pre-decided based on other studies conducted in the group in the past. IgG
had been prepared from a few APS-I patients and healthy controls prior to this master project
and was available to the Candidate in this project. Commercial cytokines were added in
different amounts (2 ng/uL, 0.2 ng/uL, 0.02 ng/uL, 0.0002 ng/uL). Additionally, two different
concentrations (2 uL and 5 pL) of sera from healthy controls, 2 uLL of APS-1 sera and 1 pL of
purified IgG from both healthy controls and APS-1 patients were included in the experimental

cultures.

3.7 PBMC expansion and cell culture conditions

Frozen PBMC samples were rapidly thawed by hand and transferred to 15ml falcon tubes to
remove residual DMSO through a wash step. The cells were washed twice with up to 10 ml of
PBS containing 0.5% BSA by centrifugation at 350xg for 10 min at RT. After washing, the
cells were manually counted using Trypan Blue and a light microscope to determine the total
cell count. The cells were then resuspended to a concentration of 2*10° cells/mL in TexMACs
medium and cultured in 96-well plates. Thl7-polarizing cytokines, including IL-1pB
(0.004ng/uL), IL-6 (0.006ng/uL), 1L-23 (0.006ng/uL), and TGF-B (0.5ng/uL), as well as anti-
IFNy (200ng/puL) anti-1L-4 (500 ng/5 puL) ABs in 200uL TexMACs medium, were added to
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the culture on day 0. The cells were then incubated for seven days at 37 °C, in an atmosphere

of 5% CO2, without any media exchange.

3.8 Flow cytometry

3.8.1 Staining of harvested PBMCs and T cells for flow cytometry

Both PBMC and T cell samples from Th17 cultures were stained in the same manner. After
being harvested, the cells were washed at 350xg, 20 °C for 10 min with up to 3 mL PBS. Cells
were resuspended in the remaining buffer (approx. 100 pL), and the supernatant was collected
and kept at -80 °C for later ELISA investigation. The Anti-CCR6 AB was added to the cell
samples and incubated for 45 minutes in the dark at an optimal staining temperature of 37 °C
(described in 4.3.3). Subsequently, cells were rinsed in up to 3 mL PBS at 350xg, 20 °C for 10
min and resuspended in 1 mL PBS. Inkeeping with the instructions provided by the
manufacturer, dead cells were stained using LIVE/DEAD Fixable Yellow Dead Cell Stain Kit.
After another incubation for 30 min at RT in the absence of light, the cells were washed with
1 mL flow buffer (PBS w/0.5% BSA) at 350xg, 20°C for 7 min. Cells were resuspended in the
leftover buffer (about 100 pL) after the supernatant was removed. A master mix of ABs specific
for extracellular markers as instructed in Appendix 111, was made and applied to samples. Each
cell sample was then incubated in the dark at 4 °C for 30 min before washing at 350xg, 20°C
for 7 min with flow buffer. After aspiration, the cells were fixed and permeabilized using the
eBioscience™ FOXP3/Transcription Factor Fixation/Permeabilization Kit after the
supernatant was taken out pertaining to the directions issued by the manufacturer. Accordingly,
1 mL of Fix/perm buffer working solution was added to each sample and stored for 1 hour in
the dark at 4 °C. Subsequent to the incubation, the samples were washed with 2 mL 1X
permeabilization buffer from the same Kit, and centrifuged at 400xg, 20°C for 10 min.
Supernatant was taken out and cells were resuspended in about 100 pL of the remaining buffer.
Then a master mix of ABs targeting intracellular markers was prepared (as per Appendix Il
preparation instructions) and added to each sample. The samples were incubated for overnight
at 4 °C in the dark. The following day, the samples were rinsed with 2 mL 1X permeabilization
buffer from the eBioScience FOXP3 Fixation/Permeabilization Kit and drained off and the
cells resuspended in 250 puL permeabilization buffer. Eventually, after performing the analysis

with a BD LSR Fortessa flow cytometer, the data was analyzed using FlowJo version 10.8.1.
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Most of the flow protocol including voltage settings for Fortessa had been optimised previously

in the laboratory. Therefore, this master thesis did not titrate ABs.

3.8.2 Optimizing flow cytometry: The importance of controls for accurate analysis

eCompensation beads were tested to assess single stained (compensation) controls to solve
fluorescence spillover. Considering this, 1 uL of each AB except for anti-CD3 stain (2 uL)
were added to 100 pL of flow buffer and compensation beads in separate tubes (with one tube
left unstained) and kept for 20 min in the dark. To prepare for flow analysis, beads were then
washed and re-suspended in about 300 pL of flow buffer. These were then used for

compensation in FlowJo.

Moreover, using Th17 cell harvest after 7 days of culture, fluorescence minus one (FMO)
controls of all ABs were generated, where one fluorochrome-conjugated AB is excluded from
the multicolor staining panel for each stain. During flow data analysis, this was done to
accurately differentiate the background fluorescence resulting from non-specific binding of the
other ABs in the panel to make sure that the specific AB, which was omitted from the control
sample, was gated precisely. Since we observed large autofluorescence signals for several of
the fluorophores, we also used isotype controls to ascertain that any binding results from
specific interactions between the experimental AB and the target antigen. Isotype controls are
identical to the target experimental AB, but typically specific to a different protein or antigen
that is absent in the sample being tested. In this case, any signal observed from the isotype
control can be taken to be false positive or background noise. Accordingly, the level of specific
binding can then be assessed with greater precision by excluding this background signal from

the intensity of fluorescence captured in the experimental channel.

3.9 Relative quantification analysis of gene expression levels in harvested T cells

3.9.1 RNA isolation

RNA isolation was performed on harvested culture cells with the same conditions as cells
collected for flow staining. Cells, for this manner, were collected and washed at 350xg, 20 °C
for 10 min with up to 3 mL PBS, and then the pellets were resuspended and frozen at -80 °C in
350 pL of RLT lysis buffer from the RNeasy Mini Kit (Qiagen). On the day of RNA analysis,
cells were thawn and proceeded with the isolation. The RNeasy Mini Kit (Qiagen) was

followed according to the manufacturer’s protocol. Briefly, the cell suspension was transferred
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to columns from QiaShredder kit and centrifuged at 13.300 rpm for 2 min to homogenize the
lysate. Cell lysates were then added to a gDNA eliminator spin column. The flow through was
blended with 350 pL of 70 % ethanol and transferred to a RNeasy MiniElute column, followed
by washing once with 700 uL RW1 buffer and twice with 500 pL RPE buffer. The extracted
RNA was collected in a new tube following double elution in 35 uL DEPC-treated water. Using
a Nano-drop ND-1000 spectrophotometer, the RNA concentration in each sample was

calculated, before being frozen at -80 °C or directly continuing towards cDNA synthesis.

3.9.2 cDNA synthesis

cDNA synthesis was carried out using Superscript IV VILO Kit in accordance with the
instructions provided by the kit with input RNA concentrations of 200 ng/mL of each sample
that were diluted, if necessary, in DEPC-treated water. For the synthesis, the GeneAmp PCR
System 9700 was used, and the following temperature settings were applied: 25 °C for 10 min,
50 °C for 10 min, and 85 °C for 5 min. The cDNA samples were kept at -80 °C in case they
weren't immediately utilized for gPCR.

3.9.3 Optimization of the gPCR SYBR green assay

Preliminary qPCR tests verified the optimal function of the following primers, at a
concentration of 10 uM, for evaluating the expression of genes unique to T-cell lineages.
Sequences for these primers are included in Appendix I11l: RORyt, FoxP3, Eomes, GATAS,
T-bet, EF-1, B-actin, CCR4, and CXCR3. Accordingly, cDNA was added to the reaction
mixtures in 3 dilutions: 1000 ng/uL, 200 ng/pL, 20 ng/pL, and one blank (0 ng/uL), followed
by a melting curve to check the specificity of the primers for each target gene. This was done
to evaluate the effectiveness of the assay with reference to various cDNA inputs. Since all
conditions gave adequate response curves, we chose the middle concentration, i.e., 200 ng/uL,
to be used as input for subsequent investigations.

3.9.4 RT-PCR SYBR green assay of T cell gene panel

The T cell gene panel was subjected to gPCR using a SYBR Green-based assay. The 2x
PowerTrack SYBR Green Master Mix was used, diluted from stock to a concentration of 10
mM, and then combined with forward and reverse primers (5% v/v from 1:10 dilution each),
and DEPC treated water (34% v/v) to create a master mix. In the following step, the cDNA
(10% v/v, diluted 1:10 from 3.9.2) and yellow sample buffer 40X (2,5% v/v) were merged, and
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this mixture was then added to the aforementioned master mix in a 96well-plate to generate a
reaction mix with a total volume of 33 uL, of which 10 pL triplicates were taken and transferred
to a 384-well plate. Subsequently, the QuantStudio 5 Real-time PCR system was used to
execute a run consisting of a preparative phase at 95 °C for 2 min, 40 cycles of denaturation at
95 °C for 15 s, and annealing/elongation step amplifying for 60 s at 60 °C. In addition to
housekeeping genes, each reaction mix contained a non-template control made up of a mixture
of DEPC-treated water with a master mix of primers described above. All samples were tested
in triplicates.

The assay design including plate and run preparation were provided by Quant Studio Design
and Analysis Software, capable of normalizing the data using normalization approaches, such
as the delta-delta Ct method. This technique allows one to calculate the ACt value for each
sample by subtracting the housekeeping gene(s) Ct value(s) from the Ct values (mean of Ct
values from three replicates) of the genes of interest. After that, the ACt value of the calibrator
was deducted from the ACt value of the sample, to determine the AACt value for each sample,
which followed by utilizing the equation 2°(-AACt) to measure the fold change in the
expression of the target gene relative to the calibrator. Thus, the relative variation in the
expressed gene of interest in comparison to the control was measured to conduct statistical

analyses (detailed in 3.11). We used both B-actin and RORyt as calibrators for our studies.

3.10 ELISA

ELISAs were performed on culture supernatants collected following T cell expansion for 7
days. For this, approximately 200 pL of supernatant all were collected and diluted in 3 mL PBS
for a wash. After centrifugation, about 2 mL of the supernatant was stored for ELISA in
cryopreserved tubes and kept at -80 °C. The human IL-17 ELISA kit (R&D systems) was
utilized for this purpose, and the procedures detailed in the protocol were followed exactly. In
this kit, 100 pL supernatant was directly used. Performing a SpectraMaxPlus
spectrophotometer, the absorbance values IL-17 cytokine was measured at wavelengths of 450
nm. Lastly, the concentration of the cytokine in the samples were accurately quantified using
SoftMax Pro software by taken into account that the supernatants were diluted 15X from the
original cultures. Using this software, the calibration curve was created from a dilution series
of the protein standard provided with the kit, based on which the signal computed from each

sample was converted into a concentration value.
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3.11 Statistical data interpretation and graphical display

GraphPad Prism 9.5.1 was utilized for statistical analyses and to create the graphical
representations of the results described in this thesis. When evaluating the effect of APS-1 and
healthy control (HC) sera and APS-1 IgG on T cell subsets within CD4+ T cells isolated from
healthy individuals, non-parametric t tests (Wilcoxon test) and A non-parametric, one-way
ANOVA test was performed on flow cytometry data. For flow cytometry data of conditions
with APS-1 and HC sera/lgG on isolated PBMCs from healthy and APS-1 individuals A non-
parametric, one-way ANOVA test-Kruskal Wallis test, was performed. For the data analysis
of gPCR results, effect of sera/lgG from APS-1 and controls was evaluated using non-
parametric t tests (Wilcoxon test). For all statistical tests significance was characterized by a
p-value of less than 0,05. For the remaining experiments where only one biological parallel
was measured for each condition because of the limited number of available cells, no statistical

testing was applied.
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4. Results

4.1 Isolation and expansion of PBMCs

PBMCs were isolated from 70 healthy controls, and the estimated cell count (counting step
detailed in 3.4) with an average of 26,21*10° (ranged from1,26*10° to 61,45*10°) cells from
18 mL of blood. The cells were then frozen at -80 °C for one to three days before being stored
for a long period at -150 °C. PBMCs were used for optimization of cell culturing procedures,
preliminary gPCR experiments and preliminary flow cytometry analysis. In the experiments
with PBMC cultures, PBMCs from fewer than 10 healthy controls were utilized, and the cell
number was estimated manually. Cells from three APS-1 patients and three sex-matched
controls were used individually for the Candida experiments (sections 4.6 and 4.7). For all
experiments, PBMCs were expanded for 7 days in vitro and followed by endpoint assays using

flow cytometry.

4.2 Isolation and expansion of CD4+ T cells

For every CD4+ T cell experiment, cells from 6 t010 healthy controls were magnetically
isolated and merged, and the cell number was estimated with the average of 12,7*10° (ranging
between 8,2*10° and 17,2*10°) CD4+ T cells. Harvested samples were used in optimization
experiments aside from further analysis employing ABs. After 7 days of in vitro cell expansion,

the cells were subjected to endpoint tests using flow cytometry, qPCR, and ELISA.

4.3 Flow cytometry analysis of control T cells, and patient/control PBMCs

4.3.1 Isotype controls

“Fluorescence minus one” (FMO) and isotype controls were utilized to evaluate the
background fluorescence and non-specific binding in a particular channel, as stated in 3.8.2, in
order to improve the specificity and accuracy of the flow assays. For the most common markers
(CD3, CD4, RORyt, FoxP3, T-bet, GATA3, CCR6, CCR4, CXCR3) FMOs were used as
negative controls whereas isotype controls were necessary for proper background controls for

the same markers.
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Figure 4.1 Isotype controls versus FMO controls: Comparative assessment on different channels. As
depicted in the illustration, the distribution and intensity levels of the fluorescence signal from Isotype and FMO
controls were compared by evaluating the number of cells in plots displaying count versus a specific channel for

a particular marker. Cell counts indicated in boxes. The figure was created with FlowJo 10.8.1.

Figure 4.1 shows how FMOs stained compared to isotype controls, visualising that the isotype

controls were needed to compensate for autofluorescence and unspecific binding for proper

gating of cells post cell culturing.

4.3.2 Gating strategy for flow cytometry experiments

Subsequent to cell culture, PBMCs and isolated CD4+ T cells were collected and subjected to

staining for flow cytometry analysis. This analysis aimed to evaluate the survival and

proliferation of specific T cell subsets. The gating strategy used, is shown in figure 4.2.
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Figure 4.2 The gating strategy used for PBMCs/CD4+ cells to evaluate the quantity of viable cells and their
proliferation profile after 7 days of culture in Th17 polarised conditions, Here is a representative sample from
merged healthy CD4+ control cells A) Initially, a FSC versus SSC plot was used to identify cells with proper size
and granularity B) Using SSC area and SSC height parameters, single-cell gating was applied to exclude cell
aggregates and debris. C) Dead cells with damaged plasma membranes that make them susceptible to being
stained by dead cell stain dye, were gated out based on a plot of SSC versus dead cell stain. Followingly, to assess
the phenotypic and functional markers on cells D) live cells were gated for CD3+ T cells using SSC versus BV510
plot. E) Within the CD3+ population, CD4+ T cells were assessed using SSC versus PerCP-Cy5.5. From the
CD4+ T cell population depicting SSC versus the fluorescence of the relevant fluorochrome were utilized to
accurately determine the presence of these specific subsets of CD4+ T cells. The following subsets were defined
based on these plots: F) Th17 cells, characterized by the presence of the RORyt marker. G) Tregs, identified by
the expression of the FoxP3 marker. H) Th1 cells, distinguished by the presence of the T-bet marker. I) Th2 cells,
dentified by the GATA3 marker. Moreover, the extracellular markers were also considered: J) CCR6, K) CCR4,
L) CXCR3. The isotype controls depicted in table 3.1 was applied to set the gates right. Gating was generated
using FlowJo 10.8.1.

4.3.3 Optimization of Anti-CD196 (CCR6) AB in flow cytometry experiments

The protocol for most of the markers was already available prior to this thesis, but conditions
to evaluate the CCR6 expression had to be optimized. In this optimization process, the CCR6
AB dilution of 1:50 was applied to cell samples prior to the addition of any other Abs, and
incubation occurred at three different conditions (Fig 4.3). The optimal incubation time of 45
minutes at 37 °C for the anti-CCR6 AB was applied for the rest of the experiments. FMO
control for this AB (described in 3.8.2) was employed to avoid any spectral overlap or

interference between this fluorescence channel and the other fluorochromes in the panel.
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Figure 4.3 Optimizing Flow Cytometry Analysis of Anti-CD196 (CCR6) Antibody Staining. A) Anti-CCR6
AB was merged with a master mix of other extracellular markers (instructed in Appendix I11) and incubated for
30 min at 4 °C in the absence of light. B) & C) addition of anti-CCR6 AB to cell samples prior to the staining
process with incubation at 37 °C at two distinct durations B) 30 minutes, and C) 45 minutes. The figure was
generated using FlowJo 1.8.1.

Due to difficulties in gating on the CCR6 fluorescence channel, the Anti-CCR6 AB was stained
separately before other ABs. Subsequent experiments revealed that an incubation time of 45

minutes yielded the best results for staining with this particular extracellular AB.

4.3.4 Optimization of cell culturing conditions

Evaluating the impact of human AB serum addition on cell culture conditions for Th17 cell
growth:

To compare conditions for Th17 differentiation and proliferation with and without AB serum,
we examined two different concentrations (5 pL & 10 pL) of AB serum added to 100uL of
TexMACs medium. Th17 cell signature cytokines (IL-1B, IL-6, I1L-23, and TGF-B) were
present during the culture in this instance.
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Figure 4.4 Examining the effects of AB serum addition to the culture media and how it affects development
and viability of distinct T cell lineages (100 microliter cell culture; 2*10° number of cells). A) RORyt, FoxP3,
GATAS, and Tbet expression after culturing without AB serum (chosen further). B) RORyt, FoxP3, GATA3, and
Thet expression after culturing with 5 microliter AB serum. C) RORyt, FoxP3, GATAS3, and T-bet expression
after culturing with 5 microliter AB serum. The figure was generated using FlowJo 1.8.1.
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Although no substantial differences were observed in Th17 cell proliferation within the desired
concentrations of the serum during the cell culture, the addition of AB serum exhibited a slight
inhibitory effect on Th17 cell development from CD4+ T cells compared to the conditions
without AB serum (Fig. 4.4). Based on these findings, it was determined that using this
particular serum in the culture would not be advantageous, and therefore, it was excluded from

further experimentation.

Assessing the role of Anti- /FNy and Anti-IL-4 ABs in modulating T Cell subset differentiation

in cell culture:

In this optimization step, the objective was to suppress the differentiation of naive CD4+ T
cells into Thl and Th2 cells. This was achieved by introducing ABs targeting the cytokines
involved in these differentiations: anti-IFNy (100 ng/uL) and anti-1L-4 (250 ng/2.5 uL),
respectively, applied in 100 uL of TexMACs medium containing 2*10° isolated CD4+ T cells
(Fig 4.5).
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ABs present compared to AB-free control groups (Fig 4.5D).

