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1. INTRODUCTION

Today, the term cytokine has acquired an intriguing and important image.
Although it is vital for immune protection, cytokine overproduction can be fatal
in the form of a cytokine storm, as the world has witnessed during the SARS-
CoV-2 pandemics. Previous research on cytokines has also identified them as
useful drug targets in several autoimmune diseases, which has led to the develop-
ment of effective biological treatment regimens. Moreover, monogenic diseases
with immune dysregulation may serve as a unique model for distinguishing
various important nuances in cytokine function.

This study focuses on two monogenic diseases that are both characterized by
the early onset of chronic mucocutaneous candidiasis (CMC) and impaired
cytokine function. One is caused by a dominant gain-of-function (GOF) variant
in the signal transducer and activator of transcription 1 (STAT1) gene and the
other by an autosomal recessive pathogenic variant in the autoimmune regulator
(AIRE) gene, leading to the syndrome called autoimmune polyendocrinopathy-
candidiasis-ectodermal dystrophy (APECED). The diseases share intriguing
similarities, such as susceptibility to candidiasis, the shortage of various T helper
(Th)17 cytokines, and autoimmunity. Derived from opposing features, APECED
patients have impaired type I interferon (IFN) responses due to highly neutral-
izing IFN-o autoantibodies, while patients with the STAT! GOF disease causing
variant are likely suffering from exaggerated responses from IFNs.

Type I IFNs are known for their essential role in protection against viral
infections and for signaling via STAT1. Nevertheless, their excessive production
potentiates different pathologies, including vascular abnormalities and auto-
immunity. The molecular pathways that predispose STATI GOF patients for
autoimmunity are unknown, as are the mechanisms leading to impaired STAT3
signaling causing Th17 cell deficiency and CMC.

Interleukin (IL)-27 is another cytokine that signals through STAT]I. It has a
dual role in immune regulation, as IL-27 has been characterized to have both pro-
and anti-inflammatory effects. IL-27 has been suggested as a therapeutic option
for several autoimmune diseases, therefore further studies about the impact of
this cytokine are necessary.

IL-22 is crucial for the protection of epithelial tissues by upregulating protective
antimicrobial peptides (AMPs) and securing mucosal barrier surveillance. Earlier
studies have shown that APECED patients suffer from CMC due to neutralizing
autoantibodies against IL-22 and IL-17F. However, whether an IL-22 shortage
creates any other disturbances in APECED mucosal surfaces remains unknown.

The general aim of the thesis was to find the pathological mechanisms in two
monogenic diseases by investigating the role of cytokines in the human immune
system. The purpose was to clarify the role of several STAT1 and STATS3
signaling cytokines in the setting of monogenic diseases or genetic variation. We
explored lymphocyte responsiveness to [IFN-o and IL-21 in STAT1 GOF patients.
In addition, we evaluated the bioactivity of IL-27 coded by a missense variant of
the gene that is associated with protection against type I diabetes. Furthermore,
we investigated if the IL-22 paucity in APECED patients can trigger alterations
in their oral mucosa other than CMC.
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2. REVIEW OF THE LITERATURE

2.1. Type | IFNs and cytokines using STAT1
signaling pathway

2.1.1. Overview of interferons

IFNs are widely expressed cytokines that have potent antiviral and growth-
inhibitory effects. The IFN family includes three main classes of related
cytokines — type I IFNs, type II IFN, and type III IFNs (Gibbert et al., 2013;
Hoffmann et al., 2015; Kotenko et al., 2003; Schroder et al., 2004). Human type
I IFNs include 13 similar IFN-a subtypes (IFN-al, a2, a4, a5, a6, a7, a8, al0,
al3,al4, al6,al?, and a21), and single IFN-f3, IFN-k, [FN-¢ and IFN-o (Gibbert
et al., 2013). Type II IFN, IFN-y, is produced mainly by immune cells (Schroder
et al., 2004). The type III IFNs include IFN-A1 (IL-29), IFN-A2 (IL-28A), IFN-
A3 (IL-28B), and IFN-M (Kotenko et al., 2003) (Fig. 1).

%y, VPR
Y
757 N TypelllIFNs

Type | IFNs

N2

N S ‘
< NS (N3 \
. IFNL1 )

Type Il IFN

0.2

Figure 1. A phylogenetic tree of human IFNs. IFN proteins are divided into type I (green),
II (red), and III (blue). The scale bar is indicating the amino acid substitutions per site.
IFNA, interferon alpha; IFNW, interferon omega; IFNB, interferon beta; IFNK, inter-
feron kappa; IFNE, interferon epsilon; IFNG, interferon gamma; IFNL, interferon lambda
(Hoffmann et al., 2015).
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2.1.2. Type | IFN subtypes

The current thesis focuses on type I IFNs, mainly IFN-a. All type I IFNs bind the
same interferon-alpha/beta receptor (IFNAR), but they still slightly differ in their
biological activities. The binding affinity between each type I IFN varies and
there are differences in the tissue-specific expression of the [FN-a subtypes (Moll
et al., 2011). Different viruses and the IFN-producing cell type may also change
the action of IFN-a subtypes (Easlick et al., 2010). Individual IFN-a subtypes are
able to induce a specific pattern of the IFN-stimulated genes (ISGs) expression,
which is consistent with the cell type-specific responses and receptor affinities
(Gibbert et al., 2013; Severa, 2006). From all of the type I IFN subtypes, IFN-f
exhibits the strongest interaction with its receptor (Ng et al., 2016). Only IFN-B
is known to induce negative immune regulators IL-10 and programmed death-
ligand 1 (PD-L1) (Saraiva & O’Garra, 2010; Sharpe et al., 2007). Type I IFNs
induce an antiviral state in cells by suppressing mechanisms for viral replication,
trigger apoptosis in virally infected cells, promote natural killer (NK) cell-
mediated and CD8+ T-cell-mediated cytotoxicity, promote the transition from
innate to acquired immunity by augmenting dendritic cell (DC) maturation, cross-
presentation of antigens and migration, and enhance Thl responses, generation
of T follicular helper cells, and humoral responses (Brassard et al., 2002; Cucak
et al., 2009; Stetson & Medzhitov, 2006). When IFN-a or IFN-B binds to inter-
feron receptors on circulating NK cells, these are activated and directed to
infected tissues, where they attack virus-infected cells by producing perforin and
granzyme and by secreting IFN-y (Mandal & Viswanathan, 2015). In contrast,
type II IFN (IFN-y) is an activator of macrophages and does not produce any
antiviral effect (Green et al., 2017).

2.1.3. Type | IFNs induction

Type I IFNs can be induced in most cell types against acute viral infections but
also by several bacterial infections and nucleic acids from the host (Trinchieri,
2010). Cells sensing an infection express a number of pattern recognition receptors
(PRRs) that recognize a wide array of highly conserved pathogen-associated
molecular patterns (PAMPs) (Barrat et al., 2016). The PRRs recognize specific
viral and bacterial-derived components (nucleic acids or membrane-bound Toll-
like receptors (TLRs)), and initiate a response that results in the production of
type I IFNs (Kawasaki et al., 2011). The TLRs involved in type I IFN production
are TLR3 (dsRNA), TLR7/8 (ssRNA), and TLR9 (dsDNA-containing unmethy-
lated CpG motifs and RNA-DNA hybrids), which are mainly present in immune
cells (Kawai & Akira, 2010). Nearly all cells are capable of detecting PAMPs and
producing IFN-B. IFN-a is mainly produced by plasmacytoid dendritic cells and
monocytes/macrophages (Swiecki & Colonna, 2015).
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2.1.4. Type | IFN receptor and signaling pathways

Type I IFNs bind specific cell-surface receptor IFNAR and signal via pathways
using the STAT proteins and protein tyrosine kinases to activate target gene
expression (Ivashkiv, 2018; Stark & Darnell, 2012; Villarino et al., 2017) (Fig. 2).
IFNAR is composed of two subunits, IFNAR1 and IFNAR2, that are associated
with tyrosine kinase 2 (TYK2) and Janus activated kinase 1 (JAK1), respectively
(Ivashkiv, 2018; Stark & Darnell, 2012; Villarino et al., 2017). There are seven
members of the STAT family mediating the transduction of signal from a vast
variety of growth factors and cytokines (Villarino et al., 2017). Activation of
kinases that are associated with the type I IFN receptor results in phosphorylation
of STAT1 and STAT?2 dimer formation. STAT1 is phosphorylated on the tyrosine
residue at position 701. Together, with the IFN-regulatory factor 9 (IRF9) tran-
scription factor, the proteins form a complex named interferon-stimulated gene
factor 3 (ISGF3). The complex is translocated into the nucleus, where ISGF3
binds DNA elements termed interferon-sensitive response element (ISREs) and
activates ISGs (Levy & Darnell, 2002). Type I IFNs also induce the formation of
STAT1 homodimer, STAT3 homodimer, and STATI1-STAT3 heterodimer,
which bind a gamma-activated site (GAS) and directly activates a specific set of
ISGs (Delgoffe & Vignali, 2013) (Fig. 2). After the transcription of the target
sites, STAT dimer is dephosphorylated and exported from the nucleus (Levy &
Darnell, 2002).

IFN-a/IFN-B

plasma
membrane

v v v v

STAT1  STAT1 STAT1  STAT3 STAT3  STAT3 STAT1  STAT2

—> >
nucleus \ X 6As X X XX /S \ X 1sRE XX X X S

Figure 2. Type I IFN signaling pathway. On engagement, IFNAR (IFNAR1 and IFNAR2)
activates JAK1 and TYK2. The receptor phosphorylation by these kinases results in
STAT proteins phosphorylation, dimerization, and nuclear translocation. ISGF3 complex
(STAT1, STAT2, and IRF9) binds to ISRE sequences, whereas STAT1 and STAT3 dimers
bind to GASs.
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In addition to JAK-STAT signaling, several other non-canonical pathways are
known to be induced by type I IFNs, for example, nuclear factor kappa B (NF-
«B) and mitogen-activated protein kinase (MAPK) can be activated by IFN-o/
(David, 2002). Moreover, different molecules can regulate the activity of the
signaling pathways. IFN-y and IFN-o/f are negatively regulated by two groups
of protein families, suppressors of cytokine signaling (SOCS) and protein inhib-
itors of activated Stat (PIAS) (David, 2002). Type I IFNs can induce SOCS1 and
SOCS3 expression through STAT1 and STAT3 signaling pathways, respectively
(Qin et al., 2008). SOCS1 inhibits JAK1, JAK2, and TYK2 and nuclear trans-
location of STATT in response to [FNs (Liau et al., 2018). SOCS1 has a stronger
inhibitory activity toward STAT1 activation compared to SOCS3 (Song & Shuai,
1998). PIAS regulates JAK-STAT signaling negatively by inhibiting the phos-
phorylation and translocation of STAT through the interaction between PIAS and
STAT (Liu et al., 1998).

2.1.5. IL-21

Besides IFNs, STAT1 is activated by other cytokines, like IL-21 (Delgoffe &
Vignali, 2013) and IL-27 (Villarino et al., 2004). IL-21 signals via a receptor
composed of a common cytokine receptor y-chain and IL-21 receptor (IL-21R).
IL-21 is primarily produced by CD4+ T cells and natural killer T (NKT) cells,
but other cells are also able to synthesize IL-21, including CD8+ T cells, B cells,
NK cells and dendritic cells (Spolski & Leonard, 2008). IL-21 binding to its
cognate receptor results in the activation of JAK1 and JAK3 and the subsequent
phosphorylation of STAT proteins. This concludes with the formation of STAT1
homodimer, STAT3 homodimer, and heterodimer, but the STAT3 homodimer
formation is prevalent (Delgoffe & Vignali, 2013). IL-21 signaling through
STATS3 is indispensable for the generation of T follicular helper cells (Nurieva et
al., 2008). IL-21 contributes to the Th17 differentiation and Th17 cells produce
IL-21 via STAT3 (Wei et al., 2007). STAT1 and STAT3 have partially opposing
roles in IL-21 function in immune cells. IL-21 induces STAT1 phosphorylation,
which is augmented in Stat3-deficient CD4+ T cells (Wan et al., 2015). IL-21
induces the expression of 7bx21 and Ifng genes and ISGs, through the STATI
transcription factor. Whereas, STAT3 activation is able to diminish these effects,
either in mice or humans (Wan et al., 2015).

2.1.6. IL-27

IL-27 is a heterodimeric cytokine that contains Epstein-Barr virus-induced gene
3 (EBI3) and IL-27p28 subunits. The cytokine is produced by monocytes,
dendritic cells, and endothelial cells (Villarino et al., 2004). IL-27 induces
signaling through the receptor composed of gp130 and IL-27 receptor a. The
receptor has been found on various cell types such as T cell subsets, NK cells,
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NKT cells, dendritic cells, B cells, and mast cells (Pflanz et al., 2002, 2004). IL-27
displays both anti- and pro-inflammatory effects. IL-27 signaling results in the
recruitment of several JAK family kinases and activation of STAT family
transcription factors, including STAT1 and STAT3 (Villarino et al., 2004). IL-27
drives inflammation by supporting the early commitment of naive CD4+ T cells
to a Thl-specific lineage via STAT1 (Lucas et al., 2003). In addition, by sup-
pressing Th17 differentiation, IL-27 is able to inhibit the inflammation and induce
a T regulatory (Treg)-like activity in differentiated Th1l and Th2 effector cells
(Delgoffe et al., 2011). Studies with Statl knockout mice have shown that IL-27
loses its ability to inhibit Th17 differentiation without STAT1 (Neufert et al.,
2007; Peters et al., 2015), suggesting that p-STAT1 is an inhibitor of the Th17
differentiation pathway. There have been studies associating single nucleotide
polymorphisms (SNPs) of IL-27 with type 1 diabetes (T1D). A genome-wide
association study (GWAS) identified a variant rs4788084[T] on chr16p11.2 close
to the /L27 gene, which is associated with protection against T1D (Barrett et al.,
2009; Plagnol et al., 2011). A study by Wang et al. detected a high level of IL-27
in non-obese diabetic (NOD) mice. IL-27-treated diabetic splenocytes promoted
the onset of the disease, while the blockade of IL-27 delayed the onset of diabetes
(Wang et al., 2008). In addition, another study on mice showed that IL-27-defi-
cient NOD mice were resistant to T1D (Ciecko et al., 2019).

2.2. Th17 cytokines
2.2.1. Th17 cell differentiation

Th17 cells mediate immune protection against extracellular pathogens — fungi
and bacteria (LeibundGut-Landmann et al., 2007). The tissue and microbial micro-
environment are known to influence Th17 immune responses, for example, com-
mensal microbiota of the gut (Ivanov et al., 2008; Satoh-Takayama et al., 2008)
and microbial stimuli on the skin induce Th17 cell differentiation and modulate
Th17 cell responses (K. Eyerich et al., 2009). The differentiation of Th17 cells
takes place following the exposure of naive CD4+ T cells to APC-derived
polarizing cytokines such as transforming growth factor beta (TGF-f), IL-6, IL-21,
while IL-23 stabilizes the commitment of Th17 cell lineage (Korn et al., 2009).
The main function of IL-23 is to maintain the Th17 cell phenotype and survival,
not to promote the differentiation (Lee et al., 2012). STAT3 is indispensable for
the development of Thl7 cells and has a crucial role in protection against
mucocutaneous fungal diseases (Puel et al., 2012). The master regulators of Th17
differentiation are retinoic acid-related orphan receptor (ROR)yt and RORa
transcription factors (Ivanov et al., 2006; Yang et al., 2008). Internal micro-
environmental stimuli are involved in the differentiation of naive T cells into
effector T cells. TGF-f and IL-2 enhance the differentiation of Tregs, whereas
the combination of TGF-, IL-6, and IL-21 polarizes T cells towards the Th17
phenotype (Burgler et al., 2009; Kryczek et al., 2007; Zheng et al., 2008). The
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decision between regulatory and pro-inflammatory outcome is a balancing act
with the microenvironment being an important mediator of tissue homeostasis.
Cytokines IFN-o/fB, IFN-y, and IL-27 inhibit Th17 cell differentiation, acting
through the transcription factor STAT1 (Shuai & Liu, 2003). Fabbri et al.
hypothesized that STAT1 affects Th17 development via a T-cell intrinsic and
extrinsic mechanism (Fabbri et al., 2019). In Thl conditions, STAT1 induces
SOCS3 upon IFN-y stimulation. SOCS3, in turn, inhibits STAT3 activity and
consequently suppresses Th17 development (Yoshimura et al., 2012).

2.2.2. Th17-related cytokines and their producers

Th17 cells produce the cytokines IL17 (IL-17A and IL-17F), IL-21, and IL-22
(Burgler et al., 2009; Wei et al., 2007). IL-17 and IL-22 are derived from adaptive
and innate immune cells. The best characterized human leukocytes that secrete
both IL-17 and 1L-22 are Th17 cells (Burgler et al., 2009). In addition, several
other cell types contribute to IL-17 and IL-22 production, including CD4+ (Rutz
et al., 2014), CD8+ (Ortega et al., 2009), as well as type 3 innate lymphoid cells
(Cella et al., 2009) and NK cells (Pandya et al., 2011). Furthermore, IL-17 and
IL-22 are secreted by several unconventional T cells, such as gamma delta (y5) T
(Ness-Schwickerath & Morita, 2011), mucosal associated invariant T (MAIT)
(Leeansyah et al., 2014), NKT (Witte et al., 2010), and invariant NKT (iNKT)
cells (Paget et al., 2012). Unconventional T cells are crucial for the protection
and homeostasis of the epithelial surfaces due to their immediate response to
harmful agents (Veldhoen et al., 2008). In addition, two cell lineages produce
only IL-22, such as the NK22 cells (Norian et al., 2009) and Th22 cells (S. Eyerich
et al., 2009). NK22 cells are enriched in the gastrointestinal system, where they
protect against infection (Norian et al., 2009). Th22 cells are enriched in inflam-
matory skin diseases (S. Eyerich et al., 2009).

2.2.3. IL-17A/F signaling pathways and receptors

IL-17A and IL-17F function either as homodimers or as a heterodimer, which
induce signals through an IL-17 receptor (IL-17R)A and IL-17RC receptor
complex (Gaffen, 2009) (Fig. 3). IL-17-dependent signaling pathways all require
an adaptor protein activator 1 (Actl) for the activation (Gu et al., 2013). Actl
recruits and ubiquitinates tumor necrosis factor (TNF) receptor associated factor 6
(TRAF6), which is required for the activation of several pathways, such as NF-kB,
MAPKs, and also CCAAT/enhancer-binding protein (C/EBP) signaling
(Swaidani et al., 2019). Very recently it has been shown that in addition to the
classical IL-17RA-dependent signaling, IL-17F homodimer is able to form a
complex only with receptor IL-17RC, thus competing with IL-17RA for cytokine
binding (Goepfert et al., 2020).
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TRAF6 provides a scaffold for the recruitment and activation of the inhibitor
of NF-kB kinase (IKK) (Amatya et al., 2017). IKK then phosphorylates and
activates NF-xB, releasing it for a rapid nuclear translocation and consequent
inflammatory gene transcription (Napetschnig & Wu, 2013) (Fig. 3). IL-17 also
activates MAPK pathways, which include extracellular signal-regulated kinase
(ERK), p38, and JUN N-terminal kinase (JNK) (Fig. 3), although the dominance
of these pathways in response to IL-17 appears to vary (Shen & Gaffen, 2008).
C/EBP transcription factors are additional transcriptional regulators activated by
IL-17 (Fig. 3). In the promoters of IL-17 target genes both NF-xB and C/EBP
binding sites are abundant (Shen et al., 2006).
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Figure 3. Intracellular signaling pathways of IL-17A and IL-17F. IL-17A and IL-17F
bind to the IL-17RA or IL-17RC as homodimers or heterodimers. Binding of IL-17A to
its receptor complex leads to the recruitment of the Actl adaptor protein. Association of
Actl with the IL-17 receptor complex leads to the recruitment of TRAF-6. Activation of
TRAF6 results in the triggering of NF-kB, C/EBPfB, C/EBPS, and MAPK pathways.
TRAF6, TNF receptor associated factor 6; ERK, extracellular signal related kinase; JNK,
JUN N-terminal kinase; AP-1, activator protein 1; IKK, inhibitor of NF-kappa B kinase;
CCAAT/enhancer-binding protein f§ or 3, C/EBP 3.

