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Abstract

Inflammatory immune response is essential for maintaining the defense against invading
pathogens, although its aberrant activation leads to impaired self tolerance and development of
autoimmune pathologies. Interleukin-17A (also known as IL-17), is a major proinflammatory cytokine,
which contributes to the development and maintenance of inflammation and provides protection
against several bacterial and yeast infections. However, extreme activation of IL-17 signaling leads to
autoimmune pathologies. Thus, a strict regulation of IL-17 signal transduction is crucial to prevent
progression of autoimmunity.

Non-degradative ubiquitination is one of the main mechanisms regulating IL-17 signaling.
Main E3 ubiquitin ligase within this signal transduction is TRAF6, which is also participating in several
signaling pathways within the immune system. Non-degradative polyubiquitin chains created within
inflammatory signaling complexes recruit signaling proteins such as IKK complex and TAK1 kinase,
crucial for triggering of NF-kB and MAPKs downstream pathways. However, activation of these
pathways upon IL-17 is very weak in comparison with other inflammatory stimuli, indicating a
presence of a strong negative feedback loop.

In this thesis, we establish the role of several regulatory molecules in IL-17 signaling. First, we
clarified the role of TBK1 and IKKe kinases in IL-17 signaling. We have revealed that these kinases
serve as negative regulators of IL-17-mediated signal transduction, thus providing a major negative
feedback loop. As the second part, we have found a new component of IL-17 receptor signaling
complex, a plasma membrane localized protein CMTM4, which is necessary for assembly of IL-17
receptor signaling complex and subsequent triggering of IL-17-induced signaling. Thus, our findings
provide new insights into how IL-17 signaling is activated and reveal new regulatory molecules which
might be in future targeted for therapeutic modulation of IL-17-induced signaling in autoimmune

disorders.
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Abstrakt

PfestoZe je zanétlivd imunitni odpovéd duleZitd pro obranu proti patogenim, prehnana
aktivace imunitniho systému muZe vést k poruse tolerance vlastnich tkani a rozvoji autoimunitnich
onemocnéni. Interleukin-17A (téZ oznacovan jako IL-17), jakoZto prozanétlivy cytokin ptispiva k
rozvoji a udrZeni obranné imunitni reakce a poskytuje ochranu proti fadé bakteridlnich nebo
plisnovych infekci. PFehnana aktivace IL-17 signalizace vSak mUze vést k rozvoji autoimunity. Proto je
regulace IL-17 signalizace klicova pro zabranéni rozvoje autoimunitnich patologii.

Nedegradujici ubikvitinace je jednim z hlavnich mechanismi regulace IL-17 signalizace,
zprostredkovdana predevsim TRAF6 E3 ubikvitin ligdzou sdilenou nékolika signdlnimi drahami v ramci
imunitniho systému. Nedegradujici polyubikvitinové fetézce v zanétlivych drahach aktivuji signalni
proteiny jako IKK komplex a TAK1 kindzu, které jsou klicové pro aktivaci NF-kB a MAPK signdlnich
drah. Signalizace pres IL-17 je vSak v porovnani s ostatnimi zanétlivymi stimuly velmi slabd, coz
naznacuje pritomnost silné negativné zpétné vazby.

V této praci se ndm podafilo objasnit roli nékterych regulaénich molekul v IL-17 signalizaci.
Nejprve jsme otestovali roli kindz TBK1 a IKKe v IL-17 signalizaci. Zjistili jsme, Ze tyto kindzy funguji
jako negativni reguldtory IL-17 signalni transdukce a podili se tak na hlavni negativni zpétné vazbé.
Téz jsme objevili novy protein v ramci IL-17 receptorového signalniho komplexu, protein CMTM4
lokalizovany na plazmatické membrané, ktery slouZi jako klicovda molekula pro slozeni IL-17
receptorového komplexu a naslednou aktivaci IL-17 signalizace. Nase zjisténi by mohla pfispét k
porozuméni, jak aktivace IL-17 signalni transdukce probiha a odhalit nové potencialni regulatory,
které by v budoucnu mohly slouzit jako cile pro terapii autoimunitnich chorob zplsobenych

nadmérnou signalizaci pres IL-17.
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1. Introduction

Interleukin-17 (IL-17), also known as IL-17A, is an important proinflammatory cytokine which
protects our body against several invading pathogens, especially bacteria and yeast. IL-17 belongs to
the IL-17 family, consisting of 6 known inflammatory cytokines IL-17A to IL-17F. All family members
share a certain sequence and structural homology and bind to receptors from related IL-17 receptor
family composed of 5 members IL-17RA to IL-17RE [1, 2]. Within IL-17 family, IL-17A and IL-17F are
the most closely related proteins. Moreover, both cytokines can function either as IL-17A or IL-17F
homodimers or IL-17A/F heterodimer and bind the same heteromeric receptor compounded of IL-
17RA/IL-17RC [2]. Because IL-17A is the most studied member of IL-17 family, this thesis focuses
specifically on this protein and its receptors, although our findings can very likely be directly applied
to IL-17F.