The observed reduction in the levels of T-bet+ and GATA3+ T cell subsets when anti-1IFN-y
and anti-1L-4 ABs were introduced, in comparison to the control conditions without these ABs,
prompted us to proceed with the addition of both ABs against IFN-y and IL-4 in the cell culture.
Furthermore, the addition of anti-IFN-y demonstrated a suppressive impact on the proliferation
of RORyt+ and FoxP3+ T cells. Consequently, our subsequent phase of optimization focused
on examining the specific effects of different dilutions of the anti-IFN-y on the Th17 and Treg

cell differentiation, while maintaining the same Anti-I1L-4 AB dilution in all culture conditions.
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Assessing the influence of various Anti- /FNy titrations on T cell subset differentiation in cell

culture:

Various concentrations of Anti-IFN-y (100ng/uL, 50ng/uL, 20ng/uL, & 5ng/uL diluted in
100uL TexMACs medium) were utilized in culture to investigate the impact of them on distinct
T cell subset proliferations (Fig 4.6). This were carried out in the presence of Thl7 cell
signature cytokines IL-1p, IL-6, IL-23, and TGF-f, as well as anti-IL-4 (250 ng/2.5 puL) in
100pL TexMACs medium.
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Figure 4.6. The effects of different Anti-IFNy titrations on Treg and Th17 cell subset differentiation from
isolated CD4+ T cells. A) RORyt percentage of CD4+ cells after 7 days of incubation with Th17-cell polarizing
cytokines with respect to different anti-IFNy concentrations. B) FoxP3 percentage of CD4+ cells after 7 days of
incubation with Th17-cell polarizing cytokines with respect to different anti-IFNy concentrations. We decided to
proceed with a dilution of 5ng/uL (1:100) of this AB for the subsequent experiments.

As no notable alterations were observed in the frequency of RORyt+ T cells in response to
different concentrations of the anti-IFN-y AB, our focus shifted towards using the highest

dilution of this AB (5ng/uL equal to 1:100 of stuck) in subsequent experiments.
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4.4. The effect of cytokine ABs targeting IFN-Is and IL-22 on in vitro Th17 cell
differentiation in isolated CD4+ T cell cultures

4.4.1 The influence of commercial anti-IFN-Is and anti-1L-22 ABs

As described in 1.7.4, APS-1 patients have autoABs against Type | IFNs and 1L-22 cytokines,
interfering with their normal activity and causing a variety of autoimmune symptoms. To study
the effects of these autoABs, we initially investigate the consequences of using commercially
manufactured ABs that are not derived from the patients themselves. Three experiments were
conducted to achieve the stated objective. Different concentrations of anti-IFNa, anti-IFN®,
and anti-1L-22 ABs (2 ng/uL, 0.2 ng/uL, 0.02 ng/uL, 0.0002 ng/uL) were separately introduced
into cell cultures containing Th17-polarizing cytokines during each experiment. In experiment
one and three the addition of certain AB dilutions took place at two different time points: either
simultaneously (S) with or prior to (B) the addition of Th17 signature cytokines (IL-1p, IL-6,
IL-23, and TGF-B) and additional ABs (anti-IL-4 and anti-IFN-y). This experimental setup
allowed for the investigation of the effects of different AB concentrations and timing on the
cell cultures (Fig 4.7). Here the flow cytometry results for RORyt, FoxP3 (Tregs), and the
functional markers CCR6, CCR4, and CXCR3 were presented. The evaluation of T-bet and
GATA3 was not conducted due to their negligible expression levels. The impact of adding ABs
against IFN-a, IFN-®, and IL-22 cytokines was analyzed separately. The frequencies of
RORyt+ T cells varied within the control CD4+ T cell population, ranging from (mean 38,9%;
range 18.1-72.4%) in controls without the addition of any serum or anti-IFNa cytokine (Fig
4.10). Due to this variability, the data was not normalized or merged into a single graph.
Instead, the actual percentage values of the different markers in the flow cytometry experiments

were shown. No statistical tests were performed on these data.

Anti-IFNa. AB
Flow cytometry analysis was performed on isolated CD4+ T cells obtained from healthy
PBMC:s in three separate experiments to assess the effects of adding anti-IFNa. The analysis

focused on evaluating the expression of lineage markers RORyt and FoxP3, as well as

extracellular markers CCR6, CCR4, and CXCR3 within the CD4+ T cell population.

57



A Th17 cells B Tregs

80— Experiment A Experiment B Experiment C 40— Experiment A Experiment B Experiment C

22}
=
1

IS
=)
1

[
=
1

CD4(+)/RORyt(+) Live Single Cells %
CD4{+)/FoxP3(+) Live Single Cells %

LY & e Do AL

T T T I |
\SO\ I% ;® \SO\ /“9 rc-; l% ‘60\ d% l® ’6 1% 16 ;% \SCJ\ 19 I% ‘&SO\ 19 16 /6 \SO\ 16-? rQ) l% l@ l% l%
(,0(\ Q%GQQO @(\ Qéo((ééqt\é GO(\ q\;Qéo (5\6(5\ ((eb((eb CQQ Qt\‘}{ﬁé 00(\ Q%GQQ Q%O CP(\ (<$0.(<$0. QY\O((Y\G QY\GQV\O
F FE F I @S F# X P ALY @ FYF I L
&5“ A @K\ A& F Y.i“ T SF S vg;\" & \S’% A EF 8 FF FE S
oy oAy I Y Y Y M B
0@}0&\} QQ,\QQQ\Q@\Q (@ QCD\Q (\Q,\QQ&Q Q&Q@\Q @Q@Q @Q@Q@Q @Q@\Q (@Q{\c}\? (\c}\?&}\?
G UGG oF Y S S oFot VI T Fd S
oe S 70" S P © TS

Figure 4.7. The effect of anti-IFNa in in vitro Th17 and Treg cell differentiation in flow cytometry. The
graph shows three experiments on A) RORyt+ and B) FoxP3+ T cell differentiation after adding anti-IFNa in
different concentrations and in different timepoints.”S™": the simultaneous addition of AB and cytokines.”'B"": the
addition of AB before the addition of cytokines. Experiment A: addition of (0.2 ng/uL) of AB at the same time
and before addition of Th17 cytokines. Experiment B: addition of (2 ng/uL, 0.2 ng/uL, 0.02 ng/uL) of AB
simultaneous with the addition of Th17 cytokines. Experiment C: addition of (0.2 ng/uL, 0.02 ng/uL, 0.0002
ng/uL) of AB at the same time and before the addition of Th17 cytokines. As there were only one datapoint in
each bar in the histograms no statistical test was conducted.

The results presented in Figure 4.7 indicate successful generation of Th17 cells as well as Tregs
from CD4+ cells. However, the assay appears to be vulnerable for either donor variability or
uncontrolled conditions that might happen during cell handling, cytokine addition, or the
seven-day incubation period. None of the three assays consistently showed any significant up-
or downregulation of these two cell populations with different amounts or time points of anti-

IFNa addition.
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Figure 4.8. The impact of anti-IFNa in in vitro CCR6+, CCR4+, and CXCR3+ T cell differentiation in flow
cytometry. The bar graphs illustrate the results of three experiments focusing on the differentiation of A) CCR6+,
B) CCR4+, and C) CXCR3+ T cells after adding anti-IFNa in different concentrations and in different
timepoints.”'S"": the simultaneous addition of AB and cytokines.""B'": the addition of AB before the addition of
cytokines. Experiment A: addition of (0.2 ng/uL) of AB at the same time and before addition of Th17 cytokines.
Experiment B: addition of (2 ng/uL, 0.2 ng/uL, 0.02 ng/uL) of AB simultaneous with the addition of Th17
cytokines. Experiment C: addition of (0.2 ng/uL, 0.02 ng/uL, 0.0002 ng/uL) of AB at the same time and before
the addition of Th17 cytokines. Since each bar in the histograms represents only one data point, no statistical tests
were conducted.

The findings depicted in Figure 4.8 demonstrate the production of CCR6+, CCR4+, and
CXCR3+ T cells derived from CD4+ cells. When alternative concentrations or timings of anti-
IFNa were administered, none of the three experiments showed any discernible changes, either

enhanced increase or decrease, in these three cell populations.
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Anti-IFNw AB

In three separate experiments, flow cytometry analysis was conducted on isolated CD4+ T cells
obtained from healthy PBMCs to investigate the impact of adding anti-IFNw®. The analysis
specifically examined the expression of lincage markers RORyt and FoxP3, as well as
extracellular markers CCR6, CCR4, and CXCR3 within the CD4+ T cell population.
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Figure 4.9. The influence of anti-IFNe in in vitro Th17 and Treg cell differentiation in flow cytometry. The
graph presents three experiments focusing on A) RORyt+ and B) FoxP3+ T cell differentiation. Different
concentrations and time points of anti-IFNa were added, with "S" indicating simultaneous addition of AB and
Th17 cytokines, and "B" representing the addition of AB before Th17 cytokines. Experiment A: addition of (0.2
ng/uL) of AB at the same time and before addition of Th17 cytokines. Experiment B: addition of (2 ng/uL, 0.2
ng/uL, 0.02 ng/uL) of AB simultaneous with the addition of Th17 cytokines. Experiment C: addition of (0.2
ng/uL, 0.02 ng/pL, 0.0002 ng/uL) of AB at the same time and before the addition of Th17 cytokines. As there
were only one datapoint in each bar in the histograms no statistical test was conducted.

Figure 4.9 illustrates the successful differentiation of Th17 cells as well as Tregs from CD4+
cells. The isolation and handling of cells from different donors seems to introduce variability
in cell quality, viability, or functionality. However, the frequencies of RORyt+ and FoxP3+ T
cells did not exhibit significant changes when exposed to different amounts or time points of

anti-IFNw compared to the untreated control in the three assays that were performed.
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Figure 4.10. Difference in Th17 and Treg cell frequencies of control samples in three experiments with
commercial ABs in flow cytometry. The first row shows RORyt while the second-row show FoxP3. A)

experiment A, B) experiment B, C) experiment C. The figure was made by FlowJo 1.8.1.
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Figure 4.11. The impact of anti-IFN® in in vitro CCR6+, CCR4+, and CXCR3+ T cell differentiation in
flow cytometry. The figures illustrate the results of three experiments focusing on the differentiation of A)
CCR6+, B) CCR4+, and C) CXCR3+ T cells after being exposed to anti-IFNw at various doses and
timepoints.”'S"": the simultaneous addition of AB and cytokines."'B'": the addition of AB before the addition of
cytokines. Experiment A: addition of (0.2 ng/uL) of AB at the same time and before addition of Th17 cytokines.
Experiment B: addition of (2 ng/uL, 0.2 ng/uL, 0.02 ng/uL) of AB simultaneous with the addition of Th17
cytokines. Experiment C: addition of (0.2 ng/uL, 0.02 ng/uL, 0.0002 ng/uL) of AB at the same time and before
the addition of Th17 cytokines. No statistical analysis was done since each bar in the histograms only shows one
data point.

The results presented in Figure 4.11 indicate the existence of CCR6+, CCR4+, and CXCR3+
T cells derived from CD4+ cells. A minor decrease in CCR6+ and CCR4+ T cell populations

were observed upon introduction of anti-IFNw®. However, none of the three trials consistently
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showed substantial changes, whether up- or downregulation, in these three cell groups when

various anti-IFN® dosages or timings were used.

Anti-1L22 AB
Three independent experiments were performed using flow cytometry analysis on isolated
CD4+ T cells derived from healthy PBMCs to assess the effects of introducing anti-1L22. The

analysis focused on evaluating the expression levels of lineage markers RORyt and FoxP3, as

well as extracellular markers CCR6, CCR4, and CXCR3 within the CD4+ T cell population.
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Figure 4.12. The influence of anti-1L-22 in in vitro Th17 and Treg cell differentiation in flow cytometry. The
graph presents three experiments focusing on A) RORyt+ and B) FoxP3+ T cell differentiation. Different
concentrations and time points of anti-1L-22 were added, with "S" indicating simultaneous addition of AB and
Th17 cytokines, and "B" representing the addition of AB before Th17 cytokines. Experiment A: addition of (0.2
ng/uL) of AB at the same time and before addition of Th17 cytokines. Experiment B: addition of (2 ng/uL, 0.2
ng/ul, 0.02 ng/uL) of AB simultaneous with the addition of Th17 cytokines. Experiment C: addition of (0.2
ng/uL, 0.02 ng/uL, 0.0002 ng/uL) of AB at the same time and before the addition of Th17 cytokines. As there
were only one datapoint in each bar in the histograms no statistical test was conducted.

The data presented in Figure 4.12 highlights the effective differentiation of Th17 cells and
Tregs from CD4+ cells. However, the variations in cell frequencies observed in these assays
may be attributed to donor variability and uncontrolled factors, resulting in inconsistent results.
The timing and concentration of anti-1L-22 AB introduction did not show a substantial
influence on the differentiation of these cell types. Therefore, based on the three conducted
assays, the frequencies of RORyt+ or FoxP3+ T cells did not demonstrate significant changes
when treated with different amounts or at different time points with anti-1L-22, compared to

the untreated controls.
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Figure 4.13. The impact of anti-IL-22 in in vitro CCR6+, CCR4+, and CXCR3+ T cell differentiation in
flow cytometry. The figures illustrate the results of three experiments focusing on the differentiation of A)
CCR6+, B) CCR4+, and C) CXCR3+ T cells in the presence of anti-1L-22 at various doses and timepoints."'S"":
the simultaneous addition of AB and cytokines.”B"": the addition of AB before the addition of cytokines.
Experiment A: addition of (0.2 ng/uL) of AB at the same time and before addition of Th1l7 cytokines.
Experiment B: addition of (2 ng/uL, 0.2 ng/uL, 0.02 ng/uL) of AB simultaneous with the addition of Th17
cytokines. Experiment C: addition of (0.2 ng/uL, 0.02 ng/uL, 0.0002 ng/uL) of AB at the same time and before
the addition of Th17 cytokines. Since each bar in the histograms only displays one data point, there was no
statistical analysis performed.

The findings presented in Figure 4.13 show the differentiation of CCR6+, CCR4+, and
CXCR3+ T cells from isolated CD4+ cells. A downward trend in CCR4+ T cell populations
were observed upon addition of anti-1L-22. However, no significant alterations were observed

in these cell populations when different dosages or timings of anti-IL-22 were employed.
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In summary, it can be concluded that the effects of commercial AB against type | IFN and 1L22
on Th17 cells and Tregs was neglectable, but that it might differ depending on the individual
circumstances in the particular assays. Hence the generated assay might suffer from low

robustness which lowers the power to use it for this specific purpose.

4.4.2 Gene expression analysis of Th17 cells after introduction of commercial ABs
against type I IFNs and I1L-22

The RNA from cultured Th17 cells was extracted, and its concentration was calculated using
Nanodrop, ranging from (mean 56.8%; range 33.1-92.9%). Additionally, using
spectrophotometry, the purity of the RNA was determined. The 260/280 OD ratios ranged from
1.74 to 2.01 (mean: 1.89) throughout this evaluation.

4.4.2.1 Gene expression profiling of T cell lineage markers in CD4+ T cells

The relative gene expression of T cell lineage markers in CD4+ T cells was evaluated using
SYBR green-based gPCR assays. These assays were performed using cell samples from
experiment A and C, where the same concentration of (0.2 ng/uL) was used for both conditions
(S) and (B), following the culture with three commercial anti-IFNa, anti-IFN®, and anti-1L-22
ABs. To ensure the specificity of the primers, which targeted markers such as RORyt, FOXP3,
GATAS3, T-bet, CCR4, and CXCR3, melting curve analyses were performed after each run.
The presence of a single peak in the melting curve analysis confirmed the specificity of the
primers for the respective gene targets. The mean Ct values for six target genes ranged as
follows: RORyt (23.66 to 25.21), FoxP3 (27.89 to 39.51), GATAS (24.48 to 26.54), T-bet
(25.20 to 26.35), CCR4 (20.19 to 24.59), and CXCR3 (19.07 to 21.50). Accordingly, some

indicating reliable amplification of the gPCR products.
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Figure 4.14. Relative changes in RORyt expression after introducing the ABs against type I IFNs and IL-
22 cytokine in qPCR. Cell samples from A) experiment A and B) experiment C, were conducted to examine the
impact of anti-IFNa, anti-IFNo, and anti-IL-22 ABs on the expression of RORyt+ T cells compared to a control
group without ABs. In both sets of experiments, the concentrations of the ABs were consistent (0.2 ng/uL) across
all conditions. The ABs were added at two different time points: before the addition of Th17 signature cytokines
(labeled as "B") and simultaneously with the addition of these cytokines (labeled as "S"). Only one biological
parallel was evaluated for each condition because of the limited number of available cells. Hence, no statistical
testing was applied.

The relative expression of RORyt is depicted in Figure 4.14 for both experiment A and C.
Being the same as the flow cytometry experiments, but where only the sample conditions with
concentration (0.2 ng/uL) of the ABs were chosen for experiment C. In experiment A, there is
a decreasing tendency in the proportion of RORyt-expressing cells, while experiment C shows
the opposite trend. These inconsistent findings make it difficult to draw a consistent
interpretation from the results.
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Figure 4.15 Expression of FoxP3, GATA3, T-bet, CCR4, and CXCR3 relative to RORyt expression in
gPCR. Cell samples from experiment A) and C), were conducted to examine the impact of anti-IFNa, anti-IFNo,
and anti-1L-22 ABs on the expression of FoxP3+, GATA3+, T-bet+, CCR4+, and CXCR3+ T cells relative to
RORyt+ Th17 cell expression. In both sets of experiments, the concentrations of the ABs were consistent (0.2
ng/uL) across all conditions. The ABs were added at two different time points: before the addition of Th17
signature cytokines (labeled as "B") and simultaneously with the addition of these cytokines (labeled as "'S"). Only
one biological parallel was evaluated for each condition because of the limited number of available cells. Hence,
no statistical testing was applied.
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Figure 4.15 presents the relative expression of other markers in gPCR analysis in comparison
to RORyt expression. The graphs indicate no significant differences between the conditions,
but consistently demonstrate an upregulation of CXCR3 and CCR4, as well as a
downregulation of FoxP3, GATAS3, and Thet relative to the Thl7-marker RORyt. These

findings suggest a reliable pattern of gene expression changes associated with Th17 cells.

4.4.3 Th17 signature cytokine IL-17 in cultured CD4+ T cells

Sandwich ELISA assays for IL-17 cytokine was utilized on isolated CD4+ T cell culture
supernatants to assess the impact of commercial anti-IFNa, anti-IFN®, and anti-IL--22 ABs on
the function of Th17 cells.

4.4.3.1 ELISA analysis of IL-17 cytokine levels after introduction of commercial ABs
against type I IFNs and I1L-22

After a 7-day in-vitro expansion, the differentiation and functionality of Th17 cells derived
from isolated CD4+ T cells of healthy individuals were confirmed by assessing their ability to
produce IL-17 cytokines in the presence of anti-IFNa, anti-IFNw®, and anti-1L-22.
Concentrations of IL-17 in culture supernatants in response to three different commercial ABs
was as follows: for experiment with anti-IFNao (mean exp. A: 70.8 pg/mL, mean exp. B: 197.5
pg/mL, mean exp. C: 197.7 pg/mL), for experiment with anti-IFN® (mean exp. A: 178.6
pg/mL, mean exp. B: 140 pg/mL, mean exp. C: 117.5 pg/mL), and for experiment with anti-
IL-22 (mean exp. A: 39.5 pg/mL, mean exp. B: 175.6 pg/mL, mean exp. C: 79.5 pg/mL). Since
all expanded Th17 cells produced IL-17 cytokine, they were considered to be functional.
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Figure 4.16 Levels of IL-17 detected in culture supernatants of CD4+ T cells treated by commercial ABs.
Cell samples from experiment A and C, were conducted to examine the impact of A) anti-IFNa, B) anti-IFNo,
and C) anti-1L-22 ABs (added to the cell culture at various doses and timepoints) on the production of IL-17
cytokine from RORyt+ Th17 cells. **S™: the simultaneous addition of AB and cytokines."B"": the addition of AB
before the addition of cytokines. Since each bar in the histograms only displays one data point, there was no
statistical analysis performed.