2.2.4. Role of IL-17A/F
The effects of IL-17 and IL-22 are organ-specific, and their function should be

considered in the context of target organs. IL-17+ and IL-22+ leukocytes are
more enriched in peripheral tissue than in circulation (K. Eyerich et al., 2009).
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The main function of IL-17 and IL-22 is the induction of an epithelial innate
immune response for protection against extracellular pathogens. The protection
mechanism is the induction of AMPs production, such as B-defensins (Liang
et al., 2006) and S100 proteins (Wolk et al., 2006), in epithelial cells of the lung
and gastrointestinal system and skin (Norian et al., 2009). AMPs are generally
defined by their ability to kill or inhibit the growth of microbes, and they are
integral to the innate immune response in all multicellular organisms,
representing a key aspect of barrier protection (Zhang & Gallo, 2016) (Fig. 5).

IL-17 is involved in protective antimicrobial immunity and inflammation
(Fig. 5). In response to bacterial infection of lungs, IL-17 is important for the
recruitment of neutrophils (Ye, Rodriguez, et al., 2001). The key neutrophil chemo-
attractants such as macrophage inflammatory protein-2 and granulocyte colony-
stimulating factor (G-CSF) are induced by IL-17 and required for recruitment of
neutrophils and pathogen clearance (Ye, Garvey, et al., 2001). Pro-inflammatory
mediators produced by epithelial cells in response to IL-17 are neutrophil- and
granulocyte-attracting chemokines, mainly CXC motif chemokine ligand
(CXCL) 8 (Albanesi et al., 2000) and several growth factors, such as granulocyte-
macrophage colony-stimulating factor (GM-CSF). These enhance inflammation
by recruiting macrophages, neutrophils, and lymphocytes to the synovium
(Albanesi et al., 2000). IL-17 also induces pro-inflammatory cytokine secretion
(TNF, IL-1B, IL-6) from cartilage, macrophages, and synoviocytes (Zenobia &
Hajishengallis, 2015). Interestingly, IL-17 is not able to mount a robust inflam-
matory response by itself, however, in cooperation with other inflammatory
mediators, such as TNF-a or IL-1, IL-17 can induce a potent inflammatory cascade
by upregulating the expression of target genes (Onishi & Gaffen, 2010; Zenobia
& Hajishengallis, 2015). By a self-reinforcing positive feedback loop, these pro-
inflammatory cytokines also establish a chronic inflammatory state (Ogura et al.,
2008).

Moreover, by increasing intercellular adhesion molecule-1 (ICAM-1)-de-
pendent cell contact of keratinocytes and T cells and subsequent keratinocyte
apoptosis, IL-17 induces a strong pro-inflammatory reaction and reinforces a
cytotoxic Th1 immune response (Nograles et al., 2008). IL-17 promotes antigen-
nonspecific and contact-dependent cytotoxicity by enhancing IFN-y-induced
upregulation of ICAM-1 on keratinocytes (Albanesi et al., 1999). IL-17 induces
the expression of matrix metalloproteinases (MMP), which drive the degradation
of extracellular matrix within the joint (Chabaud et al., 2000; Onishi & Gaffen,
2010) (Fig. 5).

IL-17 mediates adverse effects in many autoimmune diseases. Studies show
that high IL-17 levels were found in patients with rheumatoid arthritis (RA)
(Kotake et al., 1999). IL-17 appears to promote both bone destruction and inflam-
mation in RA (Lubberts et al., 2004). IL-17A and IL-17F play opposite roles in
inflammatory bowel diseases (IBDs). Notably, IL-17F is pathogenic in IBDs
inducing microbial dysbiosis of the gut microbiota by stimulating the expression
of AMPs, while IL-17A plays a protective role contributing to the maintenance
of the intestinal epithelial barrier (Tang et al., 2018).
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2.2.5. IL-22 signaling pathways and receptors

IL-22 binds to a heterodimeric receptor composed of IL-10 receptor B-chain
(IL-10Rp) and IL-22 receptor Al (IL-22RA1) (Rutz et al., 2014) (Fig. 4). While
IL-10R} is broadly expressed in the human body, IL-22 responsiveness is limited
by epithelial cell-restricted expression of [L-22RA1 in the lung, gastrointestinal
tract, thymus, skin, pancreas, liver, and kidney (Rutz et al., 2014). In contrast to
IL-17RA, IL-22 receptor is expressed exclusively on stromal cells and is absent
on immune cells (Wolk et al., 2004). However, one study showed that monocyte-
derived human macrophages express 1L-22 receptor and IL-22 enhances the
killing of tuberculosis bacteria (Dhiman et al., 2009). The bioavailability of IL-22
is also regulated by a soluble IL-22-binding protein that acts as an antagonist (Xu
et al., 2001). Upon binding to its receptor complex, IL-22 induces phosphorylation
of tyrosine kinases TYK2 and JAKI1 (Lejeune et al., 2002), which results in
activation of STAT3 and also STAT1 (Dumoutier et al., 2000) (Fig. 4). Similarly
to [L-17, IL-22 induces the three major MAPK pathways — Mek/Erk, p38, and JNK
(Lejeune et al., 2002) (Fig. 4).
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Figure 4. IL-22 binds to a heterodimer composed of IL-10RB-chain and IL-22RA1. Upon
binding to its receptor, IL-22 induces phosphorylation of tyrosine kinases TYK2 and
JAK1 that activate transcription factors STAT1 and/or STAT3. Phosphorylated STAT
dimers translocate into the nucleus to induce the expression of specific genes. In some
cases, MAPKs (ERK, p38, and JNK) are also activated through a distinct pathway.

2.2.6. Role of IL-22
IL-22 is essential for the mucosal barrier function. It can protect from intestinal

injury by supporting epithelial cell proliferation and wound healing, enhancing
tight junctions, upregulating AMPs, and mucus production (Aujla et al., 2008;
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Bevins & Salzman, 2011; Boniface et al., 2005; Sugimoto et al., 2008) (Fig. 5).
In contrast, the excessive production of IL-22 is associated with tissue inflam-
mation in several immune-mediated inflammatory diseases, such as psoriasis,
celiac disease, and RA (DePaolo et al., 2011; Geboes et al., 2009; Sahmatova et
al., 2017; Zheng et al., 2007).

In mucosal epithelial cells, IL-22 induces the expression of mucin genes
through STAT3-dependent signaling (Sugimoto et al., 2008). In addition, IL-22
treatment increases the number of goblet cells in the intestinal mucosa, which
produce mucin in the colon (Turner et al., 2013). Specialized epithelial cells
called Paneth cells are the major source of AMPs in the intestine, and the
production of AMPs can be elicited by IL-22 (Bevins & Salzman, 2011).
Moreover in other tissues, IL-22 elicits AMP production in keratinocytes (Liang
et al., 2006) and pancreatic acinar cells (Liang et al., 2010). In addition, 1L-22
functions in the clearance of pathogens that have managed to penetrate the barrier.
For example, to facilitate the production of cytokines and chemokines that
mediate innate cell recruitment to the site of infection, IL-22 can induce 1L-18
expression in epithelial cells (Muiioz et al., 2015). IL-22 can also induce the
complement pathway. [L-22 treatment can increase complement C3 gene
expression, to induce bacteria killing and control the systemic spread of bacteria
(Hasegawa et al., 2014).

In contrast to the strong pro-inflammatory effects of IL-17, IL-22 has a
regenerative and protective effect on epithelial cells (Fig. 5). In addition to the
induction of AMPs, IL-22 is able to induce re-epithelialization and enhances the
proliferation and migration of epithelial cells, and inhibits differentiation of
keratinocytes (Boniface et al., 2005). These changes in keratinocytes resemble
wound healing and/or ongoing psoriasis, which suggest that IL-22 is involved in
both processes (Boniface et al., 2005; Zheng et al., 2007). Furthermore, 1L-22
protects lung function by increasing transepithelial resistance to injury and
promotes barrier function by induction of epithelial cell proliferation (Aujla et al.,
2008). Adoptive transfer of [L-22-producing CD4+ T cell and NK cells protects
mice from IBDs (Zenewicz et al., 2008) and hepatitis (Radaeva et al., 2004).
Administration of recombinant IL-22 ameliorates inflammation, whereas neut-
ralization of IL-22 aggravates hepatitis (Radaeva et al., 2004).

IL-22 upregulates anti-apoptotic as well as mitogenic proteins via STAT3
(Radaeva et al., 2004) and prevents systemic inflammation by induction of lipo-
polysaccharide-binding proteins in hepatocytes (Wolk et al., 2007). 1L-22 is
required for the activation of the DNA damage response in the intestinal epi-
thelium. In a series of elegant experiments, Gronke et al. demonstrated that
selective removal of IL-22RA1 leads to suppression of apoptosis triggered by
DNA damage, and, as a consequence, increased tumor formation in an inflam-
mation-driven tumor model (Gronke et al., 2019). In contrast, IL-22 was recently
shown to protect intestinal stem cells against genotoxic stress and thus against
colon cancer (Gronke et al., 2019).

IL-22 is capable of shaping gut microbiota (Fatkhullina et al., 2018). Although
IL-22 shapes the microbiome and maintains the intestinal barrier and through

21



multiple mechanisms, the IL-22 deficiency does not result in overt pathological
consequences. Nevertheless, [L-22-deficient mice have altered microbiota
composition and weakened barrier function, which can be rescued with 1L-22
treatment (Sonnenberg et al., 2012). IL-23 receptor-deficient animals are
producing less IL-22 and they have increased segmented filamentous bacteria in
the ileum, which generates a permissive environment to the development of Th17
cells. This phenotype can be reversed by the administration of IL-22 (Shih et al.,
2014). There have been studies describing IL-22-deficient mice with less
bacterial diversity and decreased number of Lactobacillus, but an increased
abundance of Salmonella, Escherichia, and Helicobacter, that showed higher
susceptibility to colitis in cohoused wild-type animals. These results indicate that
IL-22-deficient animals can harbor microbiota with transferable effects on barrier
function (Zenewicz et al., 2013).

Nevertheless, IL-22 can have some pro-inflammatory properties as well.
Although IL-22 itself seems to be protective, it enhances the pro-inflammatory
capacity of TNF-a on keratinocytes (S. Eyerich et al., 2009). Thus, IL-22 can be
both protective and pro-inflammatory depending on the context of the micro-
environment.
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Figure 5. IL-17 and IL-22 augment chemokines production resulting in the recruitment
of polymorphonuclear neutrophils (PMNs), monocytes, and other inflammatory cells that
contribute to fungal, bacterial, and viral clearance at mucosal sites. IL-17 can synergize
with IL-22 and induce AMPs to control the extracellular pathogens. IL-17 and 1L-22
stimulate the production of MMPs to promote the destruction of connective tissue. IL-17
can also act directly on APCs, and drive Thl differentiation required for intracellular
pathogen clearance. IL-17 also induces pro-inflammatory cytokine secretion. IL-22 is
involved in epithelial cell proliferation and enhances tight junctions.
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2.3. Monogenic STAT1 GOF disease causing variant
2.3.1. Chronic mucocutaneous candidiasis

The GOF variant in the STAT! gene is the most frequent one that leads to mono-
genic susceptibility to CMC (Toubiana et al., 2016). GOF variants are described
in the DNA-binding domain (DBD), coiled-coil domain (CCD) and occasionally
in Src homology 2 (SH2) domain in the STAT! gene. The pathogenic variants
lead to the hyperphosphorylation and delayed dephosphorylation of STATI
during cytokine responses (Liu et al., 2011; Meesilpavikkai et al., 2017; Smeekens
etal., 2011; van de Veerdonk et al., 2011; Yamazaki et al., 2014) (Fig. 6). CMC is
a recurrent and/or chronic, noninvasive Candida infection on the mucous mem-
branes, skin, and nails. After the exclusion of the secondary reasons affecting the
immune system such as infections (human immunodeficiency virus) or prolonged
immunosuppressive drug use (glucocorticoids) primary immune deficiencies
(PID) should be considered (Depner et al., 2016). CMC is a frequent component
of combined immunodeficiencies with decreased T-cell numbers or function.
With CMC, it is expected to have a susceptibility to various infectious agents and
noninfectious manifestations, such as autoimmunity. CMC may be a single or
also a coexisting infection in other PID syndromes, like APECED with autosomal
recessive (AR) AIRE pathogenic variants (Peterson & Peltonen, 2005), AR caspase
recruitment domain-containing protein 9 (CARD?9) deficiency with invasive
fungal diseases (Glocker et al., 2009), hyper IgE syndrome with autosomal
dominant STAT3 variants (Minegishi et al., 2007), AR IL-12 receptor-betal (de
Beaucoudrey et al., 2010), and IL-12-p40 deficiency causing susceptibility to
mycobacterial diseases (Prando et al., 2013). In some CMC patients, /L/7RC,
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Figure 6. STAT1 domains and germline GOF STAT! pathogenic variants in human
STATIla isoform. GOF variants are preferentially identified in coiled-coil (green) and
DNA-binding (brown) domain of STAT1. Phosphorylation sites, Tyr 701 (pY701), and
Ser 727 (pS727) are indicated. SH2, Src Homology 2 domain; TS, tail segment domain;
TD, transactivation domain.
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IL17RA, and ILI7F variants are found to be causative (Puel et al., 2011). The
common feature of all these monogenic diseases with CMC susceptibility is the
deficiency of Thl7 cells and/or neutralizing autoantibodies to Thl7-related
cytokines. Although CMC is the most frequent infection in STA7/ GOF disease,
the patients have also bacterial and viral infections (Toubiana et al., 2016). In
addition, many patients also develop autoimmune manifestations (Lorenzini et
al.,2017), as well as carcinomas and aneurysms associated with the poor outcome
of the disease. Autoimmune disorders described in these patients include thyroid
disease, cytopenias, SLE, T1D, alopecia, and vitiligo (Toubiana et al., 2016).

2.3.2. Molecular mechanism of STAT7 GOF disease

STATI GOF disease causing variant results in hyperphosphorylation and delayed
dephosphorylation of STAT1 protein (Liu et al., 2011; Smeekens et al., 2011;
Yamazaki et al., 2014). Why p-STAT1 dephosphorylation is delayed and how this
imbalance exactly causes the increased expression of STAT1-dependent genes in
STATI GOF patients is not yet clear.

p-STAT]1 has to be dephosphorylated for shuttling back to the cytoplasm (Levy
& Darnell, 2002). During dephosphorylation to expose phospho-Tyr-701 to phos-
phatases, p-STAT1 requires the conversion of the STAT dimer parallel con-
formation to its antiparallel conformation. The antiparallel conformation of the
STATI1 dimer occurs through phospho-Tyr-701-independent interaction between
the DBD and CCD (Mertens et al., 2006). STATI pathogenic variants have been
identified mostly in DBD and CCD, residing in the antiparallel dimer interface
(Liu et al., 2011; Smeekens et al., 2011; van de Veerdonk et al., 2011; Yamazaki
et al., 2014). The stabilization of the antiparallel dimer conformation is likely
impaired due to the amino acid change in the interacting sites (Mertens et al.,
2006; Zhong et al., 2005). Nevertheless, it is unclear which residues present a risk
of disease-causing variant (Fujiki et al., 2017). Direct evidence is still lacking,
but it is possible that the delayed dephosphorylation of p-STATI is associated
with its prolonged binding to the chromatin target sites. Another possible
mechanism can be behind the DNA formation with CCD. The conformation of
CCD protrudes outward when bound to the DNA (Chen et al., 1998; Fujiki et al.,
2017). It has been postulated that, to support STAT1-mediated signaling, CCD
acts as a docking platform for transcription factors. The STAT! GOF disease
causing variants in the CCD might increase their interactions (Horvath et al.,
1996).

Several studies have proposed that the possible cause behind the disease-
causing variant is delayed dephosphorylation (Chen et al., 2020; Liu et al., 2011;
Smeekens et al., 2011; Yamazaki et al., 2014). Controversially, in some studies,
dephosphorylation has been found to be normal (Meesilpavikkai et al., 2017,
Sobh et al., 2016; Weinacht et al., 2017; Zimmerman et al., 2019). In addition,
previous studies have shown different results of the expression of total STATT1 in
STAT! GOF patients. Some authors had reported normal levels of STATI
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(Mizoguchi et al., 2014; Smeekens et al., 2011; Zheng et al., 2015), while some
authors had reported higher levels of STAT1 (Bernasconi et al., 2018; Bloomfield
et al., 2018; Chen et al., 2020; Zhang et al., 2017). It is proposed that the high
level of p-STATT1 after stimulation is not caused by defective dephosphorylation
but rather by increased STAT1 protein level (Bernasconi et al., 2018; Bloomfield
et al., 2018; Chen et al., 2020; Zhang et al., 2017).

Importantly, in most of the STAT! GOF patients, the Th17 cell numbers are
severely reduced, which is thought to be the results of STAT3 inhibition by
STATI GOF variant. Previous results have demonstrated that STAT1 GOF variant
does not impair STAT3 phosphorylation, dimer formation, transformation to the
nucleus, or DNA-binding to a STAT-consensus sequence. In fact, the results
show that the imbalance disrupts the transcription of genes by increasing STAT1
but decreasing STAT3-dependent gene transcription (Zheng et al., 2015). There-
fore, STATI GOF variant impairs the development of Th-17 cell subpopulation
(Liu et al., 2011; Takezaki et al., 2012).

2.3.3. Treatment of patients with STAT7 GOF disease

Patients with CMC and STAT! GOF disease are managed by long-term adminis-
tration of systemic antifungal drugs, replacement immunoglobulins, and prophy-
lactic antibiotics (Toubiana et al., 2016). Particularly in the presence of autoim-
mune phenomena, the diverse phenotype of patients often renders such treatment
insufficient (Toubiana et al., 2016).

STAT]1 phosphorylation can be blocked in a dose-dependent manner with the
nucleotide analog and STAT1 inhibitor fludarabine (FLU). It has been reported
that FLU significantly decreases the transcription of STAT1-dependent genes and
increases the transcription of STAT3-dependent genes (Zheng et al., 2015).