Overall, higher concentrations of IL-17 were detected in supernatants from conditions with
anti-IFNa and anti-IFNo ABs added at the same time with Th17 cytokines (Fig 4.16A/B).
However, no significance was observed compared to controls and there were no clear patterns

of the influences of commercial anti-cytokine Abs (Fig 4.16).
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4.5 Effects of autoABs against IFN-Is and IL-22 in APS-1 patient sera on in vitro Th17
cell differentiation

Building upon the previous experiments that investigated the impact of commercial ABs on
Th17 cell differentiation, we conducted a subsequent study, using CD4+ T cells isolated from
healthy PBMCs, to examine the effects of autoABs against IFN-Is and IL-22 that were derived
from APS-1 patients on in vitro Th17 cells. To investigate the influence on Thl7 cells, the
study examined the effects of sera obtained from both HC and individuals with APS-1, as well
as purified 1gG from three APS-1 patients. The experiments were conducted under in vitro
conditions including IL-1, IL-6, IL-23, TGF-B cytokines, and anti-IL-4 and anti-IFN-y ABs.
This section focuses on presenting the outcomes obtained from RORyt+ Th17 cells and FoxP3+

Tregs.
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Figure 4.17. Flow cytometry data of Th17 and Treg response to HC serum versus control group without
HC serum. The figure indicates the effect of HC serum on RORyt+ Th17 cells and FoxP3+ Tregs compared to
the control group. Mean values are indicated by boxes and error bars show standard deviation. Cells treated with
Hc serum was compared to controls using t tests (and nonparametric tests). No differential effect between the two
groups was indicated by the statistical analysis performed. To assess the significance among different conditions
treated with Hc serum, one-sample t-tests and Wilcoxon tests were performed. A nearly significant difference was
observed for Th17 differentiation in the presence of Hc sera (P value: 0.0241) using GraphPad version 9.5.1.

The frequency of RORyt+ Th17 cells exhibited significant variability, ranging from 6.4% to
45.5%, in response to the introduction of 2ul. serum obtained from five healthy individuals.
Additionally, in the same condition exposed to HC serum, the frequency of FoxP3+ Tregs
ranged from 0.5% to 9.1%. With the exception of one condition that displayed the highest

percentage of Th17 cells, the remaining conditions showed a suppressive response for either
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Th17 or Tregs upon the addition of HC sera compared to their sera-free control. Therefore,
addition of HC serum showed tendencies towards lower differentiation of these two cell subsets

but without reaching statistically significant alterations.
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Figure 4.18. Flow cytometry data of Th17 cell response to the addition of HC serum, APS-1 patient serum,
and APS-1 IgG versus control group without sera. Two sets of experiments were conducted A) and B) to
investigate the effect of HC serum, APS-1 serum, and APS-1 IgG on RORyt+ Th17 cells compared to a control
group. Some APS-1 sera contained type 1 IFN and IL-22 ABs (APS-1 serum w Anti-1L-22), whereas some APS-
1 sera did only contain type 1 IFN ABs and not IL-22 ABs (APS-1 serum wo Anti-IL-22). A) Experiment A: In
this experiment, three patient sera (2uL), 5 healthy control sera (2uL) and three APS-1 1gG (1uL) were included.
In this experiment, various cell conditions were compared to a control condition where no serum was present. B)
Experiment B: Addition of sera (2uL or 5uL) from APS-1 patients, IgG (1uL) or healthy control sera (2 or 5uL)
were compared to sera from healthy controls (2uL). For both figs, mean values are indicated by boxes, error bars
show standard deviation. A non-parametric, one-way ANOVA test-Kruskal Wallis test (P values are indicated on
the tiles) performed by GraphPad version 9.5.1.

The addition of APS-1 sera, with or without anti-1L-22 AB, and regardless of the two different
concentrations used, demonstrated inhibitory effects on Th17 differentiation but did not reach
statistical significance. Moreover, the purified 1gG obtained from individuals with APS-1
exhibited both stimulation and inhibition effects on Th17 cells. However, these effects were

not statistically significant.
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Figure 4.19. Flow cytometry data of Tregs response to the addition of HC serum, APS-1 patient serum, and
APS-1 1gG versus control group without sera. Two sets of experiments were conducted A) and B) to investigate
the effect of HC serum, APS-1 serum, and APS-1 1gG on FoxP3+ Tregs compared to a control group. Some APS-
1 sera contained type 1 IFN and IL-22 ABs (APS-1 serum w Anti-1L-22), whereas some APS-1 sera did only
contain type 1 IFN ABs and not IL-22 ABs (APS-1 serum wo Anti-1L-22). A) Experiment A: In this experiment,
three patient sera (2uL), five healthy control sera (2uL) and three APS-1 IgG (1uL) were included. In this
experiment, various cell conditions were compared to a control condition where no serum was present. B)
Experiment B: Addition of sera (2uL or 5uL) from APS-1 patients, IgG (1uL) or healthy control sera (2 or 5uL)
were compared to sera from healthy controls (2uL). For both figures, mean values are represented by boxes, and
error bars indicate the standard deviation. A non-parametric, one-way ANOVA test-Kruskal Wallis test was used
and the P values, are indicated on the figure tiles. The statistical analysis was performed using GraphPad version
9.5.1.

The inclusion of APS-1 sera, whether with or without anti-IL-22 ABs, at different
concentrations, exhibited inhibitory effects on Treg differentiation compared to the control
condition without serum and IgG. Furthermore, both upregulation and downregulation of this
cell subset were observed when compared to the control condition containing HC serum.
Additionally, the purified 1gG derived from individuals with APS-1 showed both stimulating

and suppressing effects on Tregs. However, these effects did not reach statistical significance.
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The findings illustrated in Figure 4.20 show the differentiation of CCR6+, CCR4+, and
CXCR3+ T cells from isolated CD4+ cells in experiment “A” using sera/IgG (same conditions
as shown in Fig 4.19A). A trend towards a decrease was observed on the differentiation of
CCR6+ and CCR4+ T cell populations, following exposure to APS-1 sera, whether with or

without anti-IL-22 ABs, compared to the control condition without serum and IgG (Fig
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4.20A/B). However, no differential changes were detected in the differentiation of these T cell

populations in the presence of APS-1 sera/lgG.
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The results presented in Figure 4.21 demonstrate the differentiation of CCR6+, CCR4+, and
CXCR3+ T cells from isolated CD4+ cells in experiment “B” using sera/lgG conditions (as
depicted in Figure 4.19B). The CCR6+ T cell populations showed a tendency towards a
decrease when exposed to a concentration of SuL of sera, regardless of whether it was APS-1
sera with or without anti-IL-22 ABs or healthy sera (Fig 4.21A). However, overall, no
discernible effect was observed in the differentiation of these T cell populations in the presence
of APS-1 sera/lgG.

4.5.1 Gene expression analysis of Th17 cells after introduction of sera from both APS-1
patients and Healthy controls

The RNA from cultured Th17 cells was extracted, and its concentration was estimated using
Nanodrop, ranging from (mean 45.3%; range 12.74-110.78%). Moreover, the purity of the
RNA was determined by using spectrophotometry. The 260/280 OD ratios ranged from 1.51
to 2.11 (mean: 1.87) throughout this evaluation.

4.5.1.2 Gene expression profiling of T cell lineage markers in CD4+ T cells

SYBR green-based gPCR assays were employed to assess the relative gene expression of T
cell lineage markers in CD4+ T cells. These assays were conducted on cell samples obtained
from experiment B, where the control group contained HC serum (2 pL). To verify the
specificity of the primers targeting markers such as RORyt, FoxP3, GATA3, T-bet, CCR4, and
CXCR3, melting curve analyses were performed following each run. The presence of a single
peak in the melting curve analysis confirmed the specificity of the primers for their respective
gene targets. According to the mean Ct values of the six target genes, some reliable and some
undetermined amplifications were detected. Mean Ct values for these genes were ranging as
follows: RORyt (25.76 to 30.21), FoxP3 (29.69 to 37.04 but mostly undetermined), GATA3
(23.29 to 25.68), T-bet (26.31 to 28.22), CCR4 (29.14 to 53.69 and some undetermined), and
CXCR3 (18.87 to 21.52). The result from RORyt gene expression is shown in this section.
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Figure 4.22. qPCR analysis of relative changes in RORyt expression after introducing APS-1 and HC sera.
Cell samples from experiment B were conducted to examine the impact of APS-1 and HC sera on the expression
of RORyt+ T cells compared to a control group with 2uL. HC serum. Some APS-1 sera contained type 1 IFN and
IL-22 ABs (APS-1 serum w Anti-1L-22), whereas some APS-1 sera did only contain type 1 IFN ABs and not IL-
22 ABs (APS-1 serum wo Anti-1L-22). Sera from both HC and APS-1 individuals added at two different (2uL
and 5uL) concentrations. Only one biological parallel was evaluated for the condition of APS-1 serum without
anti-1L-22 because of the limited number of available cells. Hence, no statistical testing was applied. Mean values
are represented by boxes, and error bars indicate the standard deviation. A non-parametric, one-way ANOVA test
were performed and the P values, are indicated on the figure tiles. The statistical analysis was performed using
GraphPad version 9.5.1.

Figure 4.22 presents the relative expression of RORyt in experiment B, which was carried out
in the presence of APS-1 and HC sera. The data showed a decreasing trend in the proportion
of cells expressing RORyt when exposed to patient sera compared to conditions with HC sera.
However, the findings are inconsistent, making it challenging to derive a conclusive

interpretation from the results.

4.5.2 Th17 signature cytokine IL-17 in cultured CD4+ T cells

To evaluate the effect of APS-1 and HC sera/lgG on the function of Th17 cells and to measure
the levels of IL-17 cytokine, sandwich ELISA assays were performed on culture supernatants

derived from isolated CD4+ T cells.
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4.5.2.1 ELISA analysis of IL-17 cytokine levels after introduction of APS-1 and HC
sera/lgG

After a 7-day in-vitro expansion, the differentiation and functionality of Th17 cells derived
from isolated CD4+ T cells of healthy individuals were confirmed by assessing their ability to
produce IL-17 cytokines in the presence of sera/lgG obtained from both HC and APS-1
individuals. It was observed that all expanded Th17 cells were capable of producing IL-17
cytokine, with mean concentrations of 46.7 pg/mL in the experimental group and 55.8 pg/mL

in the control group. Therefore, these cells were considered to be functional.
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Figure 4.23. Levels of IL-17 detected in culture supernatants of CD4+ T cells treated by HC and APS-1
sera/lgG. Cell samples from experiment B, were conducted to examine the impact of APS-1 and HC sera and
IgG on the production of IL-17 cytokine from RORyt+ Th17 cells compared to a control group with 2uL. HC
serum. Some APS-1 sera contained type 1 IFN and IL-22 ABs (APS-1 serum w Anti-1L22), whereas some APS-
1 sera did only contain type 1 IFN ABs and not IL-22 ABs (APS-1 serum wo Anti-I1L-22). Sera from both HC
and APS-1 individuals added at two different (2uL and 5ul) concentrations. Only one biological parallel was
evaluated for the conditions of APS-1 serum without anti-IL-22 with two distinct concentrations. Hence, no
statistical testing was applied. Mean values are represented by boxes, and error bars indicate the standard
deviation. A non-parametric, one-way ANOVA test was conducted using GraphPad version 9.5.1, from which no
significant changes in IL-17 levels compare to the control with 2ul. HC serum.

In general, a slight decrease in the levels of IL-17 cytokine was observed when the Th17 cells
were exposed to patient serum without anti-1L-22 autoABs. However, no significant difference
was seen when comparing the impact of APS-1 sera/lgG to the controls with HC serum on the

levels of IL-17 cytokine.
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4.6 Effects of autoABs against IFN-Is and IL-22 in APS-1 patient sera and I1gG on in
vitro PBMCs from healthy donors

We performed a follow-up investigation to evaluate the impact of autoABs against type | IFNs
and IL-22, sourced from APS-1 patients, on healthy PBMCs in an in vitro setting. The study
also included the presence of HKCA and utilized Lipopolysaccharide (LPS) as a control to
assess the cellular response to HKCA. To accomplish this, the study assessed the impact of
sera obtained from both HC individuals and APS-1 patients, as well as HC and APS-1 purified
IgGs. The experiment was carried out under in vitro conditions including the presence of IL-
1B, IL-6, IL-23, TGF- cytokines, and anti-1L-4 and anti-IFN-y ABs. This section presents the
results obtained from the analysis of RORyt+ Th17 cells and FoxP3+ Tregs.
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Figure 4.24. Flow cytometry analysis of the impact of HC/APS-1 Sera, and HC/APS-1 1gG on Th17 cells
from in vitro HC PBMCs in the Presence of A) HKCA; B) LPS. The experiment was performed to assess the
effect of serum and 1gG from both (APS-1) patients and healthy individuals (HC) on Th17 cells within CD4+ T
cell population from healthy PBMCs compared to the serum/IgG-free control group. Every condition, except for
the control, had HKCA (CA) (for A) or LPS (for B). Among APS-1 sera, one did not contain (without = wo)
autoABs against IL-22 cytokine, but all have autoABs against type | IFNs. The rest contained all three autoABs
(with = w). In this experiment, various cell conditions were compared to a control condition with no serum/IgG.
Mean values are indicated by boxes, error bars indicate standard deviation. A non-parametric, one-way ANOVA
test-Kruskal Wallis test (P value are indicated on the tiles) using GraphPad version 9.5.1.
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Compared to the control group, a noticeable trend towards a decrease in Th17 cells within the
CD4+ T cell population, although without reaching statistical significance in any case, was
observed when HKCA was introduced along with an even larger decrease when sera and 1gG
from both HC individuals and APS-1 patients were added (Fig. 4.24A). LPS was employed in
this experiment as a means to induce an inflammatory response in cell cultures, serving as a
control. This allowed for a comparison of its effects on cells to those of HKCA under identical
conditions with the presence of sera and 1gG from both HC and APS-1 patients. No similar
decreasing in Th17 cell tendencies as for addition of HKCA with/without sera/lgG were
revealed when adding LPS instead of HKCA (Fig. 4.24B).
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Figure 4.25. Flow cytometry analysis of the impact of HC/APS-1 Sera, and HC/APS-1 1gG on Tregs from
in vitro HC PBMC:s in the Presence of A) HKCA; B) LPS. The experiment was performed to assess the effect
of serum and IgG from both (APS-1) patients and healthy individuals (HC) on Tregs within CD4+ T cell
population from healthy PBMCs compared to the serum/IgG-free control group. Every condition, except for the
control, had HKCA (CA) (for A) or LPS (for B). Among APS-1 sera, one did not contain (without = wo) autoABs
against 1L-22 cytokine, but all have autoABs against type | IFNs. The rest contained all three autoABs (with =
w). In this experiment, various cell conditions were compared to a control condition with no serum/IgG. Mean
values are indicated by boxes, error bars indicate standard deviation. A non-parametric, one-way ANOVA test-
Kruskal Wallis test (P value are indicated on the tiles) using GraphPad version 9.5.1.

A trend towards a decrease in the frequency of Tregs within the CD4+ T cell population was
observed when HKCA was added, although this decrease was not statistically significant.
Furthermore, a larger decrease in Tregs was observed when sera and IgG from both healthy
control individuals and APS-1 patients were introduced (Fig. 4.25A). However, it is worth
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noting that there was one condition involving cells exposed to patient IgG where this trend was
not observed. In this experiment, LPS was used as a control to induce an inflammatory response
in cell cultures. This allowed for a comparison of the effects of LPS on cells to those of HKCA
under identical conditions with the presence of sera and 1gG from both HC individuals and
APS-1 patients. It was observed that the addition of LPS did not lead to a similar decrease in
Treg frequencies as observed with the addition of HKCA, regardless of the presence of sera
and 1gG (Fig. 4.25B)

4.7. In vitro assessment of autoABs against IFN-Is and IL-22 in APS-1 patient Sera on
PBMCs from APS-1 patients and healthy controls

In the latest experiment, PBMCs were obtained from three APS-1 patients (as described in
Appendix ). Additionally, PBMCs from three healthy controls were isolated and utilized as
sex-matching controls (Appendix I1), as previously explained in section 4.1. Similar to the
previous study involving PBMCs, this experiment incorporated the use of HKCA and LPS.
The effects of sera derived from both HC individuals and APS-1 patients, as well as HC and
APS-1 purified IgGs, were evaluated in the presence of HKCA. The experiment was conducted
under consistent in vitro conditions, including the presence of IL-1p, IL-6, IL-23, TGF-p
cytokines, as well as anti-IL-4 and anti-IFN-y ABs. The results of the study of RORt+ Th17

cells and FoxP3+ Tregs are presented in this section.
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Figure 4.26. In vitro impact of sera on Th17 cells within PBMCs in the presence of HKCA in flow cytometry.
A) Cells from healthy controls (HC); B) Cells from APS-1 patients (APS-1). The objective of the experiment was
to evaluate the impact of serum obtained from both patients and healthy individuals on Th1l7 cells within
healthy/patient PBMCs compared to the HKCA/serum-free control group. Two other control groups, one
contained HKCA and the other with LPS, which both lacked serum, were also included. All APS-1 sera included
in the study had presence of both ABs against type | IFNs and IL-22 cytokine. Specifically, APS-1 serum A, B,
and C were derived from the corresponding APS-1 patients A, B, and C, whose PBMCs were utilized in the
experimental culture (Fig 4.26). Consequently, to assess the effect of each serum, they were added separately in
three distinct conditions. Serum C from one of the patients was selected to be added in all control conditions to
comparing its effect among three distinct HC PBMCs. Mean values are indicated by boxes, the error bars represent
the standard deviation. Statistical comparisons were conducted (P value are indicated on the tiles) using a non-
parametric, one-way ANOVA test (Kruskal Wallis test) using GraphPad version 9.5.1.

When HKCA was combined with sera from both HC individuals and APS-1 patients, a clear
trend towards a reduction in Th17 cells within the CD4+ T cell population was observed, in
comparison to the control group without HKCA. This applies to both APS-1 cells and healthy
controls cells (A and B in Fig 4.26). This small suppressive effect on Th17 cell development
was also detected in the presence of LPS. However, no statistically significant differences in

Th17 frequencies were observed when compared to controls.
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Figure 4.27. Comparison of the Th17 cell frequencies under identical culture conditions within PBMCs
from APS-1 and HC individuals in flow cytometry. Cells from healthy controls (C) in comparison to cells from
APS-1 patients (P/Patient). All APS-1 sera included in the study had presence of both ABs against type | IFNs
and IL-22 cytokine. Specifically, APS-1 serum A, B, and C were derived from the corresponding APS-1 patients
A, B, and C, whose PBMCs were utilized in the experimental culture (Fig 4.26). Comparing patient and control
Th17 cells exposed to A) HC sera, B) APS-1 serum A, C) APS-1 serum B, D) APS-1 serum C, E) HKCA (CA),
F) LPS. E) and F) both lacked sera. Mean values are indicated by boxes, the error bars represent the standard
deviation. Statistical comparisons were conducted (P value are indicated on the tiles) performing t tests (and non-
parametric tests) in GraphPad version 9.5.1.
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With the exception of one condition (Fig 4.27D) where Th17 cells from patient C, exposed to
their corresponding serum, showed a significant effect with an increase in Th17 cell
differentiation compared to the same condition in PBMCs from a healthy control (P value:
0.0300). The remaining conditions did not show any significant difference when compared to

their respective control conditions.
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Figure 4.28. In vitro impact of sera on Tregs within PBMCs in the presence of HKCA in flow cytometry. A)
Cells from healthy controls (HC); B) Cells from APS-1 patients (APS-1). The objective of the experiment was to
evaluate the impact of serum obtained from both patients and healthy individuals on Tregs within healthy/patient
PBMCs compared to the HKCA/serum-free control group. Two other control groups, one contained HKCA and
the other with LPS, which both lacked serum, were also included. All APS-1 sera included in the study had
presence of both ABs against type | IFNs and IL-22 cytokine. Specifically, APS-1 serum A, B, and C were derived
from the corresponding APS-1 patients A, B, and C, whose PBMCs were utilized in the experimental culture (Fig
4.28). Consequently, to assess the effect of each serum, they were added separately in three distinct conditions.
Serum C from one of the patients was selected to be added in all control conditions to comparing its effect among
three distinct HC PBMCs. Mean values are indicated by boxes, the error bars represent the standard deviation.
Statistical comparisons were conducted (P value are indicated on the tiles) using a non-parametric, one-way
ANOVA test (Kruskal Wallis test) using GraphPad version 9.5.1.

In contrast to the effect of HKCA on Th17 cell differentiation, a tendency towards an increase
in Tregs within the CD4+ T cell population was observed when compared to the control group
without HKCA (Fig 4.28A). Similarly, a slight stimulatory effect on Treg development was
detected in the presence of LPS (Fig 4.28B). However, no statistically significant differences

in Treg frequencies were detected compared to controls.
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5. Discussion

Due to its rarity and clinical variability, APS-1 remains a challenging disease to study and treat,
posing difficulties in the field of medicine and research. The worldwide distribution, genetic
variants, and clinical symptoms of APS-1 are all the subject of ongoing research. These
initiatives seek to advance diagnosis, create focused therapeutics, and enhance support for
people throughout the world who suffer from this rare autoimmune condition. Importantly, as
APS-1 is a model disorder for endocrine autoimmunity based on its monogenic cause and
relevant impact of the disease gene AIRE for immune tolerance, knowledge that comes out
from such studies can be informative for a range of autoimmune and immune deficiency

disorders and can provide new knowledge on central and peripheral tolerance.

It is known that patients with APS-1 commonly suffers from opportunistic candida infections,
and several studies have pinpointed mechanism that could be implicated in this immune
deficiency manifestation of APS-1. First and foremost, Th17 cells are very important in
Candida albicans clearance, and it is known that patients with mutations in genes in the 1L-17-
pathway are prone to candidiasis (Puel 2020; Puel et al. 2010). APS-1 patients have been found
to harbour neutralizing autoABs against Th17-mediators (IL-22, IL-17A and IL-17F) (Kisand
et al. 2010), and this can for sure be implicated in the pathogenesis but has never been fully
established. Secondly, cells (PBMCs) from patients with APS-1 have been found to express
less IL-22 than controls, and they produce significantly less IL-23, a regulator of Th17 cells
upstream in the signalling pathway, compared to healthy controls (Bruserud, Oftedal,
Landegren, et al. 2016). Thirdly, APS-1 patients have autoABs against type | interferons
(Meager et al. 2006), which may not directly be involved in Th17-pathways but might still have
an effect on Th17/other T cell balances. However, there is still unanswered questions in relation
to how these cytokine autoABs influence Th17-cell differentiation. This is what this project

wanted to find out.

To this end, we first optimised the methodology for conducting in vitro studies on IFN and
Th17 cytokine autoABs found in APS-1 individuals, with a specific emphasis on T cells and
the balance between Th17 cells and other T cell subsets. Accordingly, cells obtained from both
APS-1 patients and healthy controls were utilized to investigate the potential impact of these
autoABs on Thl7 cells. This investigation involved employing multiple endpoint assays
including both protein levels and RNA transcript levels. The overall findings we provide

supports no major effect for the APS-1 cytokine autoABs for in vitro cultures of PBMCs or

84



expanded Th17 cells. Testing on isolated CD4+ T cells, no consistent differential expression
for in vitro Th17 cells in respond to commercial autoABs against anti-IFNa, anti-IFN®, and
anti-1L-22 were observed in flow cytometry experiments. However, these changes were not
deemed significant in terms of Thl7 development. Furthermore, the impact of these
commercially available cytokine ABs did not result in significant alterations in the expression
of the RORyt gene compared to its expression in AB-free control group using qPCR.
Subsequently, minor negative effects of APS-1 patients’ sera and IgG harboring the same
autoABs on Th17 cells were observed. A noticeable trend towards decreased development of
Th17 cells was also seen when exposed to HC sera in the same experiments. However,
statistically no discernible effect of APS-1 sera/lgG and HC sera was detected on the
differentiation of RORyt+ T cells from CD4+ T cells in vitro, nor on the RORyt gene expression
compared to the control group.

CMC, a common clinical manifestation observed in APS-1 patients, affects the mucous
membranes and skin and is primarily caused by Candida albicans. The development of CMC
in APS-1 is believed to be associated with immunological dysregulation and impaired function
of T cells, specifically a deficiency in the production or activity of Th17 cells, which play a
critical role in fungal defence (Philippot, Casanova, and Puel 2021). Accordingly, in this study,
we investigated the impact of HKCA in the presence of HC and APS-1 sera/lgG on PBMCs
obtained from healthy individuals. The results showed a drop in Th17 cell proliferation within
the CD4+ population of healthy control PBMCs when HKCA was present, compared to the
conditions exposed to LPS. However, this difference was not statistically significant based on
the analysis conducted. Similarly, Th17 cells within the CD4+ population of APS-1 patient
PBMCs showed a non-significant effect of sera/lgG when exposed to HKCA. It is important
to note that this is a preliminary study with a small sample size of only three patients, so care

must be taken when interpreting these findings.

In this project, a variety of assays were utilized in combination, allowing us to comprehensively
evaluate the effects of cytokine autoABs on various aspects of T cell behavior and functionality
referring to cytokine receptor activity and production of IL-17. While parts of the gPCR
techniques were already in use in the lab (optimization described in 3.9.3) and the ELISA-
assays were commercial ready-to-use Kits, the differentiating in vitro RORyt+ Th17 cells from
isolated CD4+ T cell population was a novel approach for the lab, necessitating the
optimization and validation of the methodology. Therefore, the flow cytometry panel for
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accurately characterizing and gating on this population of T cells required optimization and

validation as well.

5.1 In vitro cell culture for Th17 cells

In vitro cell culturing of T cells offered us the ability to manipulate and control various aspects
of the experimental conditions. This included having control over the composition of the
culture media and selectively including or excluding specific factors or stimuli, allowing us to
optimize the nutritional and growth factor requirements for ideal differentiation, function, and
maintenance of Th17 cells. By studying T cells in isolation in an in vitro setting, we were able
to minimize the potential interference of other immune cells and the variability of cytokine
levels that exist in the complex in vivo environment. This targeted approach enabled us to
specifically investigate and gain insights into the effects and responses of T cells, resulting in
increased efficiency in screening and testing of various conditions to study cellular behavior
and functions. Moreover, investigating T cells in an in vitro setting reduces reliance on animal

models, thereby resolving ethical issues raised by animal experiments.

However, it is essential to acknowledge the limitations of in vitro cell culturing. Cell culture
techniques cannot adequately replicate the complex interactions that occur within tissues and
organs, including the intricate interplay between different cell types, the extracellular matrix,
and physiological gradients. The conditions used for cell culturing themselves, may introduce
errors or biases that can influence the results. In vitro experiments in simplified conditions,
without the presence of other immune cell types and systemic factors, including hormones,
growth factors, and immune mediators, may exhibit altered behavior, signalling, gene
expression, and functionality compared to their in vivo counterparts. Therefore, it is crucial to
validate and complement findings from in vitro studies with in vivo experiments to obtain a

comprehensive understanding of T cell biology and function.

5.2 Th17 cells and Tregs share TGF-B-mediated signalling pathway

Th17 cells are frequently implicated in the development of autoimmune disorders due to their
involvement in the immune response (Korn et al. 2009). Conversely, autoimmune conditions
often demonstrate reduced quantities or impaired functioning of Tregs (Crispin, Martinez, and
Alcocer-Varela 2003; Yasuda, Takeuchi, and Hirota 2019). Notably, the TGF-p-mediated
signalling pathway has a dual function in promoting the differentiation of both Th17 cells and
Tregs from naive CD4+ T cells. In an inflammatory milieu, the combination of TGF-f and IL-

6 cytokines promotes the differentiation of Th17 cells while suppressing the development of
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Tregs (Korn et al. 2009). At lower concentrations, TGF-p works together with IL-6 to enhance
the expression of the IL-23 receptor and facilitate the differentiation of Th17 cells (Zhou et al.
2008). Accordingly, during the in vitro culturing of isolated naive CD4+ T cells we included
concentration of IL-6 (30 ng/mL) with TGF-B1 (5 ng/mL) of Thl7-polarizing cytokines as
suggested by a standardised protocol by Miltenyi.com. Assessing distinct T cell fractions
harvested from CD4+ T cell cultures by flow cytometry, both RORyt+ Th17 cells and FoxP3+
Tregs population within the CD4+ T cells were generated with a presence for the Th17 cell
population. To achieve optimal differentiation of Th17 cells while suppressing Treg
differentiation in the presence of TGF-B cytokine, one approach could involve adjusting the
concentrations of Thl7 cytokines in the culture media. This could be explored by either
increasing the concentrations of 1L-6, IL-23, and IL-1p while keeping the TGF-3 concentration
low, or by decreasing the TGF-f concentration while maintaining a constant level of other
cytokines involved in Thl7 cell differentiation. Since the differentiation of Th17 cells from
naive CD4+ T cells required a 7-day expansion period, the timing and duration of cytokine
exposure could influence the differentiation outcomes. This could be possible by providing
TGF-p together with other Th17 cytokines during the early stages of culture, then removing
TGF-p completely by changing the media at later stages. This approach might allow for the
initial induction of Thl7 cell differentiation while minimizing the potential for Treg
development as the culture progresses. Other cytokines could maybe also been tried. IL-21, as
an example, can act synergistically with other cytokines, such as IL-6 and TGF-p, to drive
Th17 cell differentiation and expansion, and later involve in the survival, maintenance and

long-term functionality of mature Th17 cell (Martinez et al. 2008; Yang, Anderson, et al. 2008).

As long as we generated Tregs out of CD4+ T cells along with Th17 cells, this project was not
solely focused on investigating the effects of APS-1-related cytokine autoABs on Th17 cells,
it, therefore, encompassed both Th17 cells and Tregs, aiming to understand the impact of APS-

1-related cytokine autoABs on these two distinct T cell populations.

5.3 Inhibition of in vitro Th1 and Th2 cell differentiations from isolated naive CD4+ T
cells

Signaling through IFNy cytokine, mainly produced by activated T cells, triggers the
differentiation of naive CD4+ T cells into Thl cells. This process involves the activation of
multiple factors, including the upregulation of IFNy production itself, which collectively

enhance the commitment and function of Thl cells (Schoenborn and Wilson 2007), while
inhibiting the Th17 lineage-specific transcription factor RORyt (Manetti et al. 1994).
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Additionally, the IL-4 cytokine plays a crucial role in the differentiation of naive CD4+ T cells
into Th2 cells. It promotes the expression of GATAS lineage-specific transcription factor, as
well as other Th2-associated cytokines (Walker and McKenzie 2018), while inhibits the
differentiation of other T cell lineages, such as Th17 cells (Harrington et al. 2005). According
to this, ABs against IFNy and IL-4 were included in the culture conditions to neutralize the
effect of them on Thl and Th2 cell differentiation, respectively, thereby favouring the
development and maintenance of Th17 cell population. Through flow cytometry analysis and
comparison of the proliferative capacity of distinct T cell subsets in the conditions with and
without ABs, the findings showed that blocking the signalling of these specific cytokines using
their corresponding ABs resulted in the successfully inhibition of Thl and Th2 cell
differentiation and expansion. Interestingly, the inclusion of anti-IFNy AB demonstrated a
suppressive effect on all four T cell subsets examined. It is plausible that the anti-IFNy ABs
could engage in non-specific interactions, such as interactions with Fc receptors, and cross-
reactivity with alternative cell subsets or cytokines, in the absence or low abundance of the
targeted Th1 cell population and its specific cytokine signalling in the culture conditions. Thus,
to achieve optimal proportion of Th17 cell subset differentiation from CD4+ T cells, the highest
titration (Sng/uL) of the anti-IFNy AB in the culture conditions. By doing so, we sought to
maximize the inhibitory effect on the differentiation of other T cell subsets while minimizing
potential off-target effects on Th17 cells. However, selective targeting and suppressing the
differentiation of Th1l and Th2 cells in an in vivo environment could pose significant challenges
and might be potentially impractical due to the complexities of the immune system and the
interdependencies between different cell populations. Additionally, there could be a risk of
unintended consequences, including the disruption of vital physiological processes or
impacting the function of other cell populations. Moreover, the ability to precisely regulate
numerous experimental parameters, such as the timing, duration, and concentration of ABs,
could be a constraint of in vivo experiments. These limitations could make it challenging to
achieve immediate, consistent, and reproducible results when attempting to selectively

suppress cell lineage differentiation.

5.4 Effect of seraon T cell lineages

The findings of multiple studies have demonstrated that human serum, including samples
obtained from patients, healthy individuals, AB serum, can have diverse effects on T cell
differentiation outcomes. For example, sera from patients with AIDS-related complex (ARC)

or acquired immune deficiency syndrome (AIDS) demonstrated inhibitory effects on the
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proliferative response of an interleukin-2 (IL-2)-dependent cytotoxic T-cell line (Donnelly et
al. 1986). It has further been shown that sera obtained from pregnant women contain factors
that inhibit the specific functions of T cells (Salméron et al. 1991). T cells that were stimulated
with PHA/feeder cells and autologous serum from two different donors exhibited a
significantly longer proliferative lifespan compared to T cells stimulated with PHA/feeder cells
and AB serum (Roeth et al. 2005). Culturing mesenchymal stem cells with human serum
resulted in a notable reduction in CD3/CD28-induced T-cell activation, which consequently
led to impaired T cell differentiation (Pérez-llzarbe et al. 2009). Elevated levels of IL-10 in the
sera of patients with systemic lupus erythematosus (SLE) was found to induce the expression
of Fas and FasL on the surface of CD4+ T cells, leading to the promotion of apoptosis within
this specific subset of cells. (Yang et al. 2015). CAR T cells exposed to human platelet lysate
cultured sera demonstrated a less differentiated T cell phenotype and gene signature. This
altered phenotype was correlated with improved proliferative capacity and enhanced anti-
tumor effects when subjected to long-term in vitro coculture experiments (Torres Chavez et al.
2019).

In our experimental study, we consistently observed that the addition of AB serum, HC serum,
and sera from APS-1 patients resulted in a consistent suppression of T cell development in both
T-cell and PBMC cultures. These observed effects could be attributed to the unique
composition and properties of the serum utilized in the experiments. The presence of specific
ABs or other factors in the serum could bind to cell surface receptors or other substances
involved in T cell signalling, thereby influencing the differentiation outcomes. Moreover, the
serum might contain growth factors and cytokines that provide additional signals capable of
modulating T cell differentiation. While the AB serum is heat inactivated prior to use , this was
not done with the healthy control or APS-1 serum. This could have been done and the results

would maybe then be different.

5.5 Proliferative capacity of Th17 cells

The proliferative capacity of Th17 cells can vary from experiment to experiment due to various
factors. One such factor is aging of the subject of the study, which has been shown to impact
CD4 T cell differentiation. As individuals age, there is a decline in the differentiation and
functional capabilities of CD4 T cells. This age-associated decline can result in an altered
distribution of T cell subsets, and is often associated with diminished cellular and humoral
immune responses (Lefebvre et al. 2016). In this study, the analysis of proliferation index
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values using flow cytometry revealed variations in the proportion of Th17 cells generated in
each in vitro experiment. Given that the composition of the media, concentration of activating
stimuli (such as anti-CD3/CD28 ABs and cytokines), and other reagents used in the culture
conditions were consistent across the experiments involving CD4+ T cell cultures, the observed
variations in Th17 cell proliferation could likely be attributed to inter-donor variability or that
the assay is not robust enough to handle slight variations in day-to-day experiment conditions.
As peripheral blood derived CD4+ T cells were isolated, merged, and utilized from
approximately 10 healthy blood donors for use in each experiment in order to get enough cells,
this could be beneficial or non-optimal for the experiments. On the positive side, merging of
samples will counteract that one odd donor’s immune system result in strange findings.
However, inter-variability between donors could still pose problems for the reliability of the
assays. These variations could be influenced by prior activation or exposure to different stimuli
in the donors' circulation or for example gender, age, and genetic disturbances. Eventually, it
could affect the responsiveness and proliferative capacity of CD4+ T cells, resulting in
divergent responses in terms of Th17 cell proliferation. Therefore, due to our current limited
knowledge regarding in vitro Th17 cell differentiation, which exhibits significant variability
depending on the specific culture conditions (Veldhoen et al. 2009), and the observed
differences in transcriptional profiles between in vitro-generated Th17 cells and those found in
vivo (Zhou, Chong, and Littman 2009), it is crucial to interpret the results with caution. In in
vitro settings, these potentially confounder effects for the outcomes will always pose challenges
but could potentially be counteracted by having a really large pool of donor cells which has
been checked previously, and then use this pool for all experiments. This was not possible for

this study.

5.6 Proteomic versus transcriptomic results

To gain a thorough understanding of T cell differentiation, researchers can conduct proteomic
analysis to comprehensively characterize the proteome of different T cell subsets. This
approach involves identifying and quantifying proteins present in the sample, which provides
valuable insights into protein expression levels, post-translational modifications, and
interactions between proteins. By analyzing the proteomic data, researchers can uncover
specific proteins and pathways that play a role in the function of distinct T cell lineages.
Additionally, proteomic analysis can provide information about the functional state of T cells,
reveal protein networks, and potentially identify biomarkers associated with specific T cell

lines (Apte and Mehendale 2005). Transcriptomic analysis, on the other hand, focuses on
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measuring gene expression levels, particularly the presence of mMRNA molecules in a sample,
allowing for the identification of genes that are differentially expressed in T cell subsets and
subsequent investigation of the molecular mechanisms underlying T cell lines through the
examination of gene expression patterns (Supplitt et al. 2021).

In this study, the proteomic data was generated from T cell subsets that were cultured under
different conditions using commercial ABs, HC sera, and sera from patients with APS-1. This
data was obtained by analyzing the samples through flow cytometry, which enabled the
identification and characterization of different T cell subsets based on specific extracellular and
lineage markers. After successfully generating Th17 cells as well as the protein expression of
CCR®6 as the main surface marker characterizing the Th17 lineage (Acosta-Rodriguez et al.
2007; Annunziato, Cosmi, Santarlasci, Maggi, Liotta, Mazzinghi, Parente, Fili, et al. 2007,
Singh et al. 2008) in the in vitro T cell culture conditions based on the flow results, we
conducted an additional proteomic analysis to provide further evidence and confirmation of the
effective production of Th17 cells from CD4+ T cells. Accordingly, ELISA was employed as
part of the proteomic analysis to provide more precise and quantitative assessment of I1L-17
cytokine expression in the cell culture supernatants of various samples. The outcomes indicated
that the IL-17 cytokine was detected in the majority of T-cell samples, confirming the efficient
differentiation of Th17 cells from CD4+ T cells.