Another treatment is ruxolitinib, a JAK1/2 inhibitor that targets JAK1/2
pathway signaling and JAK-STAT pathways (Harrison et al., 2012). There have
been controversial outcomes in case of ruxolitinib treatment. GOF STAT1 hyper-
phosphorylation has been successfully downregulated by ruxolitinib in vitro
treatment which has encouraged its clinical application for this rare monogenic
disease (Bloomfield et al., 2018; Forbes et al., 2018; Higgins et al., 2015; Moriya
et al., 2020; Mossner et al., 2016; Vargas-Hernandez et al., 2018; Zimmerman et
al., 2019). Several reports have described improvement or resolution of CMC
during ruxolitinib treatment and its return after discontinuation of the therapy
(Bloomfield et al., 2018; Mossner et al., 2016). Some patients have complete
resolution of oral Candida while some patients only have partial resolution with
relieved symptoms (Higgins et al., 2015; Mdssner et al., 2016). Interestingly,
other STATI GOF disease-related disorders, such as alopecia and enteropathy
have also shown considerable improvement with JAK1/2 inhibitors (Higgins et
al., 2015; Vargas-Hernandez et al., 2018). In contrast to these reports, two adult
patients with severe dermatophytosis and disseminated coccidioidomycosis due
to STATI1 GOF disease causing variant were recently reported to fail to respond
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to ruxolitinib (Zimmerman et al., 2017). In addition, therapeutic failure of
ruxolitinib in the treatment of severe fungal infections, such as CMC, or herpes
zoster infections has been reported (Forbes et al., 2018).

It has been suggested that the reduced STAT3-dependent gene transcription is
likely due to altered STAT3 promoter binding precipitated by reduced baseline
level of histone acetylation of STAT3 in patients (Zheng et al., 2015). More
recently several histone deacetylases (HDAC) inhibitors have been under invest-
igation (Rosler et al., 2018). HDAC inhibitors modulate cytokine production in
response to C. albicans and S. aureus in vitro. Pan-inhibitors lower overall
cytokine production, whereas specific inhibitors confer a selective effect (Rdsler
et al., 2018). Some of HDAC inhibitors are promising therapeutic candidates for
the treatment of STATI GOF patients due to their capacity to restore 1L-22
production and decrease STAT1 phosphorylation; however, their inhibition of
innate cytokines poses a possible risk of secondary infections (Rosler et al., 2018).

In addition, a small number of patients have been treated with hematopoietic
stem cell transplantation (HSCT) with mixed outcomes. Therefore, the recom-
mendation for this therapy is inconclusive (Aldave et al., 2013; Kiykim et al,,
2019; Leiding et al., 2018; Toubiana et al., 2016). The symptoms associated with
STATI GOF disease causing variant disappear after HSCT, suggesting its curative
potential. However, HSCT has a significant risk of secondary graft failure (50%
of patients with primary engraftment) and death. After transplantation, the 3-year
overall survival rate is 40% (Leiding et al., 2018).

2.4. Type | IFNs in polygenic autoimmunity

The elevated production of IFNs during autoimmune diseases and infection results
in increased expression of target genes, mostly ISGs. The pattern of expression is
defined as an IFN signature in diseased tissues and in circulating blood cells
(Platanias, 2005). ISGs are usually directly activated by the STAT family
(Platanias, 2005). The upregulated type I IFNs and IFN gene signatures are
associated with sporadic autoinflammatory and autoimmune diseases, including
systemic lupus erythematosus (SLE) (Rodero et al., 2017), T1D (Ferreira et al.,
2014), primary Sjogren’s syndrome (pSS) (Bave et al., 2005), systemic sclerosis
(Tan et al., 2006), and in some cases of RA (Banchereau et al., 2004).

SLE has been described as an interferonopathy, in which patients exhibit an
IFN gene signature, which is overlapping with T1D (Jean-Baptiste et al. 2017).
Also, SLE patients show activated JAK-STAT pathway with elevated levels of
STATTI protein (Liang et al., 2014). For that reason, several therapeutic strategies
exist to downregulate the type I IFN system in SLE. IFN-o or IFNAR therapeutic
targeting has shown some promising results (Jean-Baptiste et al., 2017). Also,
patients with pSS have activation of the type I IFN system, nevertheless
circulating IFN-a levels were consistently elevated in some studies but not in
others, in contrast to findings in SLE (Bave et al., 2005). There have been several
reports of systemic sclerosis induced by IFN-o therapy for hepatitis C or
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myeloproliferative diseases, or by IFN therapy for multiple sclerosis. Patients
with systemic sclerosis showed amplification of mRNAs for a few genes involved
in the IFN pathway (Tan et al., 2006), although the IFN signature was less typical
than in SLE. The new small-molecule JAK inhibitors (Jakinibs) now in use for
the treatment of RA may prove useful in SLE because type I IFNs as well as
several other cytokines signal through the JAK-STAT pathway. Based on pre-
clinical data, there are now trials probing the efficacy of Jakinibs in the treatment
of diseases characterized by an IFN signature such as lupus (Furumoto et al., 2017).

T1D is a multifactorial disease caused by autoimmune destruction of pan-
creatic B-cells. Autoreactive CD4+ and CD8+ T cells are considered as the primary
drivers of B-cell loss (Burrack et al., 2017), and among CD4+ T cells, Th1l and
Th17 cells are considered the main effector subsets involved in the disease patho-
genesis (Shao et al., 2012). Type I IFNs have been implicated in the early stages
of T1D autoimmunity (Ferreira et al., 2014; Huang et al., 1995), as the tran-
scriptome analysis revealed that prior to the development of T1D-specific
autoantibodies there is a type I [FN signature in the peripheral blood of patients
(Ferreira et al., 2014). Moreover, in patients receiving type I IFN therapy for
various conditions including hepatitis C and multiple sclerosis induction of T1D
has been reported (Fabris et al., 2003; Oka et al., 2011; Uonaga et al., 2012),
supporting the idea that these cytokines may actively exacerbate T1D development.
Following IFN therapy half of all cases reporting T1D were positive for
autoantibodies against T1D. Therefore, type I IFNs may precipitate a loss of
tolerance and self-reactivity in at-risk patients (Fabris et al., 2003). Type I IFNs
have an impact on pancreatic B-cell, cytotoxic T-lymphocytes, and other cellular
constituents within the islet that facilitate autoimmunity. Patients with T1D
exhibit hyperexpression of MHC-I in the islets, suggesting increased susceptibility
for targeting by cytotoxic T cells (Willcox et al., 2009). As IFN-a/p has been
shown to directly induce MHC expression on primary human islet cells, type |
IFN is a likely candidate within the local microenvironment capable of mediating
this cytotoxicity (Marroqui et al., 2017).

2.5. APECED
2.5.1. APECED phenotype

APECED syndrome is a rare recessive disorder (Kisand & Peterson, 2015).
APECED is caused by loss-of-function variants in the 4A/RE gene located in locus
21q22.3 (Peterson et al., 2008). AIRE is expressed in thymic medullary epithelial
cells where it acts as a transcriptional regulator and promotes the ectopic expres-
sion of several peripheral tissue-restricted antigens, which leads to the deletion
of potentially autoreactive T-cells (Anderson et al., 2002; Heino et al., 1999; S.
Yang et al., 2015). The most common A/RE pathogenic variant affects 82% of
Finnish APECED alleles, which is the “Finnish wvariant,” (c. 769C>T,
p-Arg257Ter) (Kisand & Peterson, 2015). Also, in exon 8 a 13-base pair deletion
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(c.967-979del) is common (Nagamine et al., 1997; Peterson et al., 2004). Whilst
the APECED clinical phenotype is variable, no strong correlations with specific
AIRE variants have been reported (Halonen et al., 2002). APECED is spread
worldwide but specifically enriched in Iranian Jews (1:9 000) (Zlotogora &
Shapiro, 1992), Sardinians (1:14 000) (Rosatelli et al., 1998), and Finns (1:25
000) (Perheentupa, 2006). The prevalence has also been reported for Slovenia
(1:43 000) (Podkrajsek et al., 2005), Norway (1:80 000) (Myhre et al., 2001) and
Poland (1:129 000) (Stolarski et al., 2006).

Although the classical triad of APECED consists of CMC, hypopara-
thyroidism (HP), and Addison’s disease (AD), the clinical picture varies broadly
in the number of disease components and severity (Fig. 7). The syndrome is
characterized by a variety of associations with autoimmune non-endocrine
(vitiligo, alopecia areata, keratitis, malabsorption) and endocrine (HP, AD, hypo-
thyroidism, gonadal insufficiency, T1D) disorders, and predisposition to CMC
(Husebye et al., 2009; Perheentupa, 2006; Peterson & Peltonen, 2005). Juvenile
APECED patients are diagnosed with vitiligo (8—25%) and alopecia (16—40%)
more often than in the adult type with 5-10 and 3—-10%, respectively (Betterle et
al., 1998). Autoimmune hepatitis is often referred to as a rare component of
APECED and is detected in 10-20% of the Finnish and in 20—30% of the Sardinian
populations, respectively. Further T1D occurs in about 10-20% Juvenile patients
(Husebye et al., 2009). Sjogren syndrome occurs frequently among patients in the
United States (Ferre et al., 2016). Nevertheless, in European APECED patients
Sjogren syndrome is rare, and is reportedly present only in adult patients (Oftedal
etal., 2017). The complete triad develops in about two-thirds of the patients, and
additional clinical manifestations can present for nearly the entire lifespan
(Ahonen et al., 1990). The order of the main symptoms occurring is relatively
consistent (Ahonen et al., 1990; Husebye et al., 2009; Perheentupa, 2006). CMC
is the first sign of APECED in 75-93% of cases and usually appears already in
infancy (Ahonen et al., 1990; Husebye et al., 2009; Perheentupa, 2006). This is
followed by HP (peak between 4 and 5 years of age), and then by AD, which also
usually appears in childhood (Ahonen et al., 1990; Husebye et al., 2009).

APECED should be a suspicion if there is a sign of CMC onset as oral thrush
or recurrent napkin dermatitis (Ahonen et al., 1990; Husebye et al., 2009). In
APECED patients the susceptibility to candidiasis maps to mucosal, not systemic
disease (Perheentupa, 2006). The severity and course of candidiasis vary between
patients, it can be a mild and remittent infection or in more severe cases may lead
to the development of chronic hypertrophic and/or atrophic lesions. CMC tends
to become milder and is self-treatable in adulthood (Ahonen et al., 1990; Husebye
etal., 2009). Because oral and esophageal candidiasis are associated with the high
risk of the development of squamous cell carcinoma, the infection should be
carefully controlled with antifungal treatment (Rautemaa et al., 2007).
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Chronic nail candidiasis

Figure 7. The classical triad of APECED consists of CMC, HP, and AD, nevertheless,
the clinical picture varies broadly in severity and the number of disease components, with
up to ten disorders per patient (Kisand & Peterson, 2015).

2.5.2. Autoantibodies in APECED

APECED patients have a diverse set of autoantibodies in high titers, mostly
against tissues affected by the disease (Fishman et al., 2017; Kisand & Peterson,
2015; Peterson & Peltonen, 2005). Many autoantibodies against organ-specific
antigens associated with APECED recognize intracellular enzymes involved in
neurotransmitter or hormone biosynthesis (Husebye & Anderson, 2010).

An outstanding feature of APECED is that all patients develop high titers of
neutralizing autoantibodies against type I I[FNs already as early as in few months
(Kisand et al., 2008; Wolff et al., 2013). These type I IFN autoantibodies have
become diagnostic or also prognostic markers for APECED patients (Meager et
al., 2006). The autoantibodies against type I IFNs have been shown to down-
regulate the expression of interferon-controlled genes (Kisand et al., 2008; Wolff
et al., 2013). In medullary thymic epithelial cells, type I IFNs are not regulated
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by AIRE, and therefore the autoimmune reaction towards them cannot be
explained by an impaired negative selection in the APECED thymus. Low-titer
autoantibodies to type I IFNs are also detected in diseases that are accompanied
by increased IFN production (genetic interferonopathies, SLE). However, the
antibodies are rarely neutralizing and the autoantibody production never reaches
the levels observed in APECED patients (Meager et al., 2003; Rice et al., 2013).
Particularly in mouse models, many datasets suggest that type I [FNs contribute
to T1D (Carrero et al., 2013; Downes et al., 2010; Li et al., 2008). There has been
observed a unique correlation between antibody-mediated neutralization of IFN-
a and failure to develop T1D. This provides support for animal studies arguing
that targeting type I IFNs could be effective in T1D (Kisand et al., 2008; Meyer
etal., 2016).

It is known that CMC correlates with circulating autoantibodies against Th17-
related cytokines IL-17F and IL-22 (Kisand et al., 2010; Puel et al., 2010). The
potential pathogenicity of the IL-22-neutralizing autoantibodies, isolated from
APECED patients, has been confirmed in a mouse model of oropharyngeal
candidiasis (Bichele et al., 2018). The secretion of respective cytokines is severely
impaired in the circulating and skin-residing CD4+ T cells (Kisand et al., 2010;
Ng et al., 2010; Puel et al., 2010). Whether the susceptibility for candidiasis is
primarily caused by the impaired production of IL-22 and IL-17A or by the
neutralizing autoantibodies to Th17 cytokines is not known. Some follow-up
studies of the siblings of APECED patients have indicated that autoantibodies to
IL-17F and IL-22 can persist to at least 5 years of age without causing any signs
of CMC (Sarkadi et al., 2014; Wolff et al., 2013). In addition, patients without
current autoantibodies also present CMC, therefore it is hypothesized that in
APECED patients’ other immune mechanisms may contribute to CMC. APECED
patients have an altered immune response to C. albicans including dysregulation
of IL-23p19 production in monocytes, which might contribute to the selective
susceptibility to CMC (Bruserud et al., 2017). It is reported that APECED
patients or controls do not have auto-antibodies against IL-23 (Bruserud et al.,
2017; Kérner et al., 2016).

Kérner et al. demonstrated that immunoglobulin IgGs but not IgAs in APECED
sera are responsible for neutralizing IFN-w, IFN-a2a, IL-17A, and IL-22. Their
dominant subclasses proved to be IgG1 and, surprisingly also IgG4, but without
IgE. This is implicating that possibly Treg responses and/or epithelia in their
initiation are in these AIRE-deficiency states (Kémer et al., 2013).
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3. SUMMARY OF THE LITERATURE REVIEW

In recent years, the relationships of cytokines with different autoimmune diseases
have frequently been studied to discover better approaches for targeting patho-
logical causes and to find the best diagnostic methods. Monogenic diseases are
unique models for distinguishing various immune mechanisms, including the role
of cytokines in immune protection and pathology.

Type I IFNs are known for their crucial role in protection against viral infec-
tions. Nevertheless, their excessive production potentiates different pathologies,
including vascular abnormalities and autoimmunity. It is known that STAT! GOF
disease causing variants lead to defective Th17 cell development and chronic
mucocutaneous candidiasis, but they also frequently lead to autoimmunity.
Although this effect is thought to be the result of STATI GOF cells’ inhibition of
STATS3 function, the precise molecular mechanism behind the signaling pathway
in these patients is not known. In addition, the cause is yet to be discovered for
the frequent autoimmune manifestations in STA77 GOF patients.

IL-27 has a dual function — depending on the context, it can be pro- or anti-
inflammatory. IL-27 is crucial for T cell differentiation and survival by signaling
through the STAT pathway. GWAS studies have associated a SNP rs4788084[T]
close to the /L27 gene with protection against T1D. However, it is not known
how the variant mediates this effect. Likewise, it is not clear if IL-27 is protective
or pathogenic in T1D.

APECED, caused by disease-causing variants in the 4/RE gene, is an efficient
model for studying IL-22 paucity. Thl7-related cytokines synergistically up-
regulate protective AMPs, but IL-22 has distinct functions in mucosal barrier
surveillance. Earlier publications have hinted that APECED patients suffer from
chronic mucocutaneous candidiasis due to neutralizing autoantibodies against IL-
22 and IL-17F and due to the absence of Th22 cells. Most knowledge about the
functions of IL-22 has been derived from mouse and in vitro experiments. It is
still not clear what events are occurring in the human oral mucosa in the model
of IL-22 paucity.

The unique features of monogenic diseases with immune dysregulation enable
us to study the role of cytokines in the human immune system.
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4. AIMS OF THE STUDY

The general purpose of this thesis was to dissect the role of several STATI1 and
STATS3 signaling cytokines in the setting of monogenic diseases: STAT! GOF
and APECED, and genetic variation of IL-27.

The more specific aims were the following:

= to clarify the consequences of STAT! GOF disease causing variants on
lymphocyte responsiveness to IFN-a and 1L-21;

= to find out if the bioactivity of IL-27 depends on the genetic variation
associated with protection against T1D;

= to test the hypothesis that IL-22 paucity in APECED patients can cause
alterations in their oral mucosa.
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5. MATERIAL AND METHODS

5.1. Study subjects

The use of human samples (Table 1) was approved by local ethics committees (Slo-
venia: National Medical Ethics Committee number 22/09/09 and 28/02/13; Esto-
nia: Research Ethics Committee of the University of Tartu, 235/M-23). Informed
consent was obtained from all participants or parents of participating children.

Table 1. Overview of the study groups.

from Slovenia
and Estonia
(age 4-55
years) and
age-matched
controls

Study Study Experiments
number | subjects
Study 5 8TATI GOF | e IFN measurement with digital-ELISA assay (4 patients
I patients [8 samples, including 5 follow-up samples from
(1 male, 1 patient] and 35 controls)
4 females) ¢ Gene expression by quantitative reverse transcription
(age 5-43 polymerase chain reaction (QRT-PCR) (fresh blood
years) and 4 patients and 10 controls, peripheral blood mono-
age-matched nuclear cells (PBMCs) 4 patients and 7 controls)
controls e Flow cytometry (whole blood 2 patients and 3 controls,
PBMC:s 4 patients and 7 controls, PBMCs STAT! GOF
variant validation 1 patient and 2 controls)
e Chromatin immunoprecipitation (ChIP) (4 patients and
6 controls)
e ChIP coupled with high-throughput sequencing
(ChIP-seq) library preparation and sequencing
(4 patients and 6 controls)
¢ Statistical analysis and annotation of ChIP-seq data
(4 patients and 6 controls)
Study 4 controls e PBMC isolation
I (age 25-46 e PBMC stimulation with wild-type IL-27A, mutant
years) IL-27A and EBI3
e RNA extraction and cDNA synthesis
e Primer design
e Gene expression by qRT-PCR
Study 13 patients e Flow cytometry (8 patients and 8 controls)
11 with e Autoantibodies from plasma (13 patients and 7 cont-
APECED rols) and saliva (10 patients and 10 controls) with
(9 males, luciferase based immunoprecipitation system (LIPS)
4 females) e Cytokines from saliva (10 patients and 8 controls, with

exceptions) and plasma (8 patients and 9 controls, with
exceptions)

e Candida concentration measurement (6 APECED
patients, 6 control samples and as a positive control
1 STATI GOF and 1 STAT3 loss-of-function (LOF))

e Gene expression from buccal biopsy (4 patients and
4 controls)

e Sequencing, processing, and statistical analysis of
bacterial 16S rDNA sequences (6 patients and
6 controls)
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5.3. Interferon measurement with Simoa assay (Study I)

IFN-a concentration was detected from 4 STATI GOF patients (8 samples,
including 5 follow-up samples from 1 patient, and 35 controls). IFN-a protein
levels were quantified with a digital-ELISA assay (SIMOA, Quanterix) developed
as previously described (Rodero et al., 2017) in accordance with the manu-
facturer’s Homebrew Simoa assay kit instructions, utilizing two autoantibodies
specific for IFN-a isolated and cloned from two recently described APECED
patients (Meyer et al., 2016). Each serum sample was analyzed in duplicate. The
limit of detection (0.33 fg/ml) was calculated as the mean value + 3 standard
deviations of reactivity from all blank runs.