With the intention of integrating proteomic and transcriptomic data, we employed qPCR
analysis to gain a more holistic understanding of T cell subsets, effectively connecting gene
expression with protein function. Through this analysis, we successfully detected the
expression of the RORyt gene in all samples derived from isolated CD4+ T cell cultures,
confirming the successful in vitro differentiation of Th17 cell lineage from naive CD4+ T cells.
Following that, a comparison was made between the gene and protein expression levels of the
CXCR3 extracellular marker, which is predominantly expressed on Thl cells (Langenkamp et
al. 2003; Groom and Luster 2011). Although flow cytometry data did not show protein
expression for T-bet+ Thl cells in all experiments involving T cell and PBMC cultures, both
proteomic and transcriptomic analyses consistently indicated high expression of the CXCR3
receptor. Furthermore, qPCR analysis from T cell cultures revealed the presence of the T-bet
gene, although its expression level was lower compared to the expression level of the RORyt

gene.
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There could be several reasons why proteomic and transcriptomic results can differ in
experiments. This is indeed seen quite often in molecular biology studies and can have both
methodology or functional reasons (Koussounadis et al. 2015; VVogel and Marcotte 2012; Fukao
2015). According to the biological dogma, RNA is transcribed from DNA, and this is then
translated to amino acids and proteins, all very regulated processes. Thus, the relationship
between gene expression and protein expression is complex and not always linear. Various
regulatory mechanisms, such as signalling pathways, and protein interactions, could
independently influence protein abundance, decoupling it from mRNA levels, highlighting the
need to consider these additional layers of regulation beyond transcription. Moreover, rapid
changes in gene expression at the transcriptional level could happen, while the synthesis and
accumulation of proteins could require more time. This delay might lead to disparities between
mMRNA and protein levels at a specific time point. Additionally, proteins could exhibit diverse
turnover rates, meaning that their abundance might not directly correspond to mRNA levels.
These factors introduce differences between mRNA and protein expression, emphasizing the
necessity of taking time lag and protein turnover into account when analyzing gene expression
and protein abundance. Furthermore, the sensitivity, accuracy, and coverage of the techniques
employed to detect and measure proteins and mRNA could differ. Discrepancies between
proteomic and transcriptomic analyses could arise due to variations in experimental conditions,
such as differences in sample preparation, culture conditions, and cellular states. These factors
might influence the outcomes and contribute to divergent results between the two

analyses(Koussounadis et al. 2015; Vogel and Marcotte 2012; Maier, Guell, and Serrano 2009).

However, CCR4 and CXCR3 were here shown to be produced in the CD4+ cells both be the
protein and transcript measurement methodologies. Multiple research studies have indicated
that distinct Th17 subsets can be distinguished based on the differential expression patterns of
CCR4, CCR6, and CXCRa3. For instance, the simultaneous expression of CCR6 and CCR4
identifies a specific subset of human Th17 cells that exhibit the ability to produce IL-17A and
undergo proliferation when exposed to Candida albicans and Staphylococcus aureus (Acosta-
Rodriguez et al. 2007; Zielinski et al. 2012; Melé et al. 2015). On the other hand, the co-
expression of CCR6 and CXCR3 characterizes a heterogeneous population referred to as Thl-
Th17, which is capable of producing both IL-17A and IFN-y (Acosta-Rodriguez et al. 2007).
The small induction of CCR6, but high levels of CCR4 and CXCR3 described here indicates
that our artificial made Th17-cells might be mixture of Th17 and Th1 cells, or most are Th17-
Th1 cells.
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5.7 Influence of APS-1 related cytokine autoABs and HKCA on Th17 cells

Th17 cells play a role in promoting the production of various cytokines such as IL-17A/F, IL-
22, IL-21, and IL-26. These cytokines contribute to the recruitment and activation of
neutrophils, as well as induce the production of proinflammatory cytokines, chemokines, and
antimicrobial peptides in different cell types (Liang et al. 2006; Wolk et al. 2006; Kisand et al.
2010; Korn et al. 2009). Studies provided evidence that autoABs against Thl7-associated
cytokines are implicated in the pathogenesis of CMC in APS-1 patients (Kisand et al. 2010)
(Ahlgren et al. 2011). A study revealed that patients with CMC exhibited significant and
consistent reductions in IL-17F and, particularly, 1L-22 responses. However, these responses
remained unaltered in rare cases without CMC (Kisand et al. 2010). Also, it has been observed
that the Th17 pathway is activated and upregulated in response to C. albicans infections, while
the secretion of IL-22 is reduced. It was also shown that both APS-1 patients and control
PBMCs exhibit a robust Th1 response to C. albicans (Ahlgren et al. 2011).

One of the main hypotheses in our study was that the presence of neutralizing cytokine autoAbs
in individuals with APS-1, specifically high-titer autoABs against type 1 IFNs, IL-22
cytokines, might have an impact on Th17 cells. We postulated that these autoABs could
potentially influence the differentiation and development of Th17 cells, leading to either a
negative or positive effect on this specific cell lineage. For this we employed commercially
available anti-IL-22, anti-IFNa, and anti-IFNo ABs, as well as APS-1 patient sera and 1gG
containing same cytokine ABs in in vitro cell cultures. We performed these experiment in
different culture set ups using isolated healthy CD4+ T cells and PBMCs, as well as patient
PBMCs. Furthermore, we examined the effect of these ABs in APS-1 sera and IgG samples in
the presence of HKCA stimulation. A comparative analysis was performed using PBMCs from
three sex-matched controls and three APS-1 patients. Accordingly, we observed a minor
reduction in the differentiation of RORyt+ Th17 cells from isolated CD4+ T cells and a
decrease in the frequency of RORyt-expressing Th17 cells within the CD4+ T cell population
in PBMCs. However, these changes did not reach statistical significance. Furthermore, our
results indicated a reduction in Th17 expression in PBMC cultures from both control
individuals and APS-1 patients when subjected to HKCA stimulation. Additionally, the
absence of T-bet+ Th1l cells was observed in all analyzed samples, indicating a divergence

from the previously observed Th1l response in APS-1 and control subjects (Ahlgren etal. 2011).
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When comparing previous studies conducted in vivo and in vitro, several examples illustrate
the observed differences. For instance, in vivo studies conducted in mice have provided
evidence for the potential importance of IL-17 cytokines and IL-22, in the defence against
Candida infections (Conti et al. 2009; van de Veerdonk et al. 2009). However, evaluating the
immune response to Candida in mucocutaneous tissues of mice poses challenges (Netea et al.
2008) due to the broader roles of IL-17 cytokines in controlling various pathogens, particularly
in the lungs and gastrointestinal tract (Khader, Gaffen, and Kolls 2009; Dubin and Kolls 2008).
In contrast, in vitro experiments using human cells stimulated with Candida have shown a
selective induction of IL-17A and IL-22 production in Th17 cells (Acosta-Rodriguez et al.
2007; Liu et al. 2009). Moreover, individuals with STAT3 deficiency, characterized by a lack
of IL-17-producing Th17 cells, display an increased susceptibility to CMC and staphylococcal
infections (de Beaucoudrey et al. 2008; Ma et al. 2008; Milner et al. 2008; Minegishi et al.
2009). According to these findings, variability between in vivo and in vitro induction of Th17
differentiation by APS-1 autoABs can be attributed to multiple factors, such as the complexity
of the in vivo environment, which encompasses an intricate network of interactions may not be
fully replicated in simplified in vitro systems, leading to differences in the outcomes of Th17
cell differentiation. in vitro experiments offer a controlled and simplified environment, which

may not fully represent the intricate complexity of in vivo conditions.

5.8 Conclusions

In summary, we have optimized the cell culture conditions for Th17 cell differentiation from
isolated healthy CD4+ T cells, repeated the same procedure for PBMC cultures, and
subsequently used it with end-point assays for preliminary effect of cytokine autoABs on T
cells from controls and APS-1 patients. Overall, our experiments detected no statistically
significant findings which supports that cytokine AB from APS-1 patients impacts on Th17

differentiation in vitro.

5.9 Limitations

Due to the time-consuming nature of the assays used in this study, the number of patients and
healthy controls that could be included was constrained, thereby reducing the statistical power
of the analyses conducted. PBMCs isolated from healthy individuals was found to vary in
sample size. In addition, the cryopreservation step of isolated PBMCs during sample

processing led to some cell loss, and the number of isolated CD4+ T cells after magnetic cell
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collection was insufficient for both flow cytometry and qPCR analyses. Based on the limited
yield of CD4+ T cells isolated from PBMCs of each individual healthy donor, we estimated
that a sufficient number of CD4+ T cells could be obtained by isolating PBMCs from
approximately 10 donors for each experiment. The calculation aimed to ensure an adequate
sample size for the experimental analysis. Variability in the quantity and viability of isolated
PBMCs could arise from differences in sample processing techniques, such as the time elapsed
between blood collection and PBMC isolation. The limited number of isolated CD4+ T cells,
could be attributed to the freezing, thawing, and washing steps involved in the sample
processing, which could introduce external stressors that have the potential to affect the
viability of the cells. It could also be attributed to the use of magnetic (LS) columns in the cell
isolation process. These columns had a restricted capacity to handle a large quantity of cells,
which limited their flexibility in accommodating varying sample sizes. In cases where the cell
population was high, multiple columns were utilized for this procedure. This itself was time-
consuming and increased the likelihood of cell loss. Moreover, the rarity of APS-1 and the
limited volume of blood that can be sampled from patients posed challenges in obtaining an
adequate number of PBMCs for the study. Therefore, it was not possible to isolate and culture
CD4+ T cells from patient PBMCs. Additionally, due to the limited availability of APS-1 cell
samples, the focus was primarily on culturing cells for flow cytometry analysis. Another
constraint in performing relative gene expression analysis of different T cell lineage markers
on PBMCs was the potential lack of strict restriction of these transcription factors to CD4+ T
cells. This limitation arises from the heterogeneous nature of PBMCs, which consists of various
immune cell populations. As a result, the gene expression signals obtained might not solely

reflect the expression patterns within CD4+ T cells.

Regarding the commercial AB which were employed; these may not reflect the APS-1 autoABs
at all. They may react towards different epitopes than the patient ABs, and we have no control

of the concentration of the ABs.

Notably, this is an in vitro study with very artificial conditions for cells to be in. Although it is
clear that we managed to generate cells that express the lineage marker RORyt, this might not
reflect real Th17 cells that would be seen in in vitro circumstances. Nevertheless, due to
different biology between mice and men making the use of animal models non-optimal for
detailed immune responses, restricted access to patient materials and restricted access to native
in vivo cells, in vitro studies on human blood are important to give clues on immunology

mechanisms.
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5.10 Future perspectives

By addressing the knowledge gap and gaining a deeper understanding of the intricate immune
dysregulation in APS-1, one can pave the way for more effective treatments and interventions
in the future. To optimize the culture conditions further and make the assay robust for future
investigations, several factors can be considered, such as testing different combinations, range
of concentrations, or timing of additional cytokines and growth factors to determine the optimal
milieu for promoting desired cell responses. Examining the effects of different culture
durations, such as shorter or longer incubation times, or evaluating time-dependent responses
by analyzing samples at multiple timepoints. Evaluating different culture media formulations
and supplements can further optimize the assay. Additionally, creating a reference cell sample
by collecting a large number of cells from a single source, such as a buffy coat, is a practical
strategy to promote consistency and facilitate future experiments. A substantial amount of
blood from a few APS-1 patients and isolating Th17 cells directly from their samples as well
as expanding the use of different patient sera, including those with only anti-IFNw ABs or
IFNa ABs, can provide valuable insights into the effects of specific cytokine autoABs in APS-
1. Moreover, by incorporating additional functional markers for both flow cytometry, and
gPCR analysis, a more comprehensive understanding of T cell subtypes in APS-1 can be
achieved. The inclusion of specific ABs and markers facilitates a broader assessment of
immune dysregulation in APS-1, shedding light on the potential impact of cytokine autoABs
on other particular T cell populations such as Thl, Tregs, and Th2 cells. Furthermore,
functional assays that can track the activation of signalling pathways such as phospho-flow
cytometry, which involves the inclusion of ABs targeting phosphorylated intracellular markers,
such as STAT proteins can be involved for unraveling the mechanisms underlying this
autoimmune disorder. Future research investigating the effects of APS-1 cytokine autoABs on
Th17 cells can hold great promise for expanding our understanding of APS-1 pathogenesis and
identifying the intricate interactions and mechanisms involved, these studies may ultimately

contribute to the development of personalized and effective treatments for APS-1 patients.

96



References

Uncategorized References

Aaltonen, J., P. Bjorses, L. Sandkuijl, J. Perheentupa, and L. Peltonen. 1994. 'An autosomal locus
causing autoimmune disease: autoimmune polyglandular disease type | assigned to
chromosome 21', Nat Genet, 8: 83-7.

Abbas, Abul K., and Andrew H. Lichtman. 2009. Basic immunology : functions and disorders of the
immune system (Saunders/Elsevier: Philadelphia, PA).

Abbott, J. K., Y. S. Huoh, P. R. Reynolds, L. Yu, M. Rewers, M. Reddy, M. S. Anderson, S. Hur, and E. W.
Gelfand. 2018. 'Dominant-negative loss of function arises from a second, more frequent
variant within the SAND domain of autoimmune regulator (AIRE)', J Autoimmun, 88: 114-20.

Acosta-Rodriguez, E. V., L. Rivino, J. Geginat, D. Jarrossay, M. Gattorno, A. Lanzavecchia, F. Sallusto,
and G. Napolitani. 2007. 'Surface phenotype and antigenic specificity of human interleukin 17-
producing T helper memory cells', Nat Immunol, 8: 639-46.

Ahlgren, K. M., S. Moretti, B. A. Lundgren, |. Karlsson, E. Ahlin, A. Norling, A. Hallgren, J. Perheentupa,
J. Gustafsson, F. Rorsman, P. E. Crewther, J. Ronnelid, S. Bensing, H. S. Scott, O. Kampe, L.
Romani, and A. Lobell. 2011. 'Increased IL-17A secretion in response to Candida albicans in
autoimmune polyendocrine syndrome type 1 and its animal model', Eur J Immunol, 41: 235-
45,

Anderson, M. S,, E. S. Venanzi, L. Klein, Z. Chen, S. P. Berzins, S. J. Turley, H. von Boehmer, R. Bronson,
A. Dierich, C. Benoist, and D. Mathis. 2002. 'Projection of an immunological self shadow within
the thymus by the aire protein', Science, 298: 1395-401.

Annunziato, F., L. Cosmi, V. Santarlasci, L. Maggi, F. Liotta, B. Mazzinghi, E. Parente, L. Fili, S. Ferri, F.
Frosali, F. Giudici, P. Romagnani, P. Parronchi, F. Tonelli, E. Maggi, and S. Romagnani. 2007.
'Phenotypic and functional features of human Th17 cells', J Exp Med, 204: 1849-61.

Annunziato, F., L. Cosmi, V. Santarlasci, L. Maggi, F. Liotta, B. Mazzinghi, E. Parente, L. Fili, S. Ferri, F.
Frosali, F. Giudici, P. Romagnani, P. Parronchi, F. Tonelli, E. Maggi, and S. Romagnani. 2007.
'Phenotypic and functional features of human Th17 cells', J Exp Med, 204: 1849-61.

Apte, Udayan M., and Harihara M. Mehendale. 2005. 'Proteomics." in Philip Wexler (ed.), Encyclopedia
of Toxicology (Second Edition) (Elsevier: New York).

Aschenbrenner, K., L. M. D'Cruz, E. H. Vollmann, M. Hinterberger, J. Emmerich, L. K. Swee, A. Rolink,
and L. Klein. 2007. 'Selection of Foxp3+ regulatory T cells specific for self antigen expressed
and presented by Aire+ medullary thymic epithelial cells', Nat Immunol, 8: 351-8.

Bandyopadhyay, S., M. Duré, M. Paroder, N. Soto-Nieves, I. Puga, and F. Macian. 2007. 'Interleukin 2
gene transcription is regulated by lkaros-induced changes in histone acetylation in anergic T
cells', Blood, 109: 2878-86.

Bastard, P., J. Manry, J. Chen, J. Rosain, Y. Seeleuthner, O. AbuZaitun, L. Lorenzo, T. Khan, M. Hasek,
N. Hernandez, B. Bigio, P. Zhang, R. Lévy, S. Shrot, E. J. G. Reino, Y. S. Lee, S. Boucherit, M.
Aubart, R. Gijsbers, V. Béziat, Z. Li, S. Pellegrini, F. Rozenberg, N. Marr, |. Meyts, B. Boisson, A.
Cobat, J. Bustamante, Q. Zhang, E. Jouangy, L. Abel, R. Somech, J. L. Casanova, and S. Y. Zhang.
2021. 'Herpes simplex encephalitis in a patient with a distinctive form of inherited IFNAR1
deficiency', J Clin Invest, 131.

Bastard, P., E. Orlova, L. Sozaeva, R. Lévy, A. James, M. M. Schmitt, S. Ochoa, M. Kareva, Y. Rodina, A.
Gervais, T. Le Voyer, J. Rosain, Q. Philippot, A. L. Neehus, E. Shaw, M. Migaud, L. Bizien, O.
Ekwall, S. Berg, G. Beccuti, L. Ghizzoni, G. Thiriez, A. Pavot, C. Goujard, M. L. Frémond, E.
Carter, A. Rothenbubhler, A. Linglart, B. Mignot, A. Comte, N. Cheikh, O. Hermine, L. Breivik, E.
S. Husebye, S. Humbert, P. Rohrlich, A. Coaquette, F. Vuoto, K. Faure, N. Mahlaoui, P. Kotnik,
T. Battelino, K. TrebuSak Podkrajsek, K. Kisand, E. M. N. Ferré, T. DiMaggio, L. B. Rosen, P. D.
Burbelo, M. Mclintyre, N. Y. Kann, A. Shcherbina, M. Pavlova, A. Kolodkina, S. M. Holland, S. Y.
Zhang, Y. J. Crow, L. D. Notarangelo, H. C. Su, L. Abel, M. S. Anderson, E. Jouanguy, B. Neven,

97



A. Puel, J. L. Casanova, and M. S. Lionakis. 2021. 'Preexisting autoantibodies to type | IFNs
underlie critical COVID-19 pneumonia in patients with APS-1', J Exp Med, 218.

Basu, R., R. D. Hatton, and C. T. Weaver. 2013. 'The Th17 family: flexibility follows function', Immunol
Rev, 252: 89-103.

Bello, M. O., and V. V. Garla. 2023. 'Polyglandular Autoimmune Syndrome Type l." in, StatPearls
(Treasure Island (FL)).

Bettelli, E., and V. K. Kuchroo. 2005. 'IL-12- and IL-23-induced T helper cell subsets: birds of the same
feather flock together', J Exp Med, 201: 169-71.

Bhaumik, S., and R. Basu. 2017. 'Cellular and Molecular Dynamics of Th17 Differentiation and its
Developmental Plasticity in the Intestinal Immune Response', Front Immunol, 8: 254.

Bianchi, M. E. 2007. 'DAMPs, PAMPs and alarmins: all we need to know about danger', J Leukoc Biol,
81: 1-5.

Birnberg, T., L. Bar-On, A. Sapoznikov, M. L. Caton, L. Cervantes-Barragan, D. Makia, R. Krauthgamer,
0. Brenner, B. Ludewig, D. Brockschnieder, D. Riethmacher, B. Reizis, and S. Jung. 2008. 'Lack
of conventional dendritic cells is compatible with normal development and T cell homeostasis,
but causes myeloid proliferative syndrome', Immunity, 29: 986-97.

Bjorses, P., M. Halonen, J. J. Palvimo, M. Kolmer, J. Aaltonen, P. Ellonen, J. Perheentupa, |. Ulmanen,
and L. Peltonen. 2000. 'Mutations in the AIRE gene: effects on subcellular location and
transactivation function of the autoimmune polyendocrinopathy-candidiasis-ectodermal
dystrophy protein', Am J Hum Genet, 66: 378-92.

Bjorses, P., M. Pelto-Huikko, J. Kaukonen, J. Aaltonen, L. Peltonen, and I. Ulmanen. 1999. 'Localization
of the APECED protein in distinct nuclear structures', Hum Mol Genet, 8: 259-66.

Bonilla, F. A., and H. C. Oettgen. 2010. 'Adaptive immunity', J Allergy Clin Immunol, 125: S33-40.

Boyd, R. L., C. L. Tucek, D. I. Godfrey, D. J. Izon, T. J. Wilson, N. J. Davidson, A. G. Bean, H. M. Ladyman,
M. A. Ritter, and P. Hugo. 1993. 'The thymic microenvironment', Immunol Today, 14: 445-59.

Bruserud, @, B. E. Oftedal, N. Landegren, M. M. Erichsen, E. Bratland, K. Lima, A. P. Jgrgensen, A. G.
Myhre, J. Svartberg, K. J. Fougner, A Bakke, B. G. Nedrebg, B. Mella, L. Breivik, M. K. Viken, P.
M. Knappskog, M. C. Marthinussen, K. Lgvas, O. Kdmpe, A. B. Wolff, and E. S. Husebye. 2016.
'A Longitudinal Follow-up of Autoimmune Polyendocrine Syndrome Type 1', J Clin Endocrinol
Metab, 101: 2975-83.

Bruserud, @, B. E. Oftedal, A. B. Wolff, and E. S. Husebye. 2016. 'AIRE-mutations and autoimmune
disease', Curr Opin Immunol, 43: 8-15.

Bunte, K., and T. Beikler. 2019. 'Th17 Cells and the IL-23/1L-17 Axis in the Pathogenesis of Periodontitis
and Immune-Mediated Inflammatory Diseases', Int J Mol Sci, 20.

Campbell, I. K., S. A. Kinkel, S. F. Drake, A. van Nieuwenhuijze, F. X. Hubert, D. M. Tarlinton, W. R.
Heath, H. S. Scott, and I. P. Wicks. 2009. 'Autoimmune regulator controls T cell help for
pathogenetic autoantibody production in collagen-induced arthritis', Arthritis Rheum, 60:
1683-93.

Capalbo, D., L. De Martino, G. Giardino, R. Di Mase, I. Di Donato, G. Parenti, P. Vajro, C. Pignata, and
M. Salerno. 2012. 'Autoimmune polyendocrinopathy candidiasis ectodermal dystrophy:
insights into genotype-phenotype correlation', Int J Endocrinol, 2012: 353250.

Cetani, F., G. Barbesino, S. Borsari, E. Pardi, L. Cianferotti, A. Pinchera, and C. Marcocci. 2001. 'A novel
mutation of the autoimmune regulator gene in an Italian kindred with autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy, acting in a dominant fashion and
strongly cosegregating with hypothyroid autoimmune thyroiditis', J Clin Endocrinol Metab, 86:
4747-52.

Chang, S. H., and C. Dong. 2007. 'A novel heterodimeric cytokine consisting of IL-17 and IL-17F
regulates inflammatory responses', Cell Res, 17: 435-40.

Chen, Z., A. Laurence, Y. Kanno, M. Pacher-Zavisin, B. M. Zhu, C. Tato, A. Yoshimura, L. Hennighausen,
and J. J. O'Shea. 2006. 'Selective regulatory function of Socs3 in the formation of IL-17-
secreting T cells', Proc Nat/ Acad Sci U S A, 103: 8137-42.

98



Cihakova, D., K. Trebusak, M. Heino, V. Fadeyev, A. Tiulpakov, T. Battelino, A. Tar, Z. Halasz, P. Blimel,
S. Tawfik, K. Krohn, J. Lebl, and P. Peterson. 2001. 'Novel AIRE mutations and P450 cytochrome
autoantibodies in Central and Eastern European patients with APECED', Hum Mutat, 18: 225-
32.

Constantine, G. M., and M. S. Lionakis. 2019. 'Lessons from primary immunodeficiencies: Autoimmune
regulator and autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy', Immunol
Rev, 287:103-20.

Conti, H. R,, F. Shen, N. Nayyar, E. Stocum, J. N. Sun, M. J. Lindemann, A. W. Ho, J. H. Hai, J. J. Yu, J. W.
Jung, S. G. Filler, P. Masso-Welch, M. Edgerton, and S. L. Gaffen. 2009. 'Th17 cells and IL-17
receptor signaling are essential for mucosal host defense against oral candidiasis', J Exp Med,
206: 299-311.

Crispin, J. C., A. Martinez, and J. Alcocer-Varela. 2003. 'Quantification of regulatory T cells in patients
with systemic lupus erythematosus', J Autoimmun, 21: 273-6.

D'Acquisto, F., and T. Crompton. 2011. 'CD3+CD4-CD8- (double negative) T cells: saviours or villains of
the immune response?', Biochem Pharmacol, 82: 333-40.

de Beaucoudrey, L., A. Puel, O. Filipe-Santos, A. Cobat, P. Ghandil, M. Chrabieh, J. Feinberg, H. von
Bernuth, A. Samarina, L. Janniére, C. Fieschi, J. L. Stéphan, C. Boileau, S. Lyonnet, G. Jondeau,
V. Cormier-Daire, M. Le Merrer, C. Hoarau, Y. Lebranchu, O. Lortholary, M. O. Chandesris, F.
Tron, E. Gambineri, L. Bianchi, C. Rodriguez-Gallego, S. E. Zitnik, J. Vasconcelos, M. Guedes, A.
B. Vitor, L. Marodi, H. Chapel, B. Reid, C. Roifman, D. Nadal, J. Reichenbach, I. Caragol, B. Z.
Garty, F. Dogu, Y. Camcioglu, S. Giille, O. Sanal, A. Fischer, L. Abel, B. Stockinger, C. Picard, and
J. L. Casanova. 2008. 'Mutations in STAT3 and IL12RB1 impair the development of human IL-
17-producing T cells', J Exp Med, 205: 1543-50.

Deimel, L. P., Z. Li, S. Roy, and C. Ranasinghe. 2021. 'STAT3 determines IL-4 signalling outcomes in
naive T cells', Sci Rep, 11: 10495.

Dominguez, M., E. Crushell, T. limarinen, E. McGovern, S. Collins, B. Chang, P. Fleming, A. D. Irvine, D.
Brosnahan, I. Ulmanen, N. Murphy, and C. Costigan. 2006. 'Autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy (APECED) in the Irish population', J Pediatr Endocrinol
Metab, 19: 1343-52.

Dong, Chen. 2021. 'Cytokine Regulation and Function in T Cells', Annual Review of Immunology, 39:
51-76.

Donnelly, R. P., K. Y. Tsang, G. M. Galbraith, and J. I. Wallace. 1986. 'Inhibition of interleukin-2-induced
T-cell proliferation by sera from patients with the acquired immune deficiency syndrome’, J
Clin Immunol, 6: 92-101.

Dubin, P. J., and J. K. Kolls. 2008. 'Th17 cytokines and mucosal immunity', Immunol Rev, 226: 160-71.

Duong, Minh Ngoc, Efe Erdes, Michael Hebeisen, and Nathalie Rufer. 2019. 'Chronic TCR-MHC (self)-
interactions limit the functional potential of TCR affinity-increased CD8 T lymphocytes',
Journal for ImmunoTherapy of Cancer, 7: 284.

Durant, L., W. T. Watford, H. L. Ramos, A. Laurence, G. Vahedi, L. Wei, H. Takahashi, H. W. Sun, Y.
Kanno, F. Powrie, and J. J. O'Shea. 2010. 'Diverse targets of the transcription factor STAT3
contribute to T cell pathogenicity and homeostasis', Immunity, 32: 605-15.

Ehrlich, L. I., D. Y. Oh, I. L. Weissman, and R. S. Lewis. 2009. 'Differential contribution of chemotaxis
and substrate restriction to segregation of immature and mature thymocytes', Immunity, 31:
986-98.

Ermann, J., and C. G. Fathman. 2001. 'Autoimmune diseases: genes, bugs and failed regulation’, Nat
Immunol, 2: 759-61.

Eyerich, S., K. Eyerich, D. Pennino, T. Carbone, F. Nasorri, S. Pallotta, F. Cianfarani, T. Odorisio, C. Traidl-
Hoffmann, H. Behrendt, S. R. Durham, C. B. Schmidt-Weber, and A. Cavani. 2009. 'Th22 cells
represent a distinct human T cell subset involved in epidermal immunity and remodeling’, J
Clin Invest, 119: 3573-85.

99



Fernando, M. M., C. R. Stevens, E. C. Walsh, P. L. De Jager, P. Goyette, R. M. Plenge, T. J. Vyse, and J.
D. Rioux. 2008. 'Defining the role of the MHC in autoimmunity: a review and pooled analysis',
PLoS Genet, 4: e1000024.

Ferre, E. M., S. R. Rose, S. D. Rosenzweig, P. D. Burbelo, K. R. Romito, J. E. Niemela, L. B. Rosen, T. J.
Break, W. Gu, S. Hunsberger, S. K. Browne, A. P. Hsu, S. Rampertaap, M. Swamydas, A. L. Collar,
H. H. Kong, C. R. Lee, D. Chascsa, T. Simcox, A. Pham, A. Bondici, M. Natarajan, J. Monsale, D.
E. Kleiner, M. Quezado, I. Alevizos, N. M. Moutsopoulos, L. Yockey, C. Frein, A. Soldatos, K. R.
Calvo, J. Adjemian, M. N. Similuk, D. M. Lang, K. D. Stone, G. Uzel, J. B. Kopp, R. J. Bishop, S.
M. Holland, K. N. Olivier, T. A. Fleisher, T. Heller, K. K. Winer, and M. S. Lionakis. 2016.
'Redefined clinical features and diagnostic criteria in autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy', JCI Insight, 1.

Ferretti, S., O. Bonneau, G. R. Dubois, C. E. Jones, and A. Trifilieff. 2003. 'IL-17, produced by
lymphocytes and neutrophils, is necessary for lipopolysaccharide-induced airway
neutrophilia: IL-15 as a possible trigger', J Immunol, 170: 2106-12.

Fossiez, F., O. Djossou, P. Chomarat, L. Flores-Romo, S. Ait-Yahia, C. Maat, J. J. Pin, P. Garrone, E.
Garcia, S. Saeland, D. Blanchard, C. Gaillard, B. Das Mahapatra, E. Rouvier, P. Golstein, J.
Banchereau, and S. Lebecque. 1996. 'T cell interleukin-17 induces stromal cells to produce
proinflammatory and hematopoietic cytokines', J Exp Med, 183: 2593-603.

Fukao, Y. 2015. 'Discordance between protein and transcript levels detected by selected reaction
monitoring', Plant Signal Behav, 10: e1017697.

Gallegos, A. M., and M. J. Bevan. 2004. 'Central tolerance to tissue-specific antigens mediated by direct
and indirect antigen presentation’, J Exp Med, 200: 1039-49.

Goverman, J. 1999. 'Tolerance and autoimmunity in TCR transgenic mice specific for myelin basic
protein', Immunol Rev, 169: 147-59.

Groom, J. R., and A. D. Luster. 2011. 'CXCR3 in T cell function', Exp Cell Res, 317: 620-31.

Guery, L., and S. Hugues. 2015. 'Th17 Cell Plasticity and Functions in Cancer Immunity', Biomed Res
Int, 2015: 314620.

Guéry, L., and S. Hugues. 2015. 'Th17 Cell Plasticity and Functions in Cancer Immunity', Biomed Res
Int, 2015: 314620.

Guo, B, E. Y. Chang, and G. Cheng. 2008. 'The type | IFN induction pathway constrains Th17-mediated
autoimmune inflammation in mice', J Clin Invest, 118: 1680-90.

Guo, C.J,, P.S. C. Leung, W. Zhang, X. Ma, and M. E. Gershwin. 2018. 'The immunobiology and clinical
features of type 1 autoimmune polyglandular syndrome (APS-1)', Autoimmun Rev, 17: 78-85.

Hagman, J., J. Ramirez, and K. Lukin. 2012. 'B lymphocyte lineage specification, commitment and
epigenetic control of transcription by early B cell factor 1', Curr Top Microbiol Immunol, 356:
17-38.

Harrington, L. E., R. D. Hatton, P. R. Mangan, H. Turner, T. L. Murphy, K. M. Murphy, and C. T. Weaver.
2005. 'Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct from the T
helper type 1 and 2 lineages', Nat Immunol, 6: 1123-32.

Haudenschild, D., T. Moseley, L. Rose, and A. H. Reddi. 2002. 'Soluble and transmembrane isoforms of
novel interleukin-17 receptor-like protein by RNA splicing and expression in prostate cancer’,
J Biol Chem, 277: 4309-16.

Heino, M., H. S. Scott, Q. Chen, P. Peterson, U. Maebpaa, M. P. Papasavvas, L. Mittaz, C. Barras, C.
Rossier, G. P. Chrousos, C. A. Stratakis, K. Nagamine, J. Kudoh, N. Shimizu, N. Maclaren, S. E.
Antonarakis, and K. Krohn. 1999. 'Mutation analyses of North American APS-1 patients', Hum
Mutat, 13: 69-74.

Hernandez, N., G. Bucciol, L. Moens, J. Le Pen, M. Shahrooei, E. Goudouris, A. Shirkani, M. Changi-
Ashtiani, H. Rokni-Zadeh, E. H. Sayar, I. Reisli, A. Lefevre-Utile, D. Zijlmans, A. Jurado, R.
Pholien, S. Drutman, S. Belkaya, A. Cobat, R. Boudewijns, D. Jochmans, J. Neyts, Y.
Seeleuthner, L. Lorenzo-Diaz, C. Enemchukwu, I. Tietjen, H. H. Hoffmann, M. Momenilandi, L.
P6yhonen, M. M. Siqueira, S. M. B. de Lima, D. C. de Souza Matos, A. Homma, M. L. S. Maia,

100



T. A. da Costa Barros, P. M. N. de Oliveira, E. C. Mesquita, R. Gijsbers, S. Y. Zhang, S. J. Seligman,
L. Abel, P. Hertzog, N. Marr, R. M. Martins, . Meyts, Q. Zhang, M. R. MacDonald, C. M. Rice, J.
L. Casanova, E. Jouanguy, and X. Bossuyt. 2019. 'Inherited IFNAR1 deficiency in otherwise
healthy patients with adverse reaction to measles and yellow fever live vaccines', J Exp Med,
216:2057-70.

Hirota, K., J. H. Duarte, M. Veldhoen, E. Hornsby, Y. Li, D. J. Cua, H. Ahlfors, C. Wilhelm, M. Tolaini, U.
Menzel, A. Garefalaki, A. J. Potocnik, and B. Stockinger. 2011. 'Fate mapping of IL-17-
producing T cells in inflammatory responses', Nat Immunol, 12: 255-63.

Hsieh, C. S., S. E. Macatonia, C. S. Tripp, S. F. Wolf, A. O'Garra, and K. M. Murphy. 1993. 'Development
of TH1 CD4+ T cells through IL-12 produced by Listeria-induced macrophages', Science, 260:
547-9.

Huang, F., C. Y. Kao, S. Wachi, P. Thai, J. Ryu, and R. Wu. 2007. 'Requirement for both JAK-mediated
P13K signaling and ACT1/TRAF6/TAK1-dependent NF-kappaB activation by IL-17A in enhancing
cytokine expression in human airway epithelial cells', J Immunol, 179: 6504-13.

Huang, W., L. Na, P. L. Fidel, and P. Schwarzenberger. 2004. 'Requirement of interleukin-17A for
systemic anti-Candida albicans host defense in mice', J Infect Dis, 190: 624-31.

Husebye, E. S., M. S. Anderson, and O. Kdmpe. 2018. 'Autoimmune Polyendocrine Syndromes', N Engl/
JMed, 378: 1132-41.

Hutloff, A., A. M. Dittrich, K. C. Beier, B. Eljaschewitsch, R. Kraft, I. Anagnostopoulos, and R. A. Kroczek.
1999. 'ICOS is an inducible T-cell co-stimulator structurally and functionally related to CD28',
Nature, 397: 263-6.

lImarinen, T., K. Melén, H. Kangas, I. Julkunen, I. Uimanen, and P. Eskelin. 2006. 'The monopartite
nuclear localization signal of autoimmune regulator mediates its nuclear import and
interaction with multiple importin alpha molecules', Febs j, 273: 315-24.

Jin, W., and C. Dong. 2013. 'IL-17 cytokines in immunity and inflammation', Emerg Microbes Infect, 2:
e60.

Kao, C.Y.,Y. Chen, P. Thai, S. Wachi, F. Huang, C. Kim, R. W. Harper, and R. Wu. 2004. 'IL-17 markedly
up-regulates beta-defensin-2 expression in human airway epithelium via JAK and NF-kappaB
signaling pathways', J Immunol, 173: 3482-91.

Kawai, T., and S. Akira. 2010. 'The role of pattern-recognition receptors in innate immunity: update on
Toll-like receptors', Nat Immunol, 11: 373-84.

Khader, S. A,, S. L. Gaffen, and J. K. Kolls. 2009. 'Th17 cells at the crossroads of innate and adaptive
immunity against infectious diseases at the mucosa', Mucosal Immunol, 2: 403-11.

Kisand, K., A. S. Bge Wolff, K. T. Podkrajsek, L. Tserel, M. Link, K. V. Kisand, E. Ersvaer, J. Perheentupa,
M. M. Erichsen, N. Bratanic, A. Meloni, F. Cetani, R. Perniola, B. Ergun-Longmire, N. Maclaren,
K. J. Krohn, M. Pura, B. Schalke, P. Strobel, M. I. Leite, T. Battelino, E. S. Husebye, P. Peterson,
N. Willcox, and A. Meager. 2010. ‘Chronic mucocutaneous candidiasis in APECED or thymoma
patients correlates with autoimmunity to Thl7-associated cytokines', J Exp Med, 207: 299-
308.

Klein, L., and B. Kyewski. 2000. 'Self-antigen presentation by thymic stromal cells: a subtle division of
labor', Curr Opin Immunol, 12: 179-86.

Klein, L., B. Kyewski, P. M. Allen, and K. A. Hogquist. 2014. 'Positive and negative selection of the T cell
repertoire: what thymocytes see (and don't see)’, Nat Rev Immunol, 14: 377-91.

Koch, U., and F. Radtke. 2011. 'Mechanisms of T cell development and transformation', Annu Rev Cell
Dev Biol, 27: 539-62.

Korn, T., E. Bettelli, M. Oukka, and V. K. Kuchroo. 2009. 'IL-17 and Th17 Cells', Annu Rev Immunol, 27:
485-517.