5.4. Gene expression by qRT-PCR (Study I, II)

In Study I fresh blood samples (4 STATI GOF patients and 10 controls) were
collected in TempusTM Blood RNA tube. Total RNA was separated from blood
with TempusTM Spin RNA Isolation Reagent Kit (Applied Biosystems)
according to the manufacturer’s protocol. Isolated PBMCs (4 STATI! GOF
patients and 7 controls) were stimulated with IFN-a (10* U/ml) (Miltenyi Biotec)
and IL-21 (25 ng/ml) for 3 hours and 24 hours or left unstimulated. In Study II
isolated PBMCs (4 controls, one person was used in two parallel sets) were
stimulated with either mutant IL-27A (NM_145659.3:¢.356T>C) (150 M/LU),
wild-type IL-27A (150 M/LU) and EBI3 (150 M/LU) for 5 hours or left
unstimulated. In Study I and II total RNA was extracted from PBMCs with
RNeasy Micro Kit with the recommended RNase-free DNase I treatment
(Qiagen) according to the manufacturer’s protocol. RNA concentrations were
measured with NanoDrop (Thermo Scientific, Waltham, MA) and stored at —80 °C.
Reverse transcription was performed on 5 pg of total RNA using Superscript 111
(Invitrogen), 10 mM dNTP Mix (Fermentas), RiboLock RNase inhibitor (Fer-
mentas). Real-time quantitative PCR (qPCR) was done using Applied Bio-
systems® ViiA™ 7 Real-Time PCR System with 384-Well Block (Life Techno-
logies) and Maxima SYBR Green /ROX qPCR Master Mix (Fermentas). Each
sample was run in 3 parallel reactions. The relative gene expression levels were
calculated using the comparative Ct method and normalized to the expression of
housekeeping gene B-actin. In Study II primers for STAT! and /RF1 were designed
to span the area that is covered by the Illumina gene expression probe. Primers
used are listed in Paper I, Supplementary Table S5 and Paper III, Supplementary
material publications.
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5.5. Flow cytometry (Study I, IlI)

PBMCs from 4 STAT1 GOF patients and 7 controls (Paper I) and 1 STAT! GOF
patient and 2 controls (Paper IT) were stimulated with IFN-a (10* U/ml) (Miltenyi
Biotec) and IL-21 (25 ng/ml) (PeproTech) for 30 min, 1 hour, and 3 hours or left
unstimulated at 37 °C, fixed with BD Cytofix Fixing buffer (BD Biosciences),
permeabilized with Perm Buffer III (BD Biosciences) and stained with respective
antibodies according to manufacturers’ protocol. Unstimulated whole blood
samples from 2 STAT! GOF patients and 3 controls (Study I) were fixed with 1x
Lysing buffer (BD Biosciences) and stained as above. In Study III 8 APECED
patient and 8 control peripheral blood was drawn into heparinized vacutainers,
separated into plasma and PBMCs, and stored at —20 °C or liquid nitrogen
respectively. PBMCs were stained in flow cytometry buffer (PBS (pH 7.2), 2mM
EDTA, 0.5% BSA) for 20 min at room temperature in dark with antibodies. The
antibodies were for Study I: AF647 mouse anti-STAT1 (pY701); PE mouse anti-
STAT3 (pY705) (all from BD Biosciences); Study I1I: APC-Cy7 CD56, Brilliant
Violet 650 CD3, PE TCR Vd2, Brilliant Violet 510 TCR va7, PerCP-Cy5.5
CD161 (all from Biolegend), FITC TCR Vd1 (Thermo), APC CD1d dextramer
(Immudex). All samples were measured with LSRFortessa (BD Biosciences)
using FACSDiva version 6 (BD Biosciences) software and analyzed with FCS
Express 5 (De Novo Software).

5.6. Chromatin immunoprecipitation (Study I)

ChIP immunoprecipitation (ChIP) assays were performed as previously
described (Tripathi et al., 2017) with few modifications. 4 STAT! GOF patient
and 6 control PBMCs were fixed immediately after PBMC thawing or isolation.
Cells were sonicated using the Bioruptor UCD-200 sonicator (Diagenode) to obtain
chromatin fragments of 200400 bp. Fragmented chromatin was immunopre-
cipitated with 2 pl of anti trimethylation of lysine 4 of histone 3 (H3K4me3)
antibody (#07-473, Millipore) and 2 pl of Dynabeads M-280 magnetic beads
(Sheep Anti-Mouse IgG, Sheep Anti-Rabbit IgG, Life Technologies) using the
SX-8G IP-Star Automated System (Diagenode). ChIP samples were decross-
linked for 4 hours at 65 °C. After incubation, the samples were treated with
0.4 mg/ml Proteinase K (Thermo Scientific) and 0.2 mg/ml RNaseA (RNase
Cocktail Enzyme Mix, Ambion, Life Technologies). DNA was extracted with the
DNA Clean kit & Concentrator TM-5 (Zymo Research) according to the manu-
facturer's protocol. The ChIP and input DNAs were quantified with Qubit 2.0
Fluorometer (Life Technologies). Libraries were prepared with the Ovation®
Ultralow Systems Kit (NuGeneration Limited, England and Wales) according to
the manufacturer's protocol. The libraries were quantified by Qubit 2.0 Fluoro-
meter and validated with Agilent 2200 TapeStation analysis (Agilent Techno-
logies, Inc.). Samples were sequenced with HiSeq 2500 (Illumina, San Diego,
USA) producing single-end 50 bp sequences. Sequenced data were demultiplexed
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with the CASAVA 1.8.2 software (Illumina, San Diego, USA). Data processing
steps were carried out in the High Performance Computing Center of the Uni-
versity of Tartu. The quality control was done with FastQC version 0.11.2
(http://www.bioinformatics.babraham.ac.uk/projects/fastqc/). Raw reads were
trimmed with Trim Galore! version 0.3.3 (http://www.bioinformatics.babraham.
ac.uk/projects/trim_galore/) to filter out low-quality bases the Phred score > 30
was used. The reads were aligned to the reference genome with bowtie2 version
2.0.2 (Langmead & Salzberg, 2012). Peaks were called with MACS2 version
2.1.0 (https://github.com/taoliu/MACS/). Only the peaks with g-value <0.01 were
considered significant. The analysis of differentially enriched peaks was per-
formed with the R/Bioconductor packages DiffBind (Ross-Innes et al., 2012) and
ChIPseeker (Yu et al., 2015) in R statistical software (http://www.r-project.org/).
Sequencing data were visualized with the IGV genome browser (Robinson et al.,
2011). The Genomic Regions Enrichment of Annotations Tool (GREAT) (McLean
et al., 2010) was used with default settings to link differentially enriched ChIP-
seq peaks with external annotation sources. The 15-state ChromHMM model of
peripheral blood mononuclear cells (PBMCs E062) from the Roadmap Epigeno-
mics Consortium (Kundaje et al., 2015) data repository, was used to determine
the specific functionally-defined regions that overlap with differentially enriched
ChIP-seq peaks. Publicly available ChIP-seq datasets of transcription factors
STATI1, STAT2 and STATS3 binding sites (Paper I, Supplementary Table S2) were
used to compare with differentially enriched ChIP-seq peaks together with 5000
bp upstream and downstream of the peak. Based on quality score the STAT
datasets were trimmed to top 75%. The differentially enriched ChIP-seq peaks
which were closer than 2000 bp were merged (59 sites instead of 65) and used in
the analysis. To compare STAT1 binding sites between differentially enriched
regions and H3K4me3 regions a random subset of 59 regions was selected from
all the peaks and the selection was repeated 10 000 times. The p-value was calcu-
lated by dividing the number of trials that resulted in an equal number or more
overlaps than with the differentially enriched regions with the number of random
selections. The g:Profiler web server (Raudvere et al., 2019) was used to annotate
the genes associated with H3K4me3 sites. The datasets were deposited in the
Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo/) under accession
number GSE120580.

5.7. Autoantibodies from plasma and
saliva with LIPS (Study IlI)

LIPS assay was conducted on plasma samples (13 APECED patients and 7 cont-
rols) and saliva samples (10 APECED patients and 10 controls). Peripheral blood
was drawn into heparinized vacutainers, separated into plasma and PBMCs, and
stored at —20 °C or liquid nitrogen, respectively. The saliva samples were pro-
vided using the passive-drool method, in which participants allow saliva to pool
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in the mouth and then drool it into a tube. Samples were stored immediately at
—80 °C. LIPS assay was done as previously described (Kérner et al., 2013).
Briefly, IL-22, IL-17F, IL-17A, and IFN-a coding sequences were cloned into a
modified pPK-CMV-F4 fusion vector (PromoCell GmbH, Germany) where
Firefly luciferase was substituted with NanoLuc luciferase (Promega, USA).
Cloned constructs were transfected into HEK293 cells and secreted luciferase
fusion proteins were collected after 48 hours. IgG from saliva and plasma samples
was captured onto Protein G Agarose beads (Exalpha Biologicals, USA) at room
temperature for 1 hour (Merck Millipore, Germany). Next, 1x10° luminescence
units (LU) of antigen was added. After 1 hour the unbound antigen was washed
away with a vacuum system and Nano-Glo® Luciferase Assay Reagent (Promega,
USA) was added. Luminescence intensity was measured with VICTOR X
Multilabel Plate Reader (PerkinElmer Life Sciences, USA). The results were
indicated as LU representing the fold over the mean of the control samples.

5.8. Cytokines from plasma and saliva (Study III)

Cytokine quantification was conducted on plasma samples (8 Slovenian APECED
patients and 9 controls, except IL-1p, IL-2, IL-5, IL-6, IL-10, TNF-a, GM-CSF,
IFN-vy, which were measured from 7 patient and 8 control) and saliva samples (10
Slovenian patients and 8 controls, with the exception for IL-1B, IL-2, IL-5, IL-6,
IL-10, TNF-a, GM-CSF, IFN-vy, which were measured with 6 patient samples and
5—6 control samples). Peripheral blood was drawn into heparinized vacutainers,
separated into plasma, and stored at —20 °C. The saliva samples were provided
using the passive-drool method, in which participants allow saliva to pool in the
mouth and then drool it into a tube. Samples were stored immediately at —80 °C.
Cytokine levels were measured by the XMAP Technology on Luminex 200
(Luminex Corp., Austin, TX) with Human Magnetic Luminex Performance Assay
Kits (R&D Systems, Minneapolis, MN) in accordance with the manufacturer’s
protocol. The cytokines studied can be found in Table 4. In addition, IL-1a from
plasma sample, IL-2, IL-5, IL-17A, IL-17F, and IL-22 fell below the detection limit
in both plasma and saliva samples, therefore they were excluded from the results.
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Table 4. Cytokines detected from saliva and plasma. IL-2, IL-5, IL-17F, IL-17A, and
IL-22 fell below the detection limit in both plasma and saliva samples, therefore they
were excluded from the results. In addition, in plasma samples the measurements of IL-1a
were below the detection limit, therefore they were excluded from the results. The lower
limit of detection was determined according to the manufacturer.

. Patient n/ Patient mean Control mean
Cytokine | LOD | Sample Control n (pg/ml) £ SD (pg/ml) £ SD
Saliva 10/8 350.8 £232.6 632.9+ 7499
IL-36p 0.49
Plasma 8/9 3.54+6.87 473 +10.24
Saliva 10/8 9.26+3.70 9.63 +8.54
IL-7 0.80
Plasma 8/9 20.36 £10.29 19.25+ 14.89
Saliva 6/6 123.0 +74.79 20.85+9.17
TNF-a 0.81
Plasma 7/8 10.39+3.97 8.02+2.73
Saliva 6/6 452.7 £405.0 118.9 +£120.2
IL-1P 0.34
Plasma 7/8 1.13+0.40 1.01 £0.57
Saliva 6/6 16.50 £ 6.82 12.77 £ 14.79
1L-6 0.93
Plasma 7/8 1.70 £0.37 1.74 £ 1.54
Saliva 6/5 2.49 +£2.90 1.65+1.78
1L-10 0.46
Plasma 7/8 547 +11.40 0.67 +£0.55
Saliva 6/5 4.04 £0.83 1.47 +£0.37
GM-CSF 0.39
Plasma 7/8 0.57+0.44 0.49 +£0.67
Saliva 6/5 1.10+0.69 0.04 £0.08
IFN-y 0.31
Plasma 7/8 0.54+£1.25 0.07 £0.06
Saliva 10/8 398.7+ 3454 168.9 +94.07
CXCL10/IP10| 3.65
Plasma 8/9 133.2+73.92 75.24 +23.16
Saliva 10/8 99355 + 26968 119377 £ 27764
LCN2 41.15
Plasma 8/9 33938 + 22667 32814 + 18470
Saliva 10/8 72.96 + 44.06 96.21 +37.96
G-CSF 5.83
Plasma 8/9 22.01+11.32 20.32 + 8.52
Saliva 10/8 349.4 + 196.0 572.7 +£540.8
IL-1o/IL-1F1 | 2.88
Plasma - - -
Saliva 10/8 64908 + 20442 73890 + 34548
IL-1ra/IL-1F3 | 6.52
Plasma 8/9 1123 £ 856.8 1645 +548.3
Saliva 10/8 3255 +3023 1727 £ 1211
CXCLS8/IL-8 | 3.77
Plasma 8/9 14.31 £7.86 12.53 £16.10

LOD, limit of detection; SD, standard deviation.
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5.9. Gene expression from buccal biopsy (Study i)

Buccal biopsy samples were collected from 4 APECED patients and 4 age-matched
controls. Buccal biopsies were taken after local anesthesia with a surgical scalpel
under aseptic conditions. However, 2 control samples did not pass the RNA
quality control after RNA isolation, and therefore, the gene expression analysis
was conducted on 4 APECED patients and 2 control buccal biopsy samples. The
samples were homogenized in TRIzol (Invitrogen) and RNA was extracted with
the miRNeasy Mini Kit combined with the RNase-free DNase | treatment (both
from Qiagen). The concentration and quality were assessed with an Agilent RNA
6000 Nano Kit with Agilent 2100 Bioanalyzer (Agilent Technologies, CA, USA).
cRNA was prepared from 300 ng of total RNA using an Illumina TotalPrep RNA
Amplification Kit (Ambion Inc., TX, USA) according to the manufacturer’s proto-
col. A genome-wide gene expression analysis was carried out using HumanHT-12
v4 Expression BeadChip (Illumina Inc., CA, USA) and the signals were scanned
using a Beadscan (Illumina Inc.). Array data were analyzed using GenomeStudio
software (Illumina, San Diego, CA, USA). Rank invariant normalization was
done. Genes with the FDR adjusted p-value < 0.05 and a fold change >1.5 were
considered as differentially expressed. A positive diffScore represented upregu-
lation, while a negative diffScore represented downregulation. The p-value for an
observed expression difference between two analyzed groups was < 0.05 for
genes with diffScores of lower than —13 and higher than +13 (p-value < 0.01 is
—20 > diffScore > 20; p-value < 0.001 is —33 > diffScore > 33). Negative average
signal value was excluded from the list. Annotation analysis was conducted with
g:Profiler software (Raudvere et al., 2019) and Ingenuity Pathway Analysis (IPA)
software (QIAGEN Inc., https://www.qiagenbioinformatics.com/products/
ingenuity-pathway-analysis/). Analyzed data set included the upregulated and
downregulated gene list with expression fold change. The core analysis was carried
out with reference set Ingenuity Knowledge Base (Genes only), by default
settings. Diseases and functions analysis was conducted, which predicted effected
biology based on gene expression. P-value was calculated based on a Right-Tailed
Fisher’s Exact Test. Z-score indicated predictions about upstream or downstream
processes. Network analysis generated the scores (p-score is -logl0 (p-value))
based on the fit of the set of supplied genes and a list of biological functions stored
in the Ingenuity Knowledge Base. Upstream regulator analysis was used to predict
the upstream transcriptional regulators from the dataset based on the literature
and compiled in the Ingenuity Knowledge Base, which calculated the causal
networks. Participating regulators were molecules through which the upstream
regulator molecule controls the expression of target molecules.
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5.10. Candida detection from saliva (Study Iil)

The concentration of Candida was measured in 6 APECED patients, 6 control
samples and as a positive control in two patients with different monogenic
diseases with CMC — STAT! GOF and STAT3 LOF. None of the 6 controls had
symptoms of Candida infection. The saliva samples were provided using the
passive-drool method, in which participants allow saliva to pool in the mouth and
then drool it into a tube. Samples were stored immediately at —80 °C. DNA of
C. albicans was extracted from saliva samples and cultured laboratory strain
SC5314 (ATCC, VA, US) using the DNeasy PowerSoil Kit (QIAGEN) according
to the manufacturer’s protocol. Samples were homogenized with Precellys 24
Homogenizer (Bertin Instruments) with program 6500 rpm, 2-minute homo-
genization with a 1-minute break. Real-time gPCR was performed using Applied
Biosystems® ViiA™ 7 Real-Time PCR System with 384-Well Block (Life
Technologies) and Maxima SYBR Green /ROX qPCR Master Mix (Fermentas).
A primer pair of highly conserved rDNA-coding region 28S of Candida was used
(forward CGGCGAGTGAAGCGGCTAA, reverse ATTCCCAAACAACTCGACTC)
(Zhang et al., 2016). The concentration of Candida cells was calculated based on
the calibration curve constructed according to the Ct values of serially diluted
C. albicans probes (starting from 2E7 colony stimulating factor (CFU)/ml). The
normal range of Candida concentration was calculated based on values of control
subjects (mean + 3 standard deviations).

5.11. Sequencing of bacterial 16S rDNA (Study lil)

The experiment was conducted on 6 APECED patient and 6 control samples. The
saliva samples were provided using the passive-drool method, in which partici-
pants allow saliva to pool in the mouth and then drool it into a tube. Samples were
stored immediately at —80°C. DNA from saliva samples was extracted using the
MolYsis™ Complete 5 Kit according to the manufacturer’s protocol. The bacterial
16S rDNA variable region V1-V2 amplicon libraries were prepared in a dual
indexing approach using the 27F-338R primer combination. Sequencing was
performed on an Illumina MiSeq using 2x300 cycles and MiSeq Reagent Kit v3
(Caporaso et al., 2012). Data were processed using the DADA2 workflow
(https://benjjneb.github.io/dada2/; v1.10) and subsequently analyzed in R using
the vegan and phyloseq packages. Taxonomic annotation was conducted using a
Bayesian classifier and RDP training set 16. 20k sequences were randomly sampled
per each sample for a normalized read count. The analysis was done on the
amplicon sequence variant (ASV), species, and genus level. For differentially
abundant taxonomic groups all tests were conducted using the Wilcoxon rank-
sum test using only taxa with median abundance > 100 sequence counts
(0.5% rel. abundance) and prevalence > 0.3 (present in at least 4 samples). Alpha
diversity (within sample diversity) analysis was performed with Wilcoxon rank-
sum tests, diversity indices were used (Observed — Observed taxa with
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abundance > 0, Shannon — Shannon Diversity Index, Chaol — Chaol Estimator)
to estimate observed and unobserved species count. Differences in beta diversity
(Whole Community Composition / inter-sample diversity) were assessed using
Bray-Curtis similarity and permutational multivariate analysis of variance
(adonis() function of the vegan package in R software). The sequences are
deposited in the NCBI Sequence Read Archive Database (https://www.ncbi.
nlm.nih.gov/sra) under accession number PRINA601650.

5.12. Statistical analysis

Statistical analysis was performed using GraphPad Software (San Diego, CA)
and R statistical software (https://www.r-project.org/). Unpaired two-tailed
t-tests, Wilcoxon rank-sum tests or permutational ANOVA tests were used to
assess the differences between studied groups.
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6. RESULTS AND DISCUSSION

6.1. Cytokines and STAT1 (Study I, II)
6.1.1. Hyperphosphorylation of STAT1 in STAT7 GOF patients (Study I)

STATI signaling pathway is activated mostly through IFNs but also by other cyto-
kines, such as IL-21 and IL-27 (Spolski & Leonard, 2008; Thyrell et al., 2007).
GOF variants in the STAT! gene lead to hyperphosphorylation and delayed
dephosphorylation of STAT1 during cytokine responses (Liu et al., 2011;
Meesilpavikkai et al., 2017; Smeekens et al., 2011; van de Veerdonk et al., 2011;
Yamazaki et al., 2014). This effect was replicated in our study — after IFN-o and
IL-21 stimulation, the patients’ cells demonstrated a significantly higher level of
p-STATI1 induction in comparison to age-matched control PBMCs (Fig. 8A
and B).
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Figure 8. STAT1 phosphorylation levels in STAT! GOF patients. The phosphorylation
of STAT1 was measured in PBMCs with flow cytometry, and cells were left unstimulated
(NS) or stimulated with IFN-a (A) or IL-21 (B). Results are shown as geometric mean
fluorescence intensity (MFI) X+ geometric standard deviation from 4 patients and 7
controls. Data were pooled from four independent experiments with one patient and 1-2
controls in each. Statistical significance was assessed by the unpaired two-sample t-test,
*p <0.05; ** p<0.01; *** p <0.001; **** p <0.0001.

6.1.2. Case study of a STAT1 GOF patient (Study I)

To confirm the nature of the novel variant (c848T>C, [p.Leu283Ser]) in the
STATI gene, peripheral blood mononuclear cells (PBMC) from the patient and
two controls were stimulated with IFN-a (10* U/ml) (Miltenyi Biotec) for 30 min,
1 hour and 3 hours. Stimulated cells were stained with anti-phospho-STAT1 after
fixing and permeabilization, as recommended by the manufacturer. Flow cyto-
metry results confirmed the gain of function in the patient’s sample (Fig. 9).
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STATI GOF disease causing variants were first linked to autosomal dominantly
inherited CMC in 2011 (Liu et al., 2011; van de Veerdonk et al., 2011). Since
then, the phenotype of patients with GOF variants in STAT1 has broadened
considerably and includes susceptibility to a wide array of infections, auto-
immunity, aneurysms (cerebral and extra-cerebral), and malignancy (Toubiana et
al., 2016). Aortic calcification has been reported only once before with this
condition (Uzel et al., 2013). Uzel et al. describe a patient with calcification of
the aorta, coeliac artery, and superior mesenteric artery in their case series of
patients with STAT1 GOF disease. Our case study reported an aortic calcification
in the patient with combined immunodeficiency due to a novel STAT! GOF
variant (c848T>C [p.Leu283Ser]) (Smyth et al., 2018).
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Figure 9. The flow cytometry analysis to confirm the pathogenic variant of STAT! GOF
cells. The PBMCs were collected from the patient (red) and two controls (blue and black).
The MFI level (x-axis) of p-STAT1 was measured at baseline (A), 30 minutes (B), | hour
(C), and 3 hours (D) after stimulation with IFN-a.

6.1.3. Interferon signature in STAT1 GOF patients (Study I)

In STATI GOF patients, circulating blood cells revealed the IFN signature — the
upregulation of ISGs. To define the consequences of increased responsiveness to
IFNs in vivo, we measured the serum levels of IFN-a. For the experiment, we
applied an ultrasensitive digital ELISA method (Rodero et al., 2017). IFN-a was
detectable in most, but not all, of the patients with an available serum sample, but
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at low concentrations (median=2.9 fg/ml) (Fig. 10A) in comparison to patients
with interferonopathies or SLE who were tested with the same assay (Rodero et
al., 2017). In one of the patients, the follow up of IFN-a serum levels showed
substantial fluctuations of IFN-a levels, including in samples drawn only 1 week
apart (Fig. 10B). When taking the samples, the patient was declared free of any
other infections besides recalcitrant CMC. A persistent increase in STATI
phosphorylation in vivo was not observed in patients with low to moderate IFN-
a levels. This was shown with blood samples, fixed within 15 minutes after blood
sampling, revealing similar p-STAT]1 levels in patients and controls (Fig. 10C).
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Figure 10. IFN-a levels detected in serum and blood. IFN-a concentration from serum
(A) was measured with digital ELISA. Results are shown as median + interquartile range,
with n=8 patient samples (n=5 were from the same patient but at different time points, as
shown in panel B, indicated as circles) and n=35 controls. The data were pooled from 2
different experiments: 1) 2 patients + 25 controls, 2) 6 patients + 10 controls. A represen-
tative result shows the p-STATI level (C) in one of two patients compared to one of three
controls tested in parallel out of four experiments. Whole blood samples were fixed within
15 minutes after blood sampling, and the cells were stained with anti-p-STAT1. Orange —
CMC patient, blue — control.

Nevertheless, the IFN signature was evident in patients’ blood cells. Each patient’s
blood was drawn into Tempus tubes in parallel with controls to immediately
preserve the in vivo status of mRNA expression (Fig. 11A). Elevated levels of ISGs
were seen even if IFN-a concentration was below the detection limit of the assay
(0.33 fg/ml) (P2). Only the relatively IFN-y-specific class II major histo-
compatibility complex transactivator (CIITA) was not differentially upregulated
in STATI GOF patients from the 12 tested ISGs. Intriguingly, the patient who had
been treated with the JAK1/2 inhibitor ruxolitinib (P3) for 11 months had
dampened ISG expression (Fig. 11B).
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Figure 11. Gene expression of the ISGs. Whole blood samples were collected using a
TempusTM Blood RNA tube (3 different patients [4 samples] and 10 controls). The
relative gene expression levels were calculated using the AACt method and normalized to
the expression of the housekeeping gene B-actin. In panel A, the data were normalized to
the mean of 10 controls who had IFN-a protein levels below 0.33 fg/ml. The horizontal
blue line represents the geometric mean of the expression values (fold changes) of the
control sample group (n=10). The transparent blue area shows the standard error of the
geometric mean. Statistical significance was assessed with the one-sample t-test using
Graphpad Prism software, * p < 0.01. Panel B was zoomed in to panel A to show the
relative gene expression of one patient treated with ruxolitinib (P3) in comparison to the
mean of 10 controls.

Taken together, STAT! GOF patients exhibited a clear interferon signature.
Furthermore, the IFN signature reflected exaggerated responses to relatively
moderate levels of IFN-a.

6.1.4. Differential expression of ISGs is epigenetically
determined (Study I)

STAT molecules are known to cause chromatin modifications together with other
transcription factors in determining immune cell differentiation (Vahedi et al.,
2012; Wei etal., 2010). Therefore, we wanted to find out if the dephosphorylation
defect of STATI GOF variant could lead to epigenetic changes. We performed
ChIP and ChIP-seq analysis of the active chromatin histone mark, the H3K4me3
in PBMCs, from 4 STATI GOF patients and 6 controls. The comparison of binding
sites revealed 11.6% (3193) patient-specific peaks and 9.7% (2672) control-
specific peaks, and most of the peaks were shared by the patient and control groups
in the common group, 78.7% (21609) (Paper I, Supplementary Fig. S2A-B). For
the overlapping peaks in the common group, 1/3 of the peaks were associated
with genes located within 5 kb upstream of the transcription start site (TSS). The
distribution of patient- and control-specific H3K4me3 binding sites was similar —
the majority of the regions were located far away from the TSS (5 to 500 kb
upstream or downstream), which implies to a role for enhancers in target regulation.
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Gene ontology term analysis (Paper I, Supplementary Fig. S2C) revealed that
H3K4me3 binding sites of the overlapping common peak set were involved in
antigen processing, the type I IFN pathway, and different protein methylation
events. We noted that the gene ontology terms of the patient- and control-specific
peak sets were similar, and the majority of the peaks were related to lymphocyte
activation and differentiation.

To find differentially enriched regions, we analyzed the differential enrichment
of H3K4me3. We found 65 sites that were differentially enriched between the
patient and control groups (Paper I, Supplementary Table S1). Most of the sites
could be associated with at least one gene (Fig 12A). With the help of the
Roadmap Epigenomics Consortium (Kundaje et al., 2015) data from the functional
genomic states of PBMCs (E062) were assigned to these regions (Fig. 12B).
About 40% of the regions covered the active TSS and the flanking active TSS
area in the immediate neighborhood of the TSS. In addition, about 20% of the
peaks were located in the enhancer regions (Fig. 12B). As an example, Figure
12C shows elevated enrichment of the permissive chromatin mark in a much
broader region in patients versus controls, depicting the sequencing read densities
around the STAT1 gene TSS. Also, Figure 12C shows the location of the dif-
ferentially enriched regions relative to the chromatin states defined by the
ChromHMM model from PBMCs. Specifically, the differentially enriched
H3K4me3 regions overlapped with the flanking active TSS (TssAFInk) chromatin
state, which characterized the actively transcribed genes.

To find the deeper biological meaning behind the differentially enriched peaks,
we conducted an ontology analysis. Importantly, gene ontology analysis revealed
that increased H3K4me3 binding occurred in patients in the genes that are
involved in IFN-y signaling, response to a virus, and the type I IFN pathway
(Table 5). This implied that the IFN signaling pathway in patients was differentially
regulated compared to controls.

Next, we wanted to compare the distribution of differentially enriched regions
with STAT factors binding sites. To analyze the occurrence of STAT binding sites
within or near the differentially enriched H3K4me3 regions, we juxtaposed the
list of differentially enriched regions with publicly available STAT1, STAT2 and
STAT3 ChIP-seq data sets derived from different cell lines (Paper I, Supple-
mentary Table S2). The comparison determined 37 STAT1 binding sites that
overlapped with 42% (25/59) of the differentially enriched regions and that were
mostly located at the enhancers, active TSS, or transcription sites (Paper I,
Supplementary Table S3). Also, the analysis revealed 13 STAT3 binding sites
situated on 14% (8/59) of the regions, of which 4 regions overlapped with the
STATI sites. 11 STAT2 binding sites covered 15% (9/59) of the regions, most of
which overlapped with the STAT1 binding sites located in the TSS areas. The
presence of STAT binding sites at the STAT! gene promoter is illustrated in
Figure 12C.

Taken together, the genome-wide profiling of H3K4me3 modifications in
STATI GOF patients revealed a significant enrichment of the permissive chromatin
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mark near ISGs, which may explain the increased blood cell ISG expression, even
during periods of low or undetectable circulating IFN-a levels.
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Figure 12. The differentially enriched regions between STAT! GOF patients and controls.
(A) The bar graph shows the number of associated genes per differentially enriched
H3K4me3 region. (B) The bar graph shows the distribution of differentially enriched
H3K4me3 regions between various genomic features of the 15-state ChromHMM model
for PBMCs. (C) A snapshot of the STAT!1 promoter region depicts the H3K4me3 ChIP-
seq signal in 4 patients (orange) and 6 control (blue) samples. Altogether, 4 independent
ChIP experiments were done with PBMCs from one patient and 1-2 controls in each
experiment. Sequencing of the enriched chromatin fragments was performed in one run.
The read density signal range of each sample track was set to 0-50. The ENCODE TFBS
track displays the binding sites of transcription factors STAT1, STAT2, and STAT3. The
ChromHMM track displays the following annotations: ZnF/Rpts, ZNF genes & repeats;
Tx, strong transcription; EnhG, genic enhancers; Enh, enhancers; TxWk, weak tran-
scription; TxFInk, transcription at gene 5' and 3'; TssAFInk, flanking active TSS.
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Table 5. Top 10 biological processes connected with differentially enriched sites. The
ontology analysis was conducted on the 65 sites that were differentially enriched between
the STAT1 GOF patient and control groups. The GREAT was used to link differentially
enriched ChIP-seq peaks with external annotation sources. The GREAT gene list was
annotated with g:Profiler tool for enriched biological terms from Gene Ontology database

(GO: BP) and the REACTOME database, p < 0.05.

P-value Term ID Database Biological Gene list
process
0.0000206 |REAC:877300 | REACTOME |Interferon STATI1, GBP3, GBPI,
gamma OASL, GBP5, GBP4,
signaling GBP6, HLA-B
0.0000802 |REAC:913531 | REACTOME | Interferon STATI1, GBP3, GBPI,
signaling IFIT3, RSAD2, OASL,
GBP5, GBP4, GBP6,
HLA-B
0.0021 GO0:0034341 |GO: BP Response to STATI1, GBP1, OASL,
interferon- NLRCS5, SNCA, GBP5,
gamma GBP6, HLA-B
0.00245 GO:0051607 |GO: BP Defense IFIH1, STATI1, GBP3,
response to GBP1, IFIT3, RSAD2,
virus OASL, IF144L, NLRCS5
0.00445 GO:0009615 |GO: BP Response to IFIH1, STATI1, GBP3,
virus GBP1, IFIT3, RSAD2,
OASL, IF144L, IF144,
NLRCS5
0.00696 GO:0071357 |GO: BP Cellular STATI, IFIT3,
response to RSAD2, OASL,
type I NLRC5, HLA-B
interferon
0.00696 G0:0060337 |GO: BP Type I STATI, IFIT3,
interferon RSAD2, OASL,
signaling NLRCS5, HLA-B
pathway
0.00916 GO0:0034340 |GO: BP Response to STATI, IFIT3,
type I RSAD2, OASL,
interferon NLRCS5, HLA-B
0.00956 GO0:0071346 |GO: BP Cellular STATI1, GBP1, OASL,
response to NLRCS5, GBP5, GBP6,
interferon- HLA-B
gamma
0.0156 GO:0098542 | GO: BP Defense IFIH1, STATI1, GBP3,
response to GBP1, IFIT3, RSAD2,
other organism | OASL, IFI44L,NLRCS,
TLR1, TLR6, GBP6

GO, gene ontology; BP, biological process.
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6.1.5. p-STAT1 and p-STAT3 balance is disturbed (Study I)

The stimulation of STAT1 GOF cells has an impact on gene expression. It has
been shown that cytokine stimulation of STAT1 GOF cells reveals an exaggerated
expression of STATI1-dependent genes (Bloomfield et al., 2018; Martinez-
Martinez et al., 2015; Mizoguchi et al., 2014; Wan et al., 2015; Zhang et al., 2017,
Zheng et al., 2015) and impaired induction of STAT3-dependent genes (Bloom-
field et al., 2018; Zheng et al., 2015). Likewise, in response to IFN-a stimulation,
we noticed an upregulated [FIHI gene (Fig. 13A) and impaired TWISTI
expression after [L-21 stimulation of PBMCs (Fig. 13B). It is still not known how
STATI GOF cells deteriorate the function of STATS3.
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Figure 13. The expression of the target genes of STATI and STAT3. (A) STAT1 target
gene [FTH] gene expression was detected in unstimulated (NS) and IFN-a stimulated
PBMCs after 3 and 24 h. (B) STAT3-dependent TWISTI gene expression was measured
in unstimulated (NS) and IL-21 stimulated cells after 24 h. The total RNA was purified
using RNeasy Micro Kit (Qiagen) and reverse-transcribed into cDNA. The relative gene
expression levels were calculated using the AACt method and normalized to the
expression of housekeeping gene B-ACT. Results were from 4 independent experiments
(n=4 patients and n=7 controls). Statistical significance was assessed by the unpaired two-
sample t-test using Graphpad Prism software, *** p < 0.001.
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According to several previous studies, the phosphorylation kinetics of STAT3 is
not disturbed (Bloomfield et al., 2018; Zhang et al., 2017; Zheng et al., 2015).
Our results reflected the same effect (Fig. 14A and B). However, we saw a clear
impact on the balance of STAT factors. The STAT! GOF variant impaired the
balance of STAT1 and STAT3 phospho-forms in the cell (Fig. 14C and D). In
patients, IFN-a stimulation resulted in increased and prolonged dominance of
p-STATI1 over p-STAT3 (Fig. 14C). In IL-21 stimulated control cells, the
p-STAT3/p-STAT] ratio curve inclined significantly during the first 30 minutes
of stimulation and started to decline after 1 hour. But remarkably, the curve
remained flat in patient cells (Fig. 14D).
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Figure 14. The balance of p-STAT3 and p-STATI1 in STAT! GOF patients. The
phosphorylation of STAT3 was measured with flow cytometry in PBMCs that were left
unstimulated (NS) or stimulated with IFN-a (A) or IL-21 (B). Results are shown as
geometric MFI x+ geometric standard deviation from 4 patients and 7 controls (four
independent experiments). The MFT ratio of p-STAT1/p-STAT3 from IFN-a stimulated
cells (C) and the MFT ratio of p-STAT3/p-STATI from IL-21 stimulated cells (D) in dif-
ferent time-points. Results were received from 4 independent experiments (n=4 patients
and n=7 controls). Results are shown as the geometric mean x+ geometric standard
deviation. Statistical significance was assessed by the unpaired two-sample t-test,
*p <0.05; ** p<0.01; *** p<0.001; **** p <0.0001.

Taken together, these results demonstrate that STAT! GOF cells did not affect
STAT3 phosphorylation after IL-21 and IFN-a stimulation. Nevertheless, the
GOF variant significantly disturbed the balance of p-STAT3 and p-STATI.

6.1.6.1L-27 variant modulates IRF1 and STAT1 expression (Study Il)

There are thousands of SNPs associated with various immune-related diseases.
The functional role is known only for a small fraction of these variants. To study
expression-associated genetic variants, Kasela et al. isolated CD4+ and CD8+
cells from the blood of healthy individuals and subjected the extracted DNA or
RNA samples to a genome-wide mapping of genetic variation affecting the
expression of genes involved in immune response. eQTL analysis identified a
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common missense variant in [L27 (rs181206[C], NM_145659.3:¢.356T>C) that
associated with lower expression of IRF1 (p=1.9x10"'%) and STAT1 (p=3.69x107'%)
in CD4+ T cells, and could be a causal disease variant for T1D (Kasela et al.,
2017). Importantly, IL-27 is crucial for T cell differentiation and survival by sig-
naling through the STAT1/STAT3 pathway (Villarino et al., 2004). After binding
to ISRE, the signaling pathway induces transcription of several interferon-induced
genes, including IRF1 and STAT1 (Platanias, 2005). To confirm the functional
effect of the IL27 rs181206[C] allele, we investigated the effect of the SNP on IRF1
and STAT1 expression in human PBMCs. The cDNA variants of the 1L-27 wild-
type and missense (NM_145659.3:¢.356T>C), as well as EBI3, were cloned.
After transfection into HEK293 cells, the cell supernatants containing either 1L-27
wild-type or the mutant protein were combined with an equal amount of EBI3
protein. To study the effect on IRF1 and STAT1 expression, we conducted an
experiment using real-time qPCR in human PBMCs from four controls.
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Figure 15. The impact of the missense p.Leul 19Pro and wild-type variant of IL-27 on
the expression levels of IRF1 and STATL. The log2 relative transcript levels (y-axis) are
shown as a boxplot per allele and sample, with four samples in total. Every sample was
run in multiple parallel reactions, indicated by n, (number of mutant reactions) and ny,
(number of wild-type reactions). Samplel was used in two parallel sets. The mean
expression in each class is shown by the grey dashed lines, where m; (wild-type) and m»
(mutant) indicate the mean among samples. The effect of the mutant SNP on transcript
levels was evaluated by linear mixed effects models.