Koussounadis, Antonis, Simon P. Langdon, In Hwa Um, David J. Harrison, and V. Anne Smith. 2015.
'Relationship between differentially expressed mRNA and mRNA-protein correlations in a
xenograft model system', Scientific Reports, 5: 10775.

101



Kumar, B. V., T. J. Connors, and D. L. Farber. 2018. 'Human T Cell Development, Localization, and
Function throughout Life', Immunity, 48: 202-13.

Kyewski, B., and L. Klein. 2006. 'A central role for central tolerance', Annu Rev Immunol, 24: 571-606.

Langenkamp, A., K. Nagata, K. Murphy, L. Wu, A. Lanzavecchia, and F. Sallusto. 2003. 'Kinetics and
expression patterns of chemokine receptors in human CD4+ T lymphocytes primed by myeloid
or plasmacytoid dendritic cells', Eur J Immunol, 33: 474-82.

Lee, J., W. H. Ho, M. Maruoka, R. T. Corpuz, D. T. Baldwin, J. S. Foster, A. D. Goddard, D. G. Yansura, R.
L. Vandlen, W. |. Wood, and A. L. Gurney. 2001. 'IL-17E, a novel proinflammatory ligand for
the IL-17 receptor homolog IL-17Rh1', J Biol Chem, 276: 1660-4.

Lee, Y. K., H. Turner, C. L. Maynard, J. R. Oliver, D. Chen, C. O. Elson, and C. T. Weaver. 2009. 'Late
developmental plasticity in the T helper 17 lineage', Immunity, 30: 92-107.

Lefebvre, Julie S., April R. Masters, Jacob W. Hopkins, and Laura Haynes. 2016. 'Age-related
impairment of humoral response to influenza is associated with changes in antigen specific T
follicular helper cell responses', Scientific Reports, 6: 25051.

Lesage, S., and C. C. Goodnow. 2001. 'Organ-specific autoimmune disease: a deficiency of tolerogenic
stimulation', J Exp Med, 194: F31-6.

Li, H., J. Chen, A. Huang, J. Stinson, S. Heldens, J. Foster, P. Dowd, A. L. Gurney, and W. |. Wood. 2000.
'Cloning and characterization of IL-17B and IL-17C, two new members of the IL-17 cytokine
family', Proc Natl Acad Sci U S A, 97: 773-8.

Liang, S. C.,, X. Y. Tan, D. P. Luxenberg, R. Karim, K. Dunussi-Joannopoulos, M. Collins, and L. A. Fouser.
2006. 'Interleukin (IL)-22 and IL-17 are coexpressed by Th17 cells and cooperatively enhance
expression of antimicrobial peptides', J Exp Med, 203: 2271-9.

Lindahl, H., and T. Olsson. 2021. 'Interleukin-22 Influences the Th1/Th17 Axis', Front Immunol, 12:
618110.

Littman, D. R., and A. Y. Rudensky. 2010. 'Th17 and regulatory T cells in mediating and restraining
inflammation’', Cell, 140: 845-58.

Liu, L., S. Okada, X. F. Kong, A. Y. Kreins, S. Cypowyj, A. Abhyankar, J. Toubiana, Y. Itan, M. Audry, P.
Nitschke, C. Masson, B. Toth, J. Flatot, M. Migaud, M. Chrabieh, T. Kochetkov, A. Bolze, A.
Borghesi, A. Toulon, J. Hiller, S. Eyerich, K. Eyerich, V. Gulacsy, L. Chernyshova, V. Chernyshov,
A. Bondarenko, R. M. Grimaldo, L. Blancas-Galicia, I. M. Beas, J. Roesler, K. Magdorf, D.
Engelhard, C. Thumerelle, P. R. Burgel, M. Hoernes, B. Drexel, R. Seger, T. Kusuma, A. F.
Jansson, J. Sawalle-Belohradsky, B. Belohradsky, E. Jouanguy, J. Bustamante, M. Bué, N. Karin,
G. Wildbaum, C. Bodemer, O. Lortholary, A. Fischer, S. Blanche, S. Al-Muhsen, J. Reichenbach,
M. Kobayashi, F. E. Rosales, C. T. Lozano, S. S. Kilic, M. Oleastro, A. Etzioni, C. Traidl-Hoffmann,
E. D. Renner, L. Abel, C. Picard, L. Marddi, S. Boisson-Dupuis, A. Puel, and J. L. Casanova. 2011.
'Gain-of-function human STAT1 mutations impair IL-17 immunity and underlie chronic
mucocutaneous candidiasis', J Exp Med, 208: 1635-48.

Liu, Y., B. Yang, M. Zhou, L. Li, H. Zhou, J. Zhang, H. Chen, and C. Wu. 2009. 'Memory IL-22-producing
CD4+ T cells specific for Candida albicans are present in humans', Eur J Immunol, 39: 1472-9.

Ma, C.S., G. Y. Chew, N. Simpson, A. Priyadarshi, M. Wong, B. Grimbacher, D. A. Fulcher, S. G. Tangye,
and M. C. Cook. 2008. 'Deficiency of Th17 cells in hyper IgE syndrome due to mutations in
STAT3', J Exp Med, 205: 1551-7.

Maier, T., M. Guell, and L. Serrano. 2009. 'Correlation of mRNA and protein in complex biological
samples', FEBS Lett, 583: 3966-73.

Manetti, R., F. Gerosa, M. G. Giudizi, R. Biagiotti, P. Parronchi, M. P. Piccinni, S. Sampognaro, E. Maggi,
S. Romagnani, G. Trinchieri, and et al. 1994. 'Interleukin 12 induces stable priming for
interferon gamma (IFN-gamma) production during differentiation of human T helper (Th) cells
and transient IFN-gamma production in established Th2 cell clones', J Exp Med, 179: 1273-83.

Mangan, P. R., L. E. Harrington, D. B. O'Quinn, W. S. Helms, D. C. Bullard, C. O. Elson, R. D. Hatton, S.
M. Wahl, T. R. Schoeb, and C. T. Weaver. 2006. 'Transforming growth factor-beta induces
development of the T(H)17 lineage', Nature, 441: 231-4.

102



Marshall, J. S., R. Warrington, W. Watson, and H. L. Kim. 2018. 'An introduction to immunology and
immunopathology', Allergy Asthma Clin Immunol, 14: 49.

Martinez, G. J., R. |. Nurieva, X. 0. Yang, and C. Dong. 2008. 'Regulation and function of
proinflammatory TH17 cells', Ann N Y Acad Sci, 1143: 188-211.

Massey, E. J., A. Sundstedt, M. J. Day, G. Corfield, S. Anderton, and D. C. Wraith. 2002. 'Intranasal
peptide-induced peripheral tolerance: the role of IL-10 in regulatory T cell function within the
context of experimental autoimmune encephalomyelitis’, Vet Immunol Immunopathol, 87:
357-72.

Mathis, D., and C. Benoist. 2009. 'Aire', Annu Rev Immunol, 27: 287-312.

Mayerova, D., and K. A. Hogquist. 2004. 'Central tolerance to self-antigen expressed by cortical
epithelial cells', J Immunol, 172: 851-6.

McCaughtry, T. M., R. Etzensperger, A. Alag, X. Tai, S. Kurtulus, J. H. Park, A. Grinberg, P. Love, L.
Feigenbaum, B. Erman, and A. Singer. 2012. 'Conditional deletion of cytokine receptor chains
reveals that IL-7 and IL-15 specify CD8 cytotoxic lineage fate in the thymus', J Exp Med, 209:
2263-76.

Meager, A., K. Visvalingam, P. Peterson, K. Moll, A. Murumagi, K. Krohn, P. Eskelin, J. Perheentupa, E.
Husebye, Y. Kadota, and N. Willcox. 2006. 'Anti-interferon autoantibodies in autoimmune
polyendocrinopathy syndrome type 1', PLoS Med, 3: e289.

Melé, M., P. G. Ferreira, F. Reverter, D. S. DelLuca, J. Monlong, M. Sammeth, T. R. Young, J. M.
Goldmann, D. D. Pervouchine, T. J. Sullivan, R. Johnson, A. V. Segre, S. Djebali, A. Niarchou, F.
A. Wright, T. Lappalainen, M. Calvo, G. Getz, E. T. Dermitzakis, K. G. Ardlie, and R. Guigé. 2015.
'Human genomics. The human transcriptome across tissues and individuals', Science, 348:
660-5.

Meloni, A., M. Furcas, F. Cetani, C. Marcocci, A. Falorni, R. Perniola, M. Pura, A. S. Bge Wolff, E. S.
Husebye, D. Lilic, K. R. Ryan, A. R. Gennery, A. J. Cant, M. Abinun, G. P. Spickett, P. D. Arkwright,
D. Denning, C. Costigan, M. Dominguez, V. McConnell, N. Willcox, and A. Meager. 2008.
'Autoantibodies against type | interferons as an additional diagnostic criterion for
autoimmune polyendocrine syndrome type I', J Clin Endocrinol Metab, 93: 4389-97.

Metzger, T. C., I. S. Khan, J. M. Gardner, M. L. Mouchess, K. P. Johannes, A. K. Krawisz, K. M.
Skrzypczynska, and M. S. Anderson. 2013. 'Lineage tracing and cell ablation identify a post-
Aire-expressing thymic epithelial cell population’, Cell Rep, 5: 166-79.

Milner, J. D., J. M. Brenchley, A. Laurence, A. F. Freeman, B. J. Hill, K. M. Elias, Y. Kanno, C. Spalding, H.
Z. Elloumi, M. L. Paulson, J. Davis, A. Hsu, A. I. Asher, J. O'Shea, S. M. Holland, W. E. Paul, and
D. C. Douek. 2008. 'Impaired T(H)17 cell differentiation in subjects with autosomal dominant
hyper-Ig syndrome', Nature, 452: 773-6.

Minegishi, Y., M. Saito, M. Nagasawa, H. Takada, T. Hara, S. Tsuchiya, K. Agematsu, M. Yamada, N.
Kawamura, T. Ariga, |. Tsuge, and H. Karasuyama. 2009. 'Molecular explanation for the
contradiction between systemic Th17 defect and localized bacterial infection in hyper-IgE
syndrome', J Exp Med, 206: 1291-301.

Miossec, P., and J. K. Kolls. 2012. 'Targeting IL-17 and TH17 cells in chronic inflammation', Nat Rev
Drug Discov, 11: 763-76.

Miossec, P., T. Korn, and V. K. Kuchroo. 2009. 'Interleukin-17 and type 17 helper T cells', N Engl J Med,
361: 888-98.

Mogensen, T. H. 2009. 'Pathogen recognition and inflammatory signaling in innate immune defenses',
Clin Microbiol Rev, 22: 240-73, Table of Contents.

Moisan, J., R. Grenningloh, E. Bettelli, M. Oukka, and I. C. Ho. 2007. 'Ets-1 is a negative regulator of
Th17 differentiation’, J Exp Med, 204: 2825-35.

Moseley, T. A., D. R. Haudenschild, L. Rose, and A. H. Reddi. 2003. 'Interleukin-17 family and IL-17
receptors', Cytokine Growth Factor Rev, 14: 155-74.

103



Mosmann, T. R., H. Cherwinski, M. W. Bond, M. A. Giedlin, and R. L. Coffman. 1986. 'Two types of
murine helper T cell clone. I. Definition according to profiles of lymphokine activities and
secreted proteins', J Immunol, 136: 2348-57.

Mueller, D. L. 2004. 'E3 ubiquitin ligases as T cell anergy factors', Nat Immunol, 5: 883-90.

Nagamine, K., P. Peterson, H. S. Scott, J. Kudoh, S. Minoshima, M. Heino, K. J. Krohn, M. D. Lalioti, P.
E. Mullis, S. E. Antonarakis, K. Kawasaki, S. Asakawa, F. Ito, and N. Shimizu. 1997. 'Positional
cloning of the APECED gene', Nat Genet, 17: 393-8.

Netea, M. G., G. D. Brown, B. J. Kullberg, and N. A. Gow. 2008. 'An integrated model of the recognition
of Candida albicans by the innate immune system', Nat Rev Microbiol, 6: 67-78.

Neufeld, M., N. Maclaren, and R. Blizzard. 1980. 'Autoimmune polyglandular syndromes', Pediatr Ann,
9: 154-62.

Newton, K., and V. M. Dixit. 2012. 'Signaling in innate immunity and inflammation', Cold Spring Harb
Perspect Biol, 4.

Niki, S., K. Oshikawa, Y. Mouri, F. Hirota, A. Matsushima, M. Yano, H. Han, Y. Bando, K. lzumi, M.
Matsumoto, K. I. Nakayama, N. Kuroda, and M. Matsumoto. 2006. 'Alteration of intra-
pancreatic target-organ specificity by abrogation of Aire in NOD mice', J Clin Invest, 116: 1292-
301.

Nitta, T., S. Murata, T. Ueno, K. Tanaka, and Y. Takahama. 2008. 'Thymic microenvironments for T-cell
repertoire formation', Adv Immunol, 99: 59-94.

Nurieva, R., S. Thomas, T. Nguyen, N. Martin-Orozco, Y. Wang, M. K. Kaja, X. Z. Yu, and C. Dong. 2006.
'T-cell tolerance or function is determined by combinatorial costimulatory signals', Embo j, 25:
2623-33.

O'Neill, K., N. Aghaeepour, J. Spidlen, and R. Brinkman. 2013. 'Flow cytometry bioinformatics', PLoS
Comput Biol, 9: e1003365.

Oftedal, B. E., A. Hellesen, M. M. Erichsen, E. Bratland, A. Vardi, J. Perheentupa, E. H. Kemp, T.
Fiskerstrand, M. K. Viken, A. P. Weetman, S. J. Fleishman, S. Banka, W. G. Newman, W. A.
Sewell, L. S. Sozaeva, T. Zayats, K. Haugarvoll, E. M. Orlova, J. Haavik, S. Johansson, P. M.
Knappskog, K. Lgvas, A. S. Wolff, J. Abramson, and E. S. Husebye. 2015. 'Dominant Mutations
in the Autoimmune Regulator AIRE Are Associated with Common Organ-Specific Autoimmune
Diseases', Immunity, 42: 1185-96.

Orlova, E. M., L. S. Sozaeva, M. A. Kareva, B. E. Oftedal, A. S. B. Wolff, L. Breivik, E. Y. Zakharova, O. N.
Ivanova, O. Kdmpe, Dedov, I, P. M. Knappskog, V. A. Peterkova, and E. S. Husebye. 2017.
'Expanding the Phenotypic and Genotypic Landscape of Autoimmune Polyendocrine
Syndrome Type 1', J Clin Endocrinol Metab, 102: 3546-56.

Ouyang, W., S. Rutz, N. K. Crellin, P. A. Valdez, and S. G. Hymowitz. 2011. 'Regulation and functions of
the IL-10 family of cytokines in inflammation and disease', Annu Rev Immunol, 29: 71-109.

Parham, C., M. Chirica, J. Timans, E. Vaisberg, M. Travis, J. Cheung, S. Pflanz, R. Zhang, K. P. Singh, F.
Vega, W. To, J. Wagner, A. M. O'Farrell, T. McClanahan, S. Zurawski, C. Hannum, D. Gorman,
D. M. Rennick, R. A. Kastelein, R. de Waal Malefyt, and K. W. Moore. 2002. 'A receptor for the
heterodimeric cytokine IL-23 is composed of IL-12Rbetal and a novel cytokine receptor
subunit, IL-23R', J Immunol, 168: 5699-708.

Park, H., Z. Li, X. O. Yang, S. H. Chang, R. Nurieva, Y. H. Wang, Y. Wang, L. Hood, Z. Zhu, Q. Tian, and C.
Dong. 2005. 'A distinct lineage of CD4 T cells regulates tissue inflammation by producing
interleukin 17', Nat Immunol, 6: 1133-41.

Parkin, J., and B. Cohen. 2001. 'An overview of the immune system', Lancet, 357: 1777-89.

Paschou, S. A,, K. Stefanaki, T. Psaltopoulou, M. Liontos, K. Koutsoukos, F. Zagouri, I. Lambrinoudaki,
and M. A. Dimopoulos. 2021. 'How we treat endocrine complications of immune checkpoint
inhibitors', ESMO Open, 6: 100011.

Patel, D. D., D. M. Lee, F. Kolbinger, and C. Antoni. 2013. 'Effect of IL-17A blockade with secukinumab
in autoimmune diseases', Ann Rheum Dis, 72 Suppl 2:ii116-23.

104



Pearce, S. H., T. Cheetham, H. Imrie, B. Vaidya, N. D. Barnes, R. W. Bilous, D. Carr, K. Meeran, N. J.
Shaw, C. S. Smith, A. D. Toft, G. Williams, and P. Kendall-Taylor. 1998. 'A common and
recurrent 13-bp deletion in the autoimmune regulator gene in British kindreds with
autoimmune polyendocrinopathy type 1', Am J Hum Genet, 63: 1675-84.

Pérez-llzarbe, M., M. Diez-Campelo, P. Aranda, S. Tabera, T. Lopez, C. del Caiiizo, J. Merino, C. Moreno,
E.J. Andreu, F. Présper, and J. A. Pérez-Simdn. 2009. 'Comparison of ex vivo expansion culture
conditions of mesenchymal stem cells for human cell therapy', Transfusion, 49: 1901-10.

Perniola, R., A. Falorni, M. G. Clemente, F. Forini, E. Accogli, and G. Lobreglio. 2000. 'Organ-specific
and non-organ-specific autoantibodies in children and young adults with autoimmune
polyendocrinopathy-candidiasis-ectodermal dystrophy (APECED)', Eur J Endocrinol, 143: 497-
503.

Perry, J. S. A, C. J. Lio, A. L. Kau, K. Nutsch, Z. Yang, J. |. Gordon, K. M. Murphy, and C. S. Hsieh. 2014.
'Distinct contributions of Aire and antigen-presenting-cell subsets to the generation of self-
tolerance in the thymus', Immunity, 41: 414-26.

Pflanz, S., J. C. Timans, J. Cheung, R. Rosales, H. Kanzler, J. Gilbert, L. Hibbert, T. Churakova, M. Travis,
E. Vaisberg, W. M. Blumenschein, J. D. Mattson, J. L. Wagner, W. To, S. Zurawski, T. K.
McClanahan, D. M. Gorman, J. F. Bazan, R. de Waal Malefyt, D. Rennick, and R. A. Kastelein.
2002. 'IL-27, a heterodimeric cytokine composed of EBI3 and p28 protein, induces
proliferation of naive CD4+ T cells', Immunity, 16: 779-90.

Philippot, Q., J. L. Casanova, and A. Puel. 2021. 'Candidiasis in patients with APS-1: low IL-17, high IFN-
vy, or both?', Curr Opin Immunol, 72: 318-23.

Puel, A. 2020. 'Human inborn errors of immunity underlying superficial or invasive candidiasis', Hum
Genet, 139: 1011-22.

Puel, A., R. Doffinger, A. Natividad, M. Chrabieh, G. Barcenas-Morales, C. Picard, A. Cobat, M.
Ouachée-Chardin, A. Toulon, J. Bustamante, S. Al-Muhsen, M. Al-Owain, P. D. Arkwright, C.
Costigan, V. McConnell, A. J. Cant, M. Abinun, M. Polak, P. F. Bougnéres, D. Kumararatne, L.
Marodi, A. Nahum, C. Roifman, S. Blanche, A. Fischer, C. Bodemer, L. Abel, D. Lilic, and J. L.
Casanova. 2010. 'Autoantibodies against IL-17A, IL-17F, and IL-22 in patients with chronic
mucocutaneous candidiasis and autoimmune polyendocrine syndrome type I', J Exp Med, 207:
291-7.