We thereby demonstrated that the IL27 mutant allele results in significantly lower
transcript levels of STAT1 and IRF1 (Fig. 15). The missense variant that causes
the amino acid Leul 19Pro change in alpha-helical domain in IL-27 induced lower
STATI1 and IRF1 transcript levels compared to the IL-27 wild-type. The
comparison of the fixed effects of the rs181206[C] allele resulted in highly
significant estimates — STATI with ~b mutant=1.28 (p=4.86x10"'%) and "b
mutant=—1.11 (p=5.52x10"") for IRF1. Taken together, this result indicates that
the p.Leul 19Pro of the IL27 gene was the causal variant of these associations.
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6.2. IL-22 and APECED (Study IlI)
6.2.1. APECED patients have decreased MAIT cell proportions

It is known that APECED patients have a severe deficiency of Th22 cells in their
blood circulation and skin (Kisand et al., 2010; Laakso et al., 2014). Therefore,
we enquired if the proportions of unconventional T cells, which are known for
their IL-22 production capability, are also impaired in these patients. We con-
ducted flow cytometry analysis to enumerate these cells (Fig. 16) (gating strategy
displayed in Paper IV, Supplementary Fig. 1). We found that V61+ and Vé2+vd T
cell proportions were not significantly altered, in accordance with previous
studies (Tuovinen et al., 2009), nor did the iNKT cell numbers differ between
patient and control samples. Nevertheless, among T cells, the percentages of
MAIT cells (Va7.2 TCR + and CD161+) were lower in patients than in controls
(p <0.05).
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Figure 16. Comparison of the circulating lymphocyte subpopulations in 8 APECED
patients and 8 age-matched controls. The surface marker expression was assessed on
PBMC:s by flow cytometry. The percentages of V51+ and V&2+ yd T cells, iNKT and
MAIT cells were compared from the total T cell pool between patient and control sample
groups. The outliers for different cell types did not overlap, apart from the APECED
patient who had the highest proportion of both v T cell subtypes. In the violin plot, the
width of the distribution of points is proportionate to the number of points in the value of
the sample. The black discontinuous line represents the median, and the colored dis-
continuous line represents quartiles. Statistical significance was assessed using the unpaired
t-test using R statistical software, * p <0.05.
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6.2.2. Saliva from APECED patients contains cytokine
autoantibodies and reflects inflammation

IL-22 cytokine and MAIT cells are both important players in mucosal protection
and homeostasis. Therefore, we analyzed saliva samples from APECED patients
and controls to find signs of perturbations on the oral mucosa. First, we tested for
the presence of cytokine autoantibodies from the saliva and corresponding plasma
samples (Fig. 17). Importantly, anti-IL-22 and anti-IFN-o autoantibodies were
present in saliva from all 10 APECED patients. Anti-IL-17F and anti-IL-17A
autoantibodies from saliva were detectable at very low levels in a fraction of the
patients who tested positive for corresponding circulating autoantibodies. In
addition, we detected lipocalin (LCN)1 autoantibodies in the plasma of 3 of 13
APECED patients.
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Figure 17. Autoantibodies from saliva and plasma of APECED patients and controls. The
LIPS assay was conducted on the saliva (10 patients and 10 controls) (A) and plasma
samples (13 patients and 7 controls) (B). The results are expressed as a LU ratio
representing the fold over the mean of the control samples. The horizontal blue line
represents the geometric mean of the LU of the control sample group. The transparent
blue area shows the normal range, e.g. + 3 standard deviations of the geometric mean.
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The most striking protective function of IL-17 and IL-22 is the induction of an
epithelial innate immune response directed against extracellular pathogens. One
mechanism is by inducing the production of AMPs, such as S100 proteins (Wolk
et al., 2006). Therefore, we also tested for different anti-S100A subtypes
(S100A7A, S100A7, S100A8, SI00A9) in the plasma, but there was no dif-
ference between the APECED patient group and the control group (Fig. 18).
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Figure 18. S-100A autoantibodies detected from plasma of APECED patients and
controls. The LIPS assay was conducted on the plasma samples (13 patients and 7 con-
trols). The results are expressed as a LU ratio representing the fold over the mean of the
control samples. The horizontal blue line represents the geometric mean of the LU of the
control sample group. The transparent blue area shows the normal range, e.g. + 3 standard
deviations of the geometric mean.

Collectively, these findings suggest that the local presence of IL-22 and IFN-a
autoantibodies can aggravate the deficiency of these cytokines on mucosal
surfaces.

In addition, we compared the concentration of various cytokines in APECED
patients with those in controls from saliva (Paper IV, Supplementary Table 5). In
the majority of the samples, IL-22, IL-17F, and IL-17A levels remained
undetectable. However, pro-inflammatory cytokines IFN-y, GM-CSF, and TNF-a
were all significantly increased in APECED patients compared to the control
group (Fig. 19A). This increase was indicative of local inflammation in the oral
cavity, as the difference was not recapitulated in the plasma samples (Fig. 19B).
Only CXCL10 was significantly increased from the tested plasma cytokines in
patients, confirming an earlier report (Kisand et al., 2008).
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Figure 19. Cytokine quantification from APECED patients and controls. The cytokine
measurement assay was conducted on the saliva (6 patients and 5-6 controls) (A) and
plasma samples (7 patients and 8-9 controls) (B). In the violin plot, the width of the
distribution of points is proportionate to the number of points in the value of the sample.
The black discontinuous line represents the median, and the colored discontinuous line

represents quartiles. Statistical significance was assessed with the unpaired t-test using
Graphpad Prism software, * p <0.05; ** p <0.01; *** p <0.001.
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As APECED patients are known to suffer from chronic mucocutaneous can-
didiasis on their mucosa, the inflammation could result from local infection. There-
fore, we quantified Candida concentration (CFU/ml) in saliva from APECED
patients and controls (Fig. 20). The results were compared to STAT! GOF and
STAT3 LOF patients, which are known to have high concentrations of Candida
in the saliva. Only one APECED patient had CFU values significantly over the
heathy control level.
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Figure 20. The concentration of Candida (CFU/ml) in saliva. The concentration was
measured in 6 APECED patients, 6 control samples and as a positive control in two
patients with different monogenic diseases with CMC — STAT! GOF and STAT3 LOF.
DNA of C. albicans from saliva samples and the cultured laboratory strain SC5314 was
extracted. The concentration of Candida cells in patient samples was calculated based on
the calibration curve constructed according to the Ct values of serially diluted C. albicans
probes (starting from 2E7 CFU/ml). The normal range of the concentration of Candida
was calculated based on values of control subjects: mean + 3 standard deviations (dotted
line). The statistical significance was assessed with the unpaired t-test using Graphpad
Prism software. NS — not significant.
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Furthermore, correlation analysis was conducted to compare the Candida con-
centrations with significantly increased cytokine levels and autoantibody levels
from patient saliva samples (Fig. 21). There was no correlation between Candida
CFU values and pro-inflammatory cytokine concentrations. The only significant
correlation was between Candida CFU and salivary anti-IL-17A levels, but this
was caused by the one outlier — the patient with the highest Candida CFU value
had the highest IL-17A antibody level (Fig. 21).
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Figure 21. Correlation analysis between the Candida concentration (CFU/ml) and signi-
ficantly increased cytokines (A) and autoantibody levels (B) from saliva. The measure-
ments were done in 6 APECED patient samples. Values were log-transformed.
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6.2.3. Buccal biopsy transcriptomes reveal alterations
in APECED oral mucosa

Next, we studied gene expression in APECED oral mucosa. The gene expression
analysis was conducted on 4 patients and 2 control buccal biopsy samples. Dif-
ferentially regulated genes were identified based on the diffScores of gene expres-
sion (Paper IV, Supplementary Table 6). Seventeen significantly upregulated and
ninety-one significantly downregulated genes were identified. Among the up-
regulated genes, several transcripts were associated with tumorigenesis (DDR2,
SHIP2, FANCG, SNHG?7). In contrast, genes important for epithelial barrier
function (SPRR2C, SPRR2B, TGMS5) and several AMP genes (DEFBI03B,
DEFBI1034, S100412) were downregulated. The significantly downregulated
genes were further analyzed with the g:Profiler database. The mitotic cell cycle
was identified based on annotation analysis as an associated biological process.
Additionally, the gene lists with fold changes were analyzed by Ingenuity Path-
way Analysis. We conducted a diseases and functions analysis, which predicted
the cellular processes and biological functions affected by gene expression. The
main terms that emerged related to cell cycle and mitosis (Table 6). In addition,
the cell cycle process was predicted to be inhibited in patients (p-value 3.5E-08,
activation z-score —2.256, the activation state was predicted to be decreased).

Next, we carried out a network analysis, which predicts genes that interact
with each other (Paper IV, Supplementary Table 8). We focused on the network
with the highest score, which consisted of 23 focus genes from our list and 12
interconnecting genes. The main network included the following biological
terms — antimicrobial response, inflammatory response, and cellular function and
maintenance (Fig. 22 and Paper IV, Supplementary Fig. 5).

Finally, we conducted an upstream regulator analysis, which predicts the
activity state of regulators. The analysis correlated observed gene expression
from the list with reported effects from the literature. The upstream regulator gene
controls the expression of target genes in the dataset through participating
regulators. The top two master regulators, transcription factor IIH (TFIIH) and
aryl hydrocarbon receptor (AHR), were identified in the dataset based on the
highest p-value of overlap (Paper IV, Supplementary Table 9, and Supplementary
Fig. 6). TFIIH is an important protein complex with many biological roles,
ranging from DNA repair to transcription to cell cycle regulation (Rimel &
Taatjes, 2018). AHR is highly expressed by Th17 cells, and activation of AHR
results in the expansion of Thl7 cells and enhanced production of Thl7
cytokines, particularly IL-22 (Monteleone et al., 2011; Veldhoen et al., 2008).

Taken together, the gene expression array results hinted that the pathways
controlled by IL-22 may be downregulated in the buccal biopsy samples of
APECED patients.
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Table 6. Diseases and functions annotation top 10 of significantly downregulated genes
of APECED patients. The core analysis was carried out on the reference set Ingenuity
Knowledge Base. The settings included direct and indirect relationships between genes
by default, 35 genes per network, 25 networks per analysis. The diseases and functions
analysis was conducted, which predicted cellular processes and biological functions
based on gene expression. The p-values were calculated using a Right-Tailed Fisher’s
Exact Test.

Categories Function |Diseases or P-value | Activation | Number
function z-score | of genes
annotations

Cell cycle Cell cycle |Cell cycle 3.57E-08 | -2.256 23

progression | progression

Cellular function and | Endocytosis | Endocytosis by | 6.23E-06 | —0.628 5

maintenance cervical cancer
cell lines

Cell cycle Interphase | Interphase 7.19E-06 | —1.633 16

Cell cycle Mitosis Mitosis 1.78E-05 | —0.876 12

Cancer, organismal |Breastor |Breast or 2.25E-05 55

injury and colorectal | colorectal

abnormalities cancer cancer

Cellular assembly Formation |Formation of | 3.18E-05 3

and organization, artificial

cellular function and clathrin cages

maintenance

Cell cycle Mitosis Mitosis of 6.52E-05 6
tumor cell lines

Cell cycle Mitosis Mitosis of 1.13E-04 5
cervical cancer
cell lines

Cell cycle Interphase |Interphase of | 1.16E-04 | —1.342 10
tumor cell lines

Hematological Quantity Quantity of 1.52E-04 2

system development short-term

and function, hematopoietic

hematopoiesis, tissue stem cells

morphology
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Figure 22. The IPA network diagram of differentially expressed genes in APECED
patient versus control buccal biopsies. Gene expression analysis was conducted on buccal
biopsy samples of 4 APECED patients and 2 controls. The network analysis with the
highest score consisted of 23 focus genes and 12 interconnecting genes. The network with
the highest score (score 51) was categorized by IPA function — “antimicrobial response,
cellular function and maintenance, inflammatory response.” The intensity of the gene
color indicates the degree of upregulation (red) or downregulation (green) of a given gene.
The legend of figure shapes and relationships can be found in Paper IV, Supplementary
Fig. 5.

6.2.4. Salivary microbiota analysis is consistent with dysbiosis
in the oral cavity of APECED patients

We hypothesized that IL-22 paucity could impact the microbial community in the
oral cavity. Therefore, we analyzed the salivary microbiotas in 6 APECED patients
and 6 age-matched controls. The microbial communities were significantly dif-
ferent in APECED patients on the whole-community (beta-diversity) level
(Fig. 23) in comparison to controls. All differences were significant using a per-
mutational ANOVA test (ASV R?=14.6%, p=0.017, species R>=20.2%, p=0.036,
genus R?=23.5%, p=0.021). Interestingly, the two patients with elevated Candida
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levels in their saliva samples (Fig. 20) clustered together at the genus and species
level (Fig. 23).
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Figure 23. The beta-diversity of the salivary microbiota. Microbiotas from salivary
samples were analyzed in 6 APECED patients and 6 controls. Multidimensional scaling
was applied based on Bray-Curtis distances with first and second coordinates depicted for
the genus, species, and ASV levels. Each point represents the microbiome of one individual.
Orange dots — APECED patients, blue dots — controls. Crosses represent centroids per
group. Black boxes — patients with high Candida concentration of saliva samples com-
pared to the normal range of Candida concentration (values of control subjects mean + 3
standard deviations).

Next, we analyzed the taxonomic groups. The most abundant genus in both patients
and controls was Streptococcus (Fig. 24). A significantly higher abundance of
Fusobacterium (p < 0.05) was revealed in APECED patients compared to the
control group. In addition, a relatively rare genus, Lachnoanaerobaculum, was
more abundant in controls.

We further analyzed the taxonomic groups, species, and ASV (amplicon
sequence variant). At the species and levels, we noted a significantly lower
abundance of Streptococcus salivarius (p < 0.05) in APECED patients than
controls.

In addition, we conducted an alpha-diversity analysis, which estimates bacterial
diversity within a sample (Fig. 25). Three different indices were used to estimate
counts of observed and unobserved species — the Chao 1 Estimator, observed taxa
with abundance over zero, and the Shannon Diversity Index. Interestingly,
significantly increased Shannon diversity in patient samples was found at the
species (p < 0.05) and ASV (p < 0.01) levels. Other alpha-diversity indices
showed similar tendencies, but in this small dataset, the differences were not
significant.
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Figure 24. Profiles of the relative abundance per group in studied groups at the genus
level. The microbiotas from salivary samples were analyzed in 6 APECED patients and
6 controls. Analysis was performed using the Wilcoxon rank-sum test using only taxa
with median abundance > 100 sequence counts (0.5% relative abundance) and
prevalence > 0.3 (present in at least 4 samples), * p < 0.05.
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Figure 25. The alpha-diversity analysis of salivary microbiotas. Within-sample, the
bacterial diversity was analyzed on the ASV, genus, and species levels in 6 APECED and
6 control samples using three different diversity indices, as indicated on the plots.
*p<0.05, ** p < 0.01. Chao 1, Chao 1 Estimator, Observed, observed taxa with

abundance over zero; Shannon, Shannon Diversity Index.

Taken together, the results of the microbial 16S sequencing analysis indicated
alterations in the oral microbiotas of APECED patients. The microbial com-
munities were significantly different in APECED patients on the whole-com-
munity (beta-diversity) level. APECED patients exhibited an increased alpha-
diversity at the ASV and species levels in comparison to controls.
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7. GENERAL DISCUSSION

7.1. IFN-a and ISG in the pathogenesis of STAT1 GOF disease

It has been shown before that after the stimulation of STAT1 GOF cells with [FNs
in vitro, 1SGs are induced to a significantly higher extent in patient cells (Al
Shehri et al., 2015; Mizoguchi et al., 2014; Zheng et al., 2015). This is confirmed
by our results, which found that the ISG expression in circulating blood cells
significantly increased in patients. To correlate the ISG levels to circulating IFN-a
concentrations, we used the digital ELISA method, which was previously applied
to characterize type I interferonopathies (Rodero et al., 2017), thus permitting
direct comparison of cytokine concentrations. We showed that in comparison to
patients who have defects in nucleic acid metabolism, the circulating levels of
IFN-a in STATI GOF patients were lower and not constantly elevated. [FN-a
serum concentrations correlated well with the ISG gene expression level in blood
cells and showed significant elevation from the control levels, even if the IFN-a
concentration was only slightly over the lower limit of detection. Importantly, the
IFN signature was evident even in the patient with undetectable IFN-a levels.
Although most of the ISGs are upregulated by type I as well as by type II IFNs,
some genes, such as CIITA, are preferably induced by IFN-y (Der et al., 1998).
We therefore consider it unlikely that IFN-y has an impact on the IFN signature
in our patients, as the CIITA expression was not elevated in any of our patients.
Nevertheless, the controversy between the unstable level of IFN-a and concurrent
strong ISG expression raises some questions, which could warrant further studies.

It is fascinating that the expression of ISGs is increased remarkably in
APECED patients even at low IFN-a levels. Although we lack direct evidence, it
is plausible that the hyperphosphorylation of p-STAT1 and high ISG expression
are associated with its prolonged binding to chromatin target sites. Therefore, we
wanted to study chromatin accessibility in STAT1 GOF patients. The epigenomic
landscape is shaped during development and is remodeled in response to environ-
mental cues that organize the three-dimensional structure of the genome. In this
respect, it is important to note that several members of the STAT family have been
proposed to control the active state of enhancers and chromatin accessibility to
master transcription factors (Vahedi et al., 2012; Wei et al., 2010). In addition, it
has been shown that IFNs induce extensive remodeling of the epigenome land-
scape (Kamada et al., 2018; Park et al., 2017; Qiao et al., 2013). In line with these
results, the ChIP-seq data from the current study show that the permissive
chromatin mark H3K4me3 was significantly more enriched near ISGs in patient
PBMC:s than in control cells, suggesting that while binding to chromatin STAT
GOF variant promotes epigenetic changes compatible with higher gene expression
and elevated reactivity to type I IFNs. The epigenetic memory of previous
encounters has been described as trained innate immunity (Crisan et al., 2016;
Netea et al., 2016), and exposure to the innate immune mediators, such as type I
IFNs, may have effects analogous to those of BCG or B-glycan, although at
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different chromatin sites (Arts et al., 2018). Therefore, the possible mechanism
relies on the IFN signature in STATI GOF patients, which is epigenetically
determined.

It has been reported that STAT! GOF disease causing variants and monogenic
interferonopathies occasionally share certain phenotypic features such as intra-
vascular calcifications (Smyth et al., 2018; Uzel et al., 2013) and SLE-like disease
(Rodero & Crow, 2016; Toubiana et al., 2016), which has provoked the idea that
STATI GOF disease could be classified as a type I interferonopathy (Al Shehri et
al., 2015). Arterial calcification is a feature of type 1 interferonopathies that is
thought to occur due to endothelial damage by constantly elevated type I IFN
levels. Aortic calcification had only been described in STAT! GOF patients
(Smyth et al., 2018; Uzel et al., 2013). It has been suggested that an increased
IFN signal underlies the pathogenesis of this vascular abnormality (Smyth et al.,
2018). In addition, there was a very recent report on a novel STAT! GOF variant
(¢.1398C>G, p.Ser466Arg) of which the phenotype resembled interferonopathy.
The patient features brain calcification, arthritis, recurrent pericarditis, leuko-
penia, and thrombocytopenia (Stellacci et al., 2019), representing a remarkable
clinical overlap between type 1 interferonopathies and STAT! GOF disease. Never-
theless, in comparison to patients who have interferonopathies with high IFN-a
levels, the circulating levels of IFN-a in STAT1 GOF patients were lower and not
constantly elevated.

Around 37% of STATI GOF patients develop autoimmune manifestations
(Lorenzini et al., 2017; Toubiana et al., 2016), and STAT! GOF disease auto-
immune features may result from excessive IFN-a signaling. We suggest that an
aggravated response to type I IFNs predisposes STATI GOF patients towards
autoimmunity, which is a common feature of this patient group. The enhanced
autoimmunity of patients with STAT! GOF disease causing variants is likely to
result from stronger [FN-a signaling, as some of these autoimmune features are
observed in patients treated with recombinant IFN-a (e.g., thyroiditis) and in
patients with type I interferonopathies (e.g., SLE) (Crow, 2011; Crow & Manel,
2015). However, not every patient becomes affected by autoimmunity. Of the
five patients who were recruited for this study, two suffered from autoimmune
diseases, and one patient developed antinuclear autoantibodies. Of the two patients
who were still spared from autoimmunity, one was a 9-year-old child who was
potentially at the risk of developing autoimmunity in the future. Interestingly, the
adult patient without any autoimmune features had the lowest ISG expression and
an IFN-a concentration below the detection limit. To confirm that, among the
STATI GOF patients, higher IFN-a levels and ISG expression correlate with a
higher rate of autoimmunity would require longitudinal studies in larger patient
cohorts.
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7.2. p-STAT1 and p-STAT3 balance is disturbed

STATI GOF patients have a dramatic decrease in the number of Th17 cells (Liu
et al., 2011; Takezaki et al., 2012). It has been hypothesized that the differen-
tiation and impaired function of Th17 in patients is associated with STAT3
transcription factor. One could presume that STA7T! GOF variant impairs the
function of STATS3, as STAT! GOF patients have decreased STAT3 target gene
expression. The imbalance disrupts the transcription of genes by increasing STAT1
but decreasing STAT3-dependent gene transcription (Zheng et al., 2015). Our
results corroborated this finding — after IFN-a stimulation of PBMCs, the STAT]1
target gene expression was higher in patients, but the STAT3 target gene expression
was lower after IL-21 stimulation in patients vs. controls. It has been shown that
inhibition of STAT1 phosphorylation in patient cells with FLU rescues STAT3
activity (Zheng et al., 2015). However, the precise mechanism of how STATI
GOF variant interferes with STAT3 function is still under investigation.

Several hypotheses have been proposed to explain how STAT! GOF variant
may hinder STAT3 activity. One could speculate that STAT! GOF version can
interfere with the phosphorylation of STAT3 protein. However, the phos-
phorylation kinetics of STAT3 is not changed in STATI1 GOF patients, according
to several previous studies (Bloomfield et al., 2018; Zhang et al., 2017; Zheng et
al., 2015). We also found that the p-STAT3 level was similar in patient and control
PBMC:s after stimulation with IFN-a and IL-21. Another proposed mechanism is
that the mutated STAT]1 has a stronger ability to pull STAT3 into a heterodimer
complex (Platanias, 2005). However, a research group from the UK has demon-
strated that STAT! GOF variant does not cause sequestration of STAT3 into
STATI1/STAT3 heterodimers (Zheng et al., 2015). Possibly, the STAT! GOF
variant is able to impair STAT3 binding to chromatin. This might be caused by
the increased ability of the mutated STAT1 variant to bind to the target sequences
of ISGs, which leads to an inhibitory capacity for STAT3 to bind to the target
sequences (Hiller et al., 2018). A similar possibility has been suggested by Hu
and Ivashkiv (Hu & Ivashkiv, 2009), hypothesizing that STAT1 is able to suppress
the function of STAT3 by replacing STAT3 binding to the target sequences.
However, some studies have demonstrated that ST47/ GOF variant does not
impair STAT3 DNA-binding to a STAT-consensus sequence (Zheng et al., 2015).
However, in a ChIP assay, lower STAT3 occupancy of the proximal cFos promoter
region was demonstrated in patient and control cells stimulated with IFN-aq,
suggesting that endogenous STAT3 DNA binding may be reduced (Zheng et al.,
2015). Other plausible mechanisms have been considered. This includes the idea
that the STATIP isoform may inhibit transcription because it lacks the tran-
scription activation domain. Also, the ability of STAT! GOF variant to recruit
some suppressor-protein, inhibiting STAT3 to the target gene promoter, has been
considered. However, so far there is not enough evidence to verify those hypo-
theses. Given the controversial results, the mechanism is not yet clear and needs
further studies.
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As many cytokines rely on the JAK-STAT signaling pathway, and several of
them use overlapping STAT family members, the mechanisms that secure the
specific effects of each cytokine have puzzled researchers for years. Our results
suggest that the appropriate gene expression pattern after cytokine stimulation
depends on the proper balance of different STAT phospho-forms that must follow
precise dynamic changes.

7.3. Diagnostic tests for confirming STAT1 GOF variants

Several diagnostic tests have been proposed in the literature to confirm the nature
of novel STATI GOF variants or to guide genetic testing of patients with CMC.
Dhalla et al. developed an ex vivo assay for Th17 deficiency (Dhalla et al., 2016).
However, a small fraction of STAT! GOF patients has normal Th17 numbers
(Toubiana et al., 2016). The best confirmatory assay is the flow cytometric
detection of p-STAT]1 levels after IFN stimulation. This readout can be compli-
cated due to large variations among patients as well as controls that lead to the
overlap of the groups, as presented by Mizoguchi et al (Mizoguchi et al., 2014).
In addition, there has been a report of missed STAT! GOF disease diagnosis due
to false-negative Sanger sequencing of the STAT!I gene. Because of the lack of
availability of diagnostic resources at the time, no functional testing was per-
formed (Hosking et al., 2020). This could have been avoided with a simple meas-
urement of phosphorylated STAT forms. Our results suggest that the determina-
tion of the dynamics of p-STAT3/p-STATI levels after IL-21 stimulation leads
to clear-cut discrimination between patient and control samples.

7.4. 1L-27 in T1D susceptibility

Human genetic studies implicate IL-27 in the development of T1D, but the
underlying mechanisms remain largely unknown. There have been conflicting
results of the role of IL-27 in T1D, and some studies have suggested protective
and some pathogenic impact (Barrett et al., 2009; Ciecko et al., 2019; Kasela et
al., 2017; Plagnol et al., 2011; Wang et al., 2008).

A SNP rs4788084[T] on chr16p11.2 close to the /27 gene was found to be
associated with protection against T1D in a GWAS (Barrett et al., 2009; Plagnol
etal., 2011). Plagnol et al. discovered that /L27 allele is associated with reduced
positivity of a T1D associated autoantibody (Plagnol et al., 2011). A mouse study
demonstrated that IL-27 signaling conferred protection against diabetes by
inhibiting hyperglycemia and pancreatic islet inflammation (Fujimoto et al.,
2011). On the contrary, some studies have investigated the potential pathogenic
role of IL-27 in autoimmune diabetes. Wang et al. detected a high level of IL-27
in NOD mice, and the treatment of diabetogenic splenocytes with IL-27
accelerated the onset of the disease (Wang et al., 2008). In addition, another study
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on mice discovered that IL-27-deficient NOD mice were completely resistant to
T1D (Ciecko et al., 2019).

Our study found an even stronger trans-eQTL signal for a missense SNP
rs181206[C] (Kasela et al., 2017) within the /L27 gene compared to the SNP
rs4788084[T] (Barrett et al., 2009; Plagnol et al., 2011), which could be a causal
disease variant for the T1D association (Kasela et al., 2017). IL-27 is crucial for
T cell differentiation and survival by signaling through the STAT1/STAT3 path-
way (Villarino et al., 2004). After binding to ISREs, the signaling pathway induces
the transcription of several interferon-induced genes, including /RF'I and STATI
(Platanias, 2005). Our idea was to test the functional effects of IL-27
(rs181206[C]), where instead of the wild-type form, a missense variant leads to
the p.Leul19Pro substitution. Our studies with the mutated form of IL-27
p.Leul 19Pro, which was associated with protection against T1D, confirmed its
decreased capacity to activate the STAT1 pathway. We demonstrated that the
IL27 mutant allele results in significantly lower transcript levels of STATI1 and
IRF1. In conclusion, our experiment suggests that the rs181206[C] variant of the
1IL27 gene confers protection against T1D. The IL-27 variant effect was specific
to CD4+ T cells, as we did not detect significant trans-eQTL effects in this region
in CD8+ T cells. Kasela et al. also found higher expression levels of the /L27RA
and /L6ST (gp130) genes, which together act as a receptor for the IL-27 cytokine,
in CD4" cells in comparison to CD8" T cells (Kasela et al., 2017).

IL-27 has pro-inflammatory and anti-inflammatory features. IL-27 drives in-
flammation by promoting the early commitment of naive CD4+ T cells to a Th1-
specific lineage through STAT1 (Lucas et al., 2003; Takeda et al., 2003). In
addition, IL-27 inhibits inflammation by suppressing Th17 differentiation and
inducing a Treg-like activity in differentiated Thl and Th2 effector cells
(Delgoffe et al., 2011). The anti-inflammatory effects of IL-27 signaling, which
regulates polarization of T-cell subsets, and cytokine production have been
demonstrated in animal models of experimental autoimmune encephalitis (EAE)
(Batten et al., 2006; Stumhofer et al., 2006), allergic asthma (Miyazaki et al.,
2005), and delayed-type hypersensitivity of skin (Miyazaki et al., 2008). It has
been hypothesized that IL-27 represents a novel, promising target/agent for the
treatment of RA, EAE, colitis, and psoriasis (Meka et al., 2015). Conversely, our
results on T1D associations with IL-27 and several mouse studies have shown the
pathogenic role of IL-27. Therefore, it is necessary to further study the conflicting
role of IL-27 as a treatment for autoimmune diseases.

7.5. IL-22 paucity in APECED patients

Highly neutralizing autoantibodies against IL-22 and IFN-o are distinctive
characteristics of APECED patients. These antibodies have potential biological
implications. Previous studies have substantiated that due to the neutralization of
the low physiologic levels of IFN-a, the blood cells of APECED patients have
clearly reduced levels of IFN-induced gene expression compared with those of
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controls (Kisand et al., 2008). Moreover, CMC in APECED patients is associated
with the presence of circulating anti-IL-22 and IL-17F (Kérner et al., 2013;
Kisand et al., 2011; Laakso et al., 2014) and with the inability of circulating and
skin-populating CD4+ T cells to secrete IL-22 after their stimulation in vitro. As
IL-22 is an important homeostatic cytokine for epithelial surfaces, its shortage
can have additional consequences apart from CMC. Indeed, impaired mucosal
barrier function has been suspected in APECED patients due to increased levels
of antibodies to commensals (Hetemaki et al., 2016).

The cause for the almost complete absence of IL-22 production by circulating
and skin CD4+ T cells in APECED patients is still not known. Furthermore, the
role of other lymphoid cells with Th17-related cytokine secreting capacity is not
yet clear in this disease. The association of iNKT cells with AIRE-deficiency has
remained controversial (Ferre et al., 2016; Lindh et al., 2010; Pitt et al., 2008).
Nevertheless, there is a previous report that IL-17A secreting y6 T cells are
increased in APECED (Fujikado et al., 2016). According to our study, the per-
centages of Vo1+ and V52+ y6 T cells did not differ between patients and controls.
However, we found significantly decreased proportions of circulating MAIT cells
in APECED patients. MAIT cells are reportedly present in oral mucosa and are
capable of secreting Th17 cytokines (Sobkowiak et al., 2019). Considering this,
the paucity of MAIT cells may contribute to the shortage of IL-22 in mucosal
surfaces. The paucity of MAIT cells can be connected to aberrations in the micro-
biota that produce metabolites necessary for MAIT cell development in the thymus
(Legoux et al., 2019). In addition, Treiner et al. have shown that MAIT cells are
not present in germ-free mice, indicating that commensal microbiota is required
for their expansion in the gut lamina propria. Therefore, the reduction of MAIT
cells in APECED refers to a possible microbiota change. The deficiency of MAIT
cells in patients can also be related to the presence of highly neutralizing auto-
antibodies against type I IFNs in APECED because MAIT cells are activated by
type I IFNs.

While the main producers of IL-22, distinct cell types from the lymphoid
lineage (Parks et al., 2015), are deficient in APECED patients, neutrophils and
dendritic cells are also able to contribute to the local or circulating concentration
of IL-22 (Mann et al., 2014; Zindl et al., 2013). It is possible that the neutralizing
effect of autoantibodies can deplete the remaining IL-22 from various sources.
IL-22-neutralizing autoantibodies from APECED patients have been shown to
possess potential pathogenicity for CMC, which was confirmed in a mouse model
of oropharyngeal candidiasis (Bichele et al., 2018). Bichele et al. demonstrated
that patient-derived monoclonal antibodies that cross-react with murine 1L-22
increase the fungal burden on C. albicans infected mucosa (Bichele et al., 2018).
Interestingly, we showed autoantibodies against IFN-a and IL-22 in patients’
saliva samples. The levels of autoantibodies varied a lot between different patients.
These local autoantibodies may further aggravate an IL-22 shortage; never-
theless, we need more proof to support this possibility. Neil et al. claim that IFN-
a acts on intestinal epithelial cells to increase the proportion of macrophages and
IL-22-producing innate lymphoid cells. The cells, in turn, promote p-STAT3
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signaling in intestinal epithelial cells (Neil et al., 2019). As recently reported, one
could also hypothesize that the local neutralization of IFN-a can further impair
the IL-22 secreting cell recruitment (Neil et al., 2019).

7.6. Disturbed local AMP production and epithelial barrier

IL-22 is known to be an essential homeostatic cytokine on epithelial surfaces.
IL-22 has similar and even synergistic effects with IL-17A, but it also exerts fea-
tures to secure the barrier function of the epithelium (Costa et al., 2013; Eiden-
schenk et al., 2014; Monteleone et al., 2011; Rubino et al., 2012). More specifi-
cally, IL-22 together with IL-17A confers epithelial protection via the STAT3
signaling pathway by inducing the production of AMPs, such as SI00A and
LCN2 from epithelial cells (Cash et al., 2006; Zhang & Gallo, 2016). Therefore,
considering the paucity of IL-22, the secretion of AMPs can be impaired in
APECED patients. However, LCN2 concentration in the saliva of APECED
patients was not impaired. Also, a previous study did not find decreased beta and
alpha defensin levels in APECED saliva samples (Oftedal et al., 2017). On the
contrary, our gene expression analysis of buccal biopsy samples revealed that
DEFBI103B, DEFB103A4, and S100412 were significantly downregulated in the
mucosa of APECED patients. But some other AMPs, like S70048 and S100A49,
had similar expression in patients and controls in buccal biopsy samples. These
results suggest specific, but not universal, impairment of AMP production in the
APECED oral cavity. Interestingly, autoantibodies against AMPs, like LPO
(Burbelo et al., 2019), DEFAS5 (Dobes et al., 2015), LCN1 (Fishman et al., 2017),
BPIFA1, and BPIFA2 (Burbelo et al., 2019) have been described previously in
APECED patients. In addition, we detected LCN1 autoantibodies in the plasma
of three of 13 APECED patients included in this study but did not find auto-
antibodies against the SI00A family of antimicrobial peptides. The fact that we
did not detect SI00A autoantibodies, but the expression level was downregulated,
could hint that the lack of IL-22 could be the possible mechanism behind the
impairment of AMP-producing cells.

Interestingly, our buccal biopsy samples’ gene expression data suggested
differences in the upstream and downstream molecular events of the IL-22 path-
way. The analysis predicted regulators that caused changes in gene expression.
Notably, the upstream regulator analysis identified AHR, which is the tran-
scription factor necessary for IL-22 production (Alam et al., 2010). The regulator
analysis hints that the production of IL-22 is disturbed in APECED mucosa. In
addition, the network analysis revealed impaired antimicrobial response, cellular
function and maintenance, and inflammatory response. Indeed, a mouse study has
detected that AhR signaling via IL-22 inhibits inflammation and colitis in the
gastrointestinal tracts of mice (Monteleone et al., 2011). Moreover, our “diseases
and functions” analysis of the gene expression data predicted that processes like
the cell cycle and mitosis are affected. Therefore, disturbed epithelial barrier
function can also be suspected from the reduced expression of several genes
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related to the mitotic cell cycle in patients. This can lead to defective wound
healing on epithelial surfaces, which can become especially important during
inflammatory processes. Importantly, developing an oral and esophageal squamous
cell carcinoma has been associated as a susceptibility factor in APECED patients
due to chronic inflammation of recalcitrant Candida infection (Rautemaa et al.,
2007). In line with this, the patient saliva samples revealed significantly increased
levels of pro-inflammatory cytokines. As IL-22 was recently shown to protect
intestinal stem cells against genotoxic stress and thus against colon cancer (Gronke
et al., 2019), we suggest that the susceptibility for oral and esophageal squamous
cell carcinoma may result from the combination of persistent inflammation with
the lack of the protective function of IL-22.

7.7. Salivary microbiota differs in APECED patients
compared to controls

In addition to supporting epithelial barrier function, IL-22 is capable of shaping
the gut microbiota (Fatkhullina et al., 2018). Considering the importance of the
tight regulation of IL-22 levels to enable the symbiosis of the host with com-
mensals (Bessman & Sonnenberg, 2016), we hypothesized that IL-22 paucity
could impact the microbial community in the oral cavity. Indeed, the salivary
microbiome of patients was significantly different from controls and showed
higher diversity. The dysbiosis in APECED patients’ oral cavity has been described
in an earlier investigation with some overlaps in differentially abundant taxonomic
units between the two studies, but also with discrepancies that can arise from
various technical, analytical and biological differences between the two studies
(Bruserud et al., 2018). Alterations in the microbiota could also be caused by
medications, as well as Sjogren’s-like syndrome, which is especially frequent
among APECED patients in the US (Ferre et al., 2016). However, we think that
neither factor had an impact on our analysis, as none of the study subjects received
immunosuppressive drugs, and only one patient was on antifungals; the only other
medications were hormone replacements. Moreover, objective sicca symptoms are
rare in European APECED patients and were reportedly present only in patients
over 33 years of age (Oftedal et al., 2017). Our study included relatively young
patients (17.7 £ 10.9 years), and none of them reported dry mouth.