Radhakrishnan, K., K. P. Bhagya, A. T. Kumar, A. N. Devi, J. Sengottaiyan, and P. G. Kumar. 2016.
'Autoimmune Regulator (AIRE) Is Expressed in Spermatogenic Cells, and It Altered the
Expression of Several Nucleic-Acid-Binding and Cytoskeletal Proteins in Germ Cell 1
Spermatogonial (GC1-spg) Cells', Mol Cell Proteomics, 15: 2686-98.

Ramsey, C., O. Wingqyvist, L. Puhakka, M. Halonen, A. Moro, O. Kdmpe, P. Eskelin, M. Pelto-Huikko, and
L. Peltonen. 2002. 'Aire deficient mice develop multiple features of APECED phenotype and
show altered immune response', Hum Mol Genet, 11: 397-409.

Rizzo, A., V. De Mare, C. Rocchi, C. Stolfi, A. Colantoni, M. F. Neurath, T. T. Macdonald, F. Pallone, G.
Monteleone, and M. C. Fantini. 2014. 'Smad7 induces plasticity in tumor-infiltrating Th17 cells
and enables TNF-alpha-mediated killing of colorectal cancer cells', Carcinogenesis, 35: 1536-
46.

Roeth, Alexander, Lisa Schneider, Gabriela Baerlocher, and Ulrich Duehrsen. 2005. 'A Better Strategy
To Extend the Proliferative Lifespan of Human T-Cells In Vitro', Blood, 106: 2398.

Rogatsky, I., and K. Adelman. 2014. 'Preparing the first responders: building the inflammatory
transcriptome from the ground up', Mol Cell, 54: 245-54.

Romagnani, S. 1991. 'Human TH1 and TH2 subsets: doubt no more', Immunol Today, 12: 256-7.

Rosatelli, M. C., A. Meloni, A. Meloni, M. Devoto, A. Cao, H. S. Scott, P. Peterson, M. Heino, K. J. Krohn,
K. Nagamine, J. Kudoh, N. Shimizu, and S. E. Antonarakis. 1998. 'A common mutation in
Sardinian autoimmune polyendocrinopathy-candidiasis-ectodermal dystrophy patients', Hum
Genet, 103: 428-34.

105



Rosenblum, M. D., K. A. Remedios, and A. K. Abbas. 2015. 'Mechanisms of human autoimmunity', J
Clin Invest, 125: 2228-33.

Ross, J. 0., H.J. Melichar, B. B. Au-Yeung, P. Herzmark, A. Weiss, and E. A. Robey. 2014. 'Distinct phases
in the positive selection of CD8+ T cells distinguished by intrathymic migration and T-cell
receptor signaling patterns', Proc Nat/ Acad Sci U S A, 111: E2550-8.

Rouvier, E., M. F. Luciani, M. G. Mattéi, F. Denizot, and P. Golstein. 1993. 'CTLA-8, cloned from an
activated T cell, bearing AU-rich messenger RNA instability sequences, and homologous to a
herpesvirus saimiri gene', J Immunol, 150: 5445-56.

Ruan, Q. G., C. Y. Wang, J. D. Shi, and J. X. She. 1999. 'Expression and alternative splicing of the mouse
autoimmune regulator gene (Aire)', J Autoimmun, 13: 307-13.

Rutz, S., C. Eidenschenk, and W. Ouyang. 2013. 'IL-22, not simply a Th17 cytokine', Immunol Rev, 252:
116-32.

Salméron, O. J.,, S. Vaquer, |. Salmerdn, L. Moltd, P. Lapefia, L. Manzano, J. |. de las Heros, and M.
Alvarez-Mon. 1991. 'Pregnancy is associated with a reduction in the pattern of the cytotoxic
activity displayed by lymphokine-activated killer cells', Am J Reprod Immunol, 26: 150-5.

Sansom, D. M. 2000. 'CD28, CTLA-4 and their ligands: who does what and to whom?', Immunology,
101: 169-77.

Schoenborn, J. R., and C. B. Wilson. 2007. 'Regulation of interferon-gamma during innate and adaptive
immune responses', Adv Immunol, 96: 41-101.

Sharpe, A. 2005. 'Costimulation and regulation of autoimmunity and tolerance', J Pediatr
Gastroenterol Nutr, 40 Suppl 1: S20-1.

Shi, G., J. Zhang, Z. Zhang, and X. Zhang. 2013. 'Systemic Autoimmune Diseases', Clin Dev Immunol,
2013.

Shi, Y., S. J. Ullrich, J. Zhang, K. Connolly, K. J. Grzegorzewski, M. C. Barber, W. Wang, K. Wathen, V.
Hodge, C. L. Fisher, H. Olsen, S. M. Ruben, I. Knyazev, Y. H. Cho, V. Kao, K. A. Wilkinson, J. A.
Carrell, and R. Ebner. 2000. 'A novel cytokine receptor-ligand pair. Identification, molecular
characterization, and in vivo immunomodulatory activity', J Biol Chem, 275: 19167-76.

Singh, S. P, H. H. Zhang, J. F. Foley, M. N. Hedrick, and J. M. Farber. 2008. '"Human T cells that are able
to produce IL-17 express the chemokine receptor CCR6', J Immunol, 180: 214-21.

Sparks, A. E., C. Chen, M. B. Breslin, and M. S. Lan. 2016. 'Functional Domains of Autoimmune
Regulator (AIRE) Modulate INS-VNTR Transcription in Human Thymic Epithelial Cells', J Biol
Chem, 291: 11313-22.

Starnes, T., H. E. Broxmeyer, M. J. Robertson, and R. Hromas. 2002. 'Cutting edge: IL-17D, a novel
member of the IL-17 family, stimulates cytokine production and inhibits hemopoiesis', J
Immunol, 169: 642-6.

Stenson, P. D., M. Mort, E. V. Ball, K. Evans, M. Hayden, S. Heywood, M. Hussain, A. D. Phillips, and D.
N. Cooper. 2017. 'The Human Gene Mutation Database: towards a comprehensive repository
of inherited mutation data for medical research, genetic diagnosis and next-generation
sequencing studies', Hum Genet, 136: 665-77.

Su, M. A,, K. Giang, K. Zumer, H. Jiang, |. Oven, J. L. Rinn, J. J. Devoss, K. P. Johannes, W. Lu, J. Gardner,
A. Chang, P. Bubulya, H. Y. Chang, B. M. Peterlin, and M. S. Anderson. 2008. '‘Mechanisms of
an autoimmunity syndrome in mice caused by a dominant mutation in Aire', J Clin Invest, 118:
1712-26.

Supplitt, S., P. Karpinski, M. Sasiadek, and I. Laczmanska. 2021. 'Current Achievements and
Applications of Transcriptomics in Personalized Cancer Medicine', Int J Mol Sci, 22.

Sutton, C., C. Brereton, B. Keogh, K. H. Mills, and E. C. Lavelle. 2006. 'A crucial role for interleukin (IL)-
1 in the induction of IL-17-producing T cells that mediate autoimmune encephalomyelitis', J
Exp Med, 203: 1685-91.

Tartour, E., F. Fossiez, |. Joyeux, A. Galinha, A. Gey, E. Claret, X. Sastre-Garau, J. Couturier, V. Mosseri,
V. Vives, J. Banchereau, W. H. Fridman, J. Wijdenes, S. Lebecque, and C. Sautés-Fridman. 1999.

106



'Interleukin 17, a T-cell-derived cytokine, promotes tumorigenicity of human cervical tumors
in nude mice', Cancer Res, 59: 3698-704.

Taylor, A., ). Verhagen, K. Blaser, M. Akdis, and C. A. Akdis. 2006. 'Mechanisms of immune suppression
by interleukin-10 and transforming growth factor-beta: the role of T regulatory cells',
Immunology, 117: 433-42.

Telander, D. G., and D. L. Mueller. 1997. 'Impaired lymphokine secretion in anergic CD4+ T cells leads
to defective help for B cell growth and differentiation’, J Immunol, 158: 4704-13.

THORPE, EDWARD S., JR., and HARRY E. HANDLEY. 1929. 'CHRONIC TETANY AND CHRONIC MYCELIAL
STOMATITIS IN A CHILD AGED FOUR AND ONE-HALF YEARS', American Journal of Diseases of
Children, 38: 328-38.

Tivol, Elizabeth A., Frank Borriello, A. Nicola Schweitzer, William P. Lynch, Jeffrey A. Bluestone, and
Arlene H. Sharpe. 1995. 'Loss of CTLA-4 leads to massive lymphoproliferation and fatal
multiorgan tissue destruction, revealing a critical negative regulatory role of CTLA-4',
Immunity, 3: 541-47.

Torres Chavez, A., M. K. McKenna, E. Canestrari, C. T. Dann, C. A. Ramos, P. Lulla, A. M. Leen, J. F. Vera,
and N. Watanabe. 2019. 'Expanding CAR T cells in human platelet lysate renders T cells with
in vivo longevity', J Immunother Cancer, 7: 330.

Toubiana, J., S. Okada, J. Hiller, M. Oleastro, M. Lagos Gomez, J. C. Aldave Becerra, M. Ouachée-
Chardin, F. Fouyssac, K. M. Girisha, A. Etzioni, J. Van Montfrans, Y. Camcioglu, L. A. Kerns, B.
Belohradsky, S. Blanche, A. Bousfiha, C. Rodriguez-Gallego, I. Meyts, K. Kisand, J. Reichenbach,
E. D. Renner, S. Rosenzweig, B. Grimbacher, F. L. van de Veerdonk, C. Traidl-Hoffmann, C.
Picard, L. Marodi, T. Morio, M. Kobayashi, D. Lilic, J. D. Milner, S. Holland, J. L. Casanova, and
A. Puel. 2016. 'Heterozygous STAT1 gain-of-function mutations underlie an unexpectedly
broad clinical phenotype', Blood, 127: 3154-64.

Trinchieri, G., S. Pflanz, and R. A. Kastelein. 2003. 'The IL-12 family of heterodimeric cytokines: new
players in the regulation of T cell responses', Immunity, 19: 641-4.

van de Veerdonk, F. L., R. J. Marijnissen, B. J. Kullberg, H. J. Koenen, S. C. Cheng, I. Joosten, W. B. van
den Berg, D. L. Williams, J. W. van der Meer, L. A. Joosten, and M. G. Netea. 2009. 'The
macrophage mannose receptor induces IL-17 in response to Candida albicans', Cell Host
Microbe, 5: 329-40.

van de Veerdonk, F. L., T. S. Plantinga, A. Hoischen, S. P. Smeekens, L. A. Joosten, C. Gilissen, P. Arts,
D. C. Rosentul, A. J. Carmichael, C. A. Smits-van der Graaf, B. J. Kullberg, J. W. van der Meer,
D. Lilic, J. A. Veltman, and M. G. Netea. 2011. 'STAT1 mutations in autosomal dominant chronic
mucocutaneous candidiasis', N Engl J Med, 365: 54-61.

Veldhoen, M., K. Hirota, J. Christensen, A. O'Garra, and B. Stockinger. 2009. 'Natural agonists for aryl
hydrocarbon receptor in culture medium are essential for optimal differentiation of Th17 T
cells', J Exp Med, 206: 43-9.

Veldhoen, M., R. J. Hocking, C. J. Atkins, R. M. Locksley, and B. Stockinger. 2006. 'TGFbeta in the
context of an inflammatory cytokine milieu supports de novo differentiation of IL-17-
producing T cells', Immunity, 24: 179-89.

Vignali, D. A., and V. K. Kuchroo. 2012. 'IL-12 family cytokines: immunological playmakers', Nat
Immunol, 13: 722-8.

Vogel, Christine, and Edward M. Marcotte. 2012. 'Insights into the regulation of protein abundance
from proteomic and transcriptomic analyses', Nature Reviews Genetics, 13: 227-32.

Wada, N., K. Nishifuji, T. Yamada, J. Kudoh, N. Shimizu, M. Matsumoto, L. Peltonen, S. Nagafuchi, and
M. Amagai. 2011. 'Aire-dependent thymic expression of desmoglein 3, the autoantigen in
pemphigus vulgaris, and its role in T-cell tolerance', J Invest Dermatol, 131: 410-7.

Walker, J. A., and A. N. J. McKenzie. 2018. 'T(H)2 cell development and function', Nat Rev Immunol,
18:121-33.

Wang, L., F. S. Wang, and M. E. Gershwin. 2015. '"Human autoimmune diseases: a comprehensive
update', J Intern Med, 278: 369-95.

107



Wang, X., Y. Zhang, X. O. Yang, R. I. Nurieva, S. H. Chang, S. S. Ojeda, H. S. Kang, K. S. Schluns, J. Gui, A.
M. Jetten, and C. Dong. 2012. 'Transcription of 1117 and 1I17f is controlled by conserved
noncoding sequence 2', Immunity, 36: 23-31.

Wing, K., Y. Onishi, P. Prieto-Martin, T. Yamaguchi, M. Miyara, Z. Fehervari, T. Nomura, and S.
Sakaguchi. 2008. 'CTLA-4 control over Foxp3+ regulatory T cell function', Science, 322: 271-5.

Witt, C. M., S. Raychaudhuri, B. Schaefer, A. K. Chakraborty, and E. A. Robey. 2005. 'Directed migration
of positively selected thymocytes visualized in real time', PLoS Biol, 3: e160.

Wolff, A. S., M. M. Erichsen, A. Meager, N. F. Magitta, A. G. Myhre, J. Bollerslev, K. J. Fougner, K. Lima,
P. M. Knappskog, and E. S. Husebye. 2007. 'Autoimmune polyendocrine syndrome type 1 in
Norway: phenotypic variation, autoantibodies, and novel mutations in the autoimmune
regulator gene', J Clin Endocrinol Metab, 92: 595-603.

Wolff, A. S., A. K. Sarkadi, L. Mardédi, J. Karner, E. Orlova, B. E. Oftedal, K. Kisand, E. Olah, A. Meloni, A.
G. Myhre, E. S. Husebye, R. Motaghedi, J. Perheentupa, P. Peterson, N. Willcox, and A. Meager.
2013. 'Anti-cytokine autoantibodies preceding onset of autoimmune polyendocrine syndrome
type | features in early childhood', J Clin Immunol, 33: 1341-8.

Wolk, K., E. Witte, E. Wallace, W. D. Docke, S. Kunz, K. Asadullah, H. D. Volk, W. Sterry, and R. Sabat.
2006. 'IL-22 regulates the expression of genes responsible for antimicrobial defense, cellular
differentiation, and mobility in keratinocytes: a potential role in psoriasis', Eur J Immunol, 36:
1309-23.

Wu, J., N. Dobbs, K. Yang, and N. Yan. 2020. 'Interferon-Independent Activities of Mammalian STING
Mediate Antiviral Response and Tumor Immune Evasion', Immunity, 53: 115-26.e5.

Xing, Y., and K. A. Hogquist. 2012. 'T-cell tolerance: central and peripheral’, Cold Spring Harb Perspect
Biol, 4.

Xu, L., A. Kitani, I. Fuss, and W. Strober. 2007. 'Cutting edge: regulatory T cells induce CD4+CD25-
Foxp3-T cells or are self-induced to become Th17 cells in the absence of exogenous TGF-beta’,
JImmunol, 178: 6725-9.

Yang, J., M. S. Sundrud, J. Skepner, and T. Yamagata. 2014. 'Targeting Th17 cells in autoimmune
diseases', Trends Pharmacol Sci, 35: 493-500.

Yang, L., D. E. Anderson, C. Baecher-Allan, W. D. Hastings, E. Bettelli, M. Oukka, V. K. Kuchroo, and D.
A. Hafler. 2008. 'IL-21 and TGF-beta are required for differentiation of human T(H)17 cells',
Nature, 454: 350-2.

Yang, X. O., R. Nurieva, G. J. Martinez, H. S. Kang, Y. Chung, B. P. Pappu, B. Shah, S. H. Chang, K. S.
Schluns, S. S. Watowich, X. H. Feng, A. M. Jetten, and C. Dong. 2008. 'Molecular antagonism
and plasticity of regulatory and inflammatory T cell programs', Immunity, 29: 44-56.

Yang, X., B. Sun, H. Wang, C. Yin, X. Wang, and X. Ji. 2015. 'Increased serum IL-10 in lupus patients
promotes apoptosis of T cell subsets via the caspase 8 pathway initiated by Fas signaling', J
Biomed Res, 29: 232-40.

Yao, Z., W. C. Fanslow, M. F. Seldin, A. M. Rousseau, S. L. Painter, M. R. Comeau, J. I. Cohen, and M. K.
Spriggs. 1995. 'Herpesvirus Saimiri encodes a new cytokine, IL-17, which binds to a novel
cytokine receptor', Immunity, 3: 811-21.

Yasuda, K., Y. Takeuchi, and K. Hirota. 2019. 'The pathogenicity of Th17 cells in autoimmune diseases',
Semin Immunopathol, 41: 283-97.

Yum, S., M. Li, Y. Fang, and Z. J. Chen. 2021. 'TBK1 recruitment to STING activates both IRF3 and NF-
kB that mediate immune defense against tumors and viral infections', Proc Natl Acad Sci U S
A, 118.

Zenobia, C., and G. Hajishengallis. 2015. 'Basic biology and role of interleukin-17 in immunity and
inflammation', Periodontol 2000, 69: 142-59.

Zhan, F., and L. Cao. 2021. 'Late-onset autoimmune polyendocrine syndrome type 1: a case report and
literature review', Immunol Res, 69: 139-44,

Zhang, Z., M. Zheng, J. Bindas, P. Schwarzenberger, and J. K. Kolls. 2006. 'Critical role of IL-17 receptor
signaling in acute TNBS-induced colitis', Inflamm Bowel Dis, 12: 382-8.

108



Zheng, Y., D. M. Danilenko, P. Valdez, |. Kasman, J. Eastham-Anderson, J. Wu, and W. Ouyang. 2007.
'Interleukin-22, a T(H)17 cytokine, mediates IL-23-induced dermal inflammation and
acanthosis', Nature, 445: 648-51.

Zhou, L., M. M. Chong, and D. R. Littman. 2009. 'Plasticity of CD4+ T cell lineage differentiation’,
Immunity, 30: 646-55.

Zhou, L., J. E. Lopes, M. M. Chong, Ivanov, Il, R. Min, G. D. Victora, Y. Shen, J. Du, Y. P. Rubtsov, A. Y.
Rudensky, S. F. Ziegler, and D. R. Littman. 2008. 'TGF-beta-induced Foxp3 inhibits T(H)17 cell
differentiation by antagonizing RORgammat function', Nature, 453: 236-40.

Zhu, J., and W. E. Paul. 2010. 'Peripheral CD4+ T-cell differentiation regulated by networks of cytokines
and transcription factors', Immunol Rev, 238: 247-62.

Zielinski, C. E., F. Mele, D. Aschenbrenner, D. Jarrossay, F. Ronchi, M. Gattorno, S. Monticelli, A.
Lanzavecchia, and F. Sallusto. 2012. 'Pathogen-induced human TH17 cells produce IFN-y or IL-
10 and are regulated by IL-1B', Nature, 484: 514-8.

109



6. Appendix

The Appendix has been removed for BORA-submission, but can be available through direct

contact with the master student or supervisors.

110