Candida infection itself is also a potential modifier of the microbiota. According
to our beta-diversity analysis, the two patients with elevated Candida concentration
clustered together at the genus and species level but did not differ from the other
patients in any other studied parameter. CMC is also a possible inducer of pro-
inflammatory cytokines that were elevated in the patients’ saliva, which in turn
can influence changes in the microbial communities. Although we did not see any
significant correlation between Candida CFU values and cytokine concentra-
tions, we cannot rule it out with our small study group. The cause of the salivary
pro-inflammatory cytokine increase remains unknown. The oral cavity was
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regularly examined by the attending pediatric endocrinologist, and no clinical
signs of gingivitis and periodontitis were appreciated. The autoimmune attack
towards mucosal antigens or preclinical inflammation in the salivary glands
remains an option.

Whether susceptibility to candidiasis is primarily caused by the neutralizing
autoantibodies to Th17 cytokines or by the impaired production of IL-22 and IL-
17A is unknown. In most reported studies, the correlation between the presence
of Th17 cytokine autoantibodies and CMC is ~70% (Constantine & Lionakis,
2019). Therefore, it is hypothesized that other immune mechanisms contribute to
CMC in APECED. APECED patients have an altered immune response to
C. albicans, including a dysregulation of IL-23p19 production in monocytes,
which possibly contributes to the selective susceptibility to CMC (Bruserud et
al., 2017). No APECED patients or controls had autoantibodies against IL-23
(Bruserud et al., 2017; Kérner et al., 2016). Ryan et al. describe monocyte-derived
DCs from APECED patients as over-producing IL-2, IFN-y, TNF-a, and 1L-13,
as we could see in our results with saliva, and demonstrated impairment in
maturation in response to C. albicans (Ryan et al., 2008). However, the IL-23
response was comparable to that of the controls (Ryan et al., 2008). Thus far, the
antifungal immune studies in APECED patients have focused on their systemic,
not their mucosal, immune responses. Because the immune response require-
ments for effective mucosal versus systemic host defense against Candida are
strictly segregated, it is likely that yet-unknown defects at the mucosal level may
also contribute to CMC susceptibility in APECED patients (Constantine &
Lionakis, 2019).

According to our results, APECED patients are characterized by alterations in
their oral mucosa and increased diversity of their salivary microbiota, both of
which can be, in theory, influenced by IL-22 shortage, possibly aggravated by the
local action of autoantibodies and paucity of circulating MAIT cells.
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8. CONCLUSIONS

Based on the studies given in this thesis, the following conclusions were made:

IFN signature in STAT! GOF patients may be caused by epigenetic changes,
as permissive chromatin mark H3K4me3 is enriched near interferon induced
genes in patients’ blood mononuclear cells. Impaired STAT3 dependent gene
expression can be the result of impaired balance of p-STAT1 and p-STAT3
after cytokine stimulation.

The missense variant in the /.27 gene (rs181206[C]), associated with pro-
tection against T1D, which leads to an amino acid change p.Leull9Pro,
reduce the capacity of the cytokine to upregulate STATI and IRF'I. This result
indicates that IL-27 may promote autoimmunity towards pancreatic beta cells
by enhancing the STATI signaling pathway.

The IL-22 shortage in APECED patients may lead to an impaired barrier
function and higher diversity of the local microbiome in their oral mucosa.

The unique features of several monogenic diseases enable to dissect the
precise role of cytokines in the human immune system.
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9. SUMMARY IN ESTONIAN

Geneetilised variatsioonid mdistmaks STAT1/STAT3 signaaliraja
tstitokiinide rolli immuunkaitses ning -patoloogias

Viimaste aastate jooksul on palju uuritud seoseid tsiitokiinide ning erinevate auto-
immuunhaiguste vahel, et leida tohusaimaid diagnostilisi meetodeid ja ravi-
voimalusi. Monogeensed haigused on unikaalsed mudelid, et uurida erinevaid
immuunsiisteemi mehhanisme. Antud uurimist66 keskendub kahele monogeen-
sele haigusele. Molematel siindroomidel esineb krooniline kandidoos ning kahjus-
tunud tsiitokiinide funktsioon. Uks haigustest on pShjustatud dominantsest uudik-
funktsiooniga (gain-of-function, GOF) mutatsioonist STAT! geenis, mille tule-
musena areneb krooniline mukokutaanne kandidoos (CMC), ning teine auto-
soomsest retsessiivsest mutatsioonist A/RE geenis, mille tulemusena tekib auto-
immuunne poliiendokrinopaatia-kandidoos-ektodermaalne diistroofia (APECED)
siindroom. Mdlemaid patoloogiaid ithendab vastuvotlikkus kandidoosile, T-abis-
tajarakkude alatiiiibi 17 tsiitokiinide védhesus ning autoimmuunsed ndhud.
Sellegipoolest esineb ainult APECED patsientidel vdhenenud I tiiiipi interferoo-
nide (IFN) vastus, mis teadaolevalt on pdhjustatud vereringes leiduvate IFN-a
vastaste autoantikehade neutraliseerivast toimest. Samas STAT! GOF patsien-
tidel esinevad vaegused vodivad olla pdhjustatud iilemddrasest vastusest inter-
feroonidele.

I tiilipi IFN-d omavad olulist rolli viirusinfektsioonide vastases kaitses. I tiitipi
IFN-d aktiveerivad interferooni-stimuleeritud geenide (ISG) ekspressiooni 1dbi
STAT] signaaliraja. IFN-de liigne produtseerimine organismis voib tekitada eri-
nevaid patoloogilisi seisundeid, sealhulgas vaskulaarseid haigusi ja autoimmuun-
sust. STATI GOF patsientidel on teadaolevalt STATI transkriptsioonifaktor
hiiperfosforiileeritud seisundis ning STAT1 mérklaudgeenid on tileekspresseeri-
tud. Kuigi arvatakse, et antud mutatsioon inhibeerib transkriptsioonifaktori STAT3
funktsiooni, ei ole sellegipoolest tdpne molekulaarne mehhanism veel teada.
Lisaks ei ole siiani suudetud vélja selgitada spetsiifilisi molekulaarseid signaali-
radasid, mis pohjustavad STAT1 GOF patsientidel vastuvotlikkust autoimmuun-
setele ilmingutele.

Interleukiin (IL)-27 on méérava tdhtsusega T raku diferentseerumisel ja ellu-
jaamisel, aktiveerides signaalirada samuti 1abi STAT]1 valgu. IL-27 omab kahetist
rolli immuunsiisteemis — olenevalt kontekstist voib see olla poletikku soodustav
vdi pdletikuvastane. Ulegenoomsed assotsiatsiooniuuringud on tuvastanud /.27
geenis rs4788084[T] alleeli, mis omab kaitsvat rolli 1. tiiiipi diabeedi (T1D)
vastu. Antud kaitsva omaduse tdpne mehhanism ei ole siiani teada. Lisaks leidub
varasemates to0des vastuolulist informatsiooni — kirjeldatud on nii IL-27 kaitsvat
kui ka patogeenset rolli T1D puhul. Kuna IL-27 on vélja pakutud potentsiaalse
ravimina mitmete autoimmuunhaiguste korral, siis on &drmiselt oluline vilja
selgitada antud tsiitokiini tdpne mdju.
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APECED on suurepdrane mudel, mille kaudu uurida IL-22 puudulikkust.
T-abistajarakkude alatiiiibi 17 rakud toodavad tsiitokiine IL-22 ja I[L-17A/F, mis
soodustavad antimikroobsete peptiidide siinteesi. Lisaks sellele on IL-22-1 oluline
roll ka limaskesta kaitsebarjdiris. Varasemates publikatsioonides on kirjeldatud,
et APECED patsientidel esinev CMC on pdhjustatud IL-22 ning IL-17F spetsiifi-
liste autoantikehade tottu, mis omavad neutraliseerivat mdju antud tsiitokiinide
vastu. Lisaks omab rolli ka IL-22 tootvate rakkude puudulikkus. Suurem osa
informatsioonist IL-22 funktsiooni kohta périneb hiire ning in vitro eksperimen-
tidest. Siiani ei ole teada, millised protsessid leiavad aset inimese suu limaskestas
IL-22 puudulikkuse korral.

Uurimistoo eesmirgid:

Kéesoleva t06 pohiliseks eesmaérgiks oli vélja selgitada transkriptsioonifaktorite

STATI ja STATS3 signaalirajas osalevate tsiitokiinide rolli teatud monogeensete

haiguste ja geneetiliste variatsioonide korral.
Spetsiifilisemad eesmirgid olid jargmised:

» analiiisida IFN-a ja IL-21 tsiitokiinide mdju STATI GOF variandiga pat-
sientide limfotsiilitides;

= hinnata IL-27 missenssvariandi bioaktiivsust ning selle kaitsvat rolli T1D
puhul;

= gselgitada vilja IL-22 tsiitokiini puudulikkuse moju APECED patsientide suu
limaskestas.

Materjal ja metoodika:

Doktoritdds kasutati kolme erinevat uuritavate gruppi: 1) STATI monogeense
haiguse uurimistdos keskenduti viiele STAT! GOF patsiendile (vanuses 543
aastat); 2) IL-27 rs181206[C] geenivariandi uuring teostati, kasutades nelja kont-
rollisikut (vanuses 25-46 aastat); 3) APECED siindroomi uurimist66s hinnati
13 APECED patsienti (vanuses 4-55 aastat) Sloveeniast ning Eestist. Kdik
teadustdos olevad isikud voi nende eestkostjad allkirjastasid informeeritud ndus-
oleku.

STATI GOF patsientidel esinesid mutatsioonid STAT! geeni DNA-d seonda-
vas voi teisese heeliksi domeenis. Patsientidel esines lisaks CMC-le ka teisi
komplikatsioone ning autoimmuunseid siimptomeid. STAT! GOF patsientide
eksperimendid sooritati virske vere, plasma ja perifeerse vere mononukleaarsete
rakkudega (PBMC). IFN-a valgu taset mdodeti patsiendi seerumist digitaalse
ELISA analiiiisiga. Geeniekspressiooni mdddeti qPCR meetodiga vérskest verest
ning tsiitokiinidega IFN-a ja IL-21 stimuleeritud PBMC-dest. Rakkudest eraldati
RNA, siinteesiti cDNA ning teostati reaalaja PCR, mille vahendusel méérati
virskest verest ISG-de ning PBMC-dest STAT1 ja STAT3 maérklaudgeenide
ekspressioonitaset. Voolutsiitomeetriga analiitisiti PBMC-des tsiitokiinide IFN-a
ja IL-21 toimet fosforiileeritud STATI ja STAT3 transkriptsioonifaktoritele ning
vérskest verest moddeti fosforiileeritud STATI taset. Avatud kromatiini uuri-
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miseks genoomis kasutati kromatiini immunopretsipitatsiooni meetodit. Frag-
menteeritud DNA sadestati uuritava antikehaga H3K4me3, mis on seotud avatud
kromatiiniga, ning pretsipiteeritud genoomi fragmendid sekveneeriti.

Neljalt tervelt kontrollisikult eraldati 1L-27 tsiitokiini uurimiseks PBMC-d.
Vererakke stimuleeriti IL-27 tsiitokiinidega, mis olid metsiktiilipi jarjestusega
ning p.Leul19Pro missenssvariandiga. Seejdrel sooritati geeniekspressiooni-
analiilis STAT] signaaliraja mérklaudgeenidele STATI ning IRF'I.

APECED patsientidel esinesid mutatsioonid A/RE geenis. Lisaks CMC-le
ilmnes patsientidel ka teisi komplikatsioone ning autoimmuunseid siimptomeid.
Sealjuures ei esinenud iihelgi patsiendil sicca stindroomi ning neile ei sooritatud
immunosupressiivset ravi. APECED patsientide eksperimendid viidi 14bi varske
vere, plasma, PBMC, suudone biopsia ning siiljeproovidega. Voolutsiitomeetriga
detekteeriti limaskestaga-seotud invariantsete T (MAIT) rakkude tasemed. Lutsi-
feraasil pohineva immunopretsipitatsiooni analiilisiks kasutati patsientide plasma-
ning siiljeproove, mille kaudu moodeti 1L-22, IL-17A/F, IFN-a, LCN1 ja S100
subtiilipide vastaseid autoantikehasid. Erinevate tsiitokiinide tasemeid mdodeti
plasma- ning siiljeproovidest Luminex tehnoloogiaga. Suuddne biopsia
proovidest moddeti geeniekspressiooni tasemeid Illumina ekspressioonianaliiiisi
kiibi abil. Ekspressioonitasemeid analiiiisiti seejarel IPA tarkvaraga kasutades
GREAT andmebaasi. Candida albicans’i kontsentratsioon arvutati siiljest
isoleeritud DNA-ga ldbiviidud qPCR abil. Lisaks sooritati patsientide ja
kontrollisikute siilje mikrobioota vordlemiseks bakteriaalse 16S rDNA jérjestuste
sekveneerimine.

Uurimistoo tulemused:

Antud doktoritdo detekteeris STA T mutatsiooniga patsientidel selge interferooni
signatuuri — ISG geenide ekspressioon veres oli tuntavalt tdusnud. IFN-a tase
korreleerus ISG ekspressioonitasemetega hésti, samas ei olnud veres tsirkuleeriva
IFN-a kontsentratsioon konstantselt korge. Jargnevalt uurisime kromatiini olekut
patsientides. Katsetulemused néitasid, et avatud kromatiini mérgis H3K4me3 oli
korgemalt rikastunud ISG-de 1dhedal STATI GOF patsientide genoomis. Lisaks
parast tsiitokiinidega stimuleerimist ndgime STAT! GOF rakkudes fosforiileeri-
tud STAT1 ja STAT3 transkriptsioonifaktorite héiritud tasakaalu.

Kéesolevas uurimistods leidsime, et IL-27 mutantne p.Leul19Pro variant
pOhjustas markimisvéérselt madalamat STAT! ja IRFI geenide ekspressiooni-
taset CD4+ T rakkudes.

Antud t60s detekteerisime APECED patsientide veres vidhenenud MAIT
rakkude arvu. Patsientide siiljes esinesid IFN-a ja IL-22 vastased autoantikehad,
mis omakorda vdivad mdjutada suu limaskesta kaitsebarjddri funktsiooni. Suu-
00ne biopsia geeniekspressioonianaliilis nditas lokaalsete antimikroobsete pep-
tiiddide DEFB103A/B ja SI00A12 geeniekspressiooni langust patsientides. Geeni-
ekspressiooni andmed t6id APECED patsientides esile AHR transkriptsiooni-
faktori, mis on vajalik IL-22 rakkude produktsiooniks. Geeniradadeanaliiiisi
pohjal leidsime patsientidel kahjustunud antimikroobse vastuse ning iileméérase
poletikulise vastuse. Lisaks detekteeriti geeniekspressiooni pohjal rakkude
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kahjustunud mitoos ning rakutsiikkel. Samuti oli patsientide siiljeproovides tdus-
nud proinflammatoorsete tsiitokiinide tase. Lisaks sellele tdheldati, et APECED
patsientide siilje mikrobioota oli suurema varieeruvusega vorreldes tervete
kontrollisikutega.

Uurimisto6 kokkuvote ja jiareldused:

STATI mutatsiooniga patsientide interferooni signatuuri kinnitavad varasemad
uuringud, kus STAT! GOF rakkude stimuleerimisel IFN-dega in vitro indutseeri-
takse mérkimisvéarselt kdrgemalt ISG-sid vorreldes tervete kontrollisikutega.
Kiisimusi tostatab vastuolu, kuidas ISG-de kdrge tase esineb ka juhul, kui IFN-a
tase on alla detektsiooni piiri. Otsesed tdendid kiill veel puuduvad, kuid STAT/
GOF patsientide hiiperfosforiileeritud STAT1 ja korge ISG tase voib pdhjustada
pikemat vo0i tugevamat seondumist kromatiinile. Sellest tulenevalt on oluline
uurida kromatiini olekut patsientides. Kuna avatud kromatiini mérgis on STAT/
GOF patsientides korgemalt rikastunud ISG-de ldhedal, vdib jdreldada, et
muteerunud STAT1 soodustab kromatiinile seondudes epigeneetilisi muutusi,
mis on vastavuses korgete ISG ekspressioonitasemetega ning tdusnud reaktiiv-
susega I tiilipi IFN-de suhtes, mis voib omakorda soodustada autoimmuunsust.
Lisaks pérast tsiitokiinidega stimuleerimist esineb STAT! GOF patsientides
fosforiileeritud STAT]1 ja STAT3 transkriptsioonifaktorite héiritud tasakaal, mis
voib sellest tulenevalt segada STAT3 funktsioneerimist. Antud t66 tulemused
nditavad, et kuna viirusevastaste interferoonide toime on patsientide rakkudes
voimendunud, v4ib see olla pdhjuseks, miks neil esineb rohkem autoimmuunseid
haigusi.

IL-27 mutantne p.Leul 19Pro variant pdhjustab markimisvaarselt madalamat
STATI ja IRFI geenide ekspressioonitaset CD4+ T rakkudes. Sellest tulenevalt
voib jéreldada, et IL-27 rs181206[C] variant omab kaitsvat rolli T1D vastu, kuna
STATI signaaliraja aktiveerimine on héiritud. Antud doktoritd6 tulemused iihti-
vad ka varem publitseeritud andmetega hiiremudelites, kus IL-27 soodustab T1D
teket ning [L-27 puudulikkus inhibeerib T1D arengut.

APECED patsientide veres detekteeritud vihenenud MAIT rakkude arv voib
voimendada IL-22 puudulikkust, kuna MAIT rakud on IL-22 tsiitokiini produt-
seerijad. Patsientide siiljes esinevad IFN-a ja IL-22 vastased autoantikehad
voivad omakorda mojutada suu limaskesta kaitsebarjddri funktsiooni. APECED
patsientides esinevad lokaalsete antimikroobsete peptiidide DEFB103A/B ja
S100A12 geeniekspressiooni langus ning héiritud AHR transkriptsioonifaktori
t60, mis on vajalik IL-22 rakkude produktsiooniks. Varasemad hiireuuringud
nditavad AhR inhibeerivat vastust pdletikule 14bi IL-22, seega APECED pat-
sientides voib olla héiritud pdletiku inhibeerimine. Patsientides on detekteeritud
kahjustunud antimikroobne vastus ning voimendunud pdletikuline vastus. Lisaks
leiti geeniekspressiooni pohjal rakkude kahjustunud mitoos ning rakutsiikkel.
Sellest tulenevalt v3ib olla kahjustunud epiteeli kaitsefunktsioon ja paranemine.
Patsientide siiljes on tdusnud proinflammatoorsete tsiitokiinide tase. Varasemalt
on APECED patsientidel ndidatud suu ja sdogitoru kasvaja esinemist tingituna
Candida infektsiooni tekitatud pdletikust. Seega vdib kasvaja teke olla seotud
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konstantse pdletiku ning IL-22 puuduliku kaitsega. APECED patsientide siilje
mikrobioota suurem varieeruvus vorreldes tervete kontrollisikutega voib olla
pohjustatud IL-22 defitsiidist.

Tanu monogeensete haiguste tunnustele ning geneetiliste variatsioonide esine-
misele aitab kéesolev doktoritod selgitada tsiitokiinide mehhanisme inimese
immuunsiisteemis.
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