IL-17 is produced by a variety of cell types, including cells of innate immune system such as
myeloid cells, natural killer (NK) cells, yoT cells or type 3 innate lymphoid cells (ILC3) [3]. It was also
reported that NKT cells are able to produce quite high amounts of IL-17 [4]. However, the main
production of IL-17 is secured by Th17 cells, a special population of CD4* T helper cells [5]. Th17
differentiate from lymphoid T cell precursor in the presence of TGF-B and IL-6 cytokines.
Subsequently, IL-23 is crucial for expansion and maintenance of Th17 population [6, 7]. Major
transcriptional factor of Th17 cells is the retinoic acid receptor-related orphan receptor y-T (RORyt),
which promotes formation of Th17 lineage and activates transcription of IL-17 [7, 8].

The main cell types responding to IL-17 stimulation are epithelial, endothelial and fibroblast
cells. Their stimulation with IL-17 results in production of various proinflammatory and antimicrobial
products. These include cytokine IL-6 as an acute phase protein, chemokines such as IL-8, CXCL1 and
CXCL2 which help with neutrophil activation, prostaglandin E2 (PGE-2), defensins and mucins or
granulocyte colony stimulating factor (G-CSF) [9-11]. In general, all these products contribute to the
activation and maintenance of inflammatory immune response.

Biological activity of IL-17 serves particularly for the elimination of bacterial, fungal and yeast
infections. Patients unable to produce or signal via IL-17 suffer from oral or chronic mucocutaneous
candidiasis (CMC) caused by Candida albicans [12, 13] and infections caused by Staphylococcus
aureus [14]. By contrast, excessive activation of IL-17 downstream signaling contributes to the
development of several autoimmune diseases such as psoriasis, systemic lupus erythematosus,
psoriatic arthritis or multiple sclerosis [11, 15]. Currently, neutralizing antibodies targeting primarily

IL-17, IL-17RA or IL-23 are used for the treatment of human psoriasis disease [16]. However, further



studies in IL-17 receptor complex signaling might reveal new possible approaches which might help
to treat patients suffering from IL-17-mediated pathologies.

Following section describes crucial components of IL-17 proximal receptor complex, a nuclear
factor NF-kB activator 1 (Actl, also known as connection to IkB kinase and stress-activated kinase
(CIKS)) and tumor necrosis factor receptor (TNFR)-associated factor 6 (TRAF6), which are absolutely

essential for triggering of IL-17 downstream signaling.
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1.1. Act1 and TRAF®6 are crucial components of IL-17 receptor complex

Non-degradative ubiquitination is one of the main posttranslational modifications influencing
signal transduction in cells, including signaling via IL-17. The process of ubiquitination is ensured by
ubiquitin-proteasome enzymatic cascade consisting of three enzymes, an ubiquitin-activating (E1),
ubiquitin-conjugating (E2) enzyme and ubiquitin-protein ligase (E3). The main function of E3 enzyme
is to determine the substrate which will be ubiquitinated [17, 18].

As previously mentioned, both IL-17A homodimer and IL-17A/F heterodimer signal through a
receptor complex compounded of two receptor subunits IL-17RA and IL-17RC [19]. Intracellular part
of IL-17R family members contains several structural and interacting domains such as similar
expression of fibroblast growth factor and IL-17R (SEFIR) domain, which is to a certain extent
homologous to Toll/IL-1 receptor (TIR) domain found in IL-1/Toll-like receptor superfamily [20, 21].
SEFIR domain is essential for recruitment of Actl adaptor [22, 23]. Actl contains its own SEFIR
domain located in the C-terminus, thus forming a homotypic interaction with the SEFIR of IL-17RA
and IL-17RC in the receptor complex [23]. Apart from SEFIR domain necessary for binding of Actl to
the receptor complex, Actl contains a TRAF-interacting motif in its N-terminal part, which enables
the interaction with members of the TRAF family, especially TRAF6 [24]. Thus, the main function of
Actl in IL-17 signaling is to recruit TRAF6 to receptor signaling complex (Figure 1). Subsequently,
TRAF6 creates a non-degradative polyubiquitin chains recruiting several signaling proteins activating

downstream pathways, which will be discussed in following section.
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IL-17RA IL-17RC

Plasma membrane
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=

TRAF-C

K63 poly-Ub

Fig. 1.: Structure of IL-17 proximal receptor signaling complex.

IL-17 binds to receptor complex consisting of subunits IL-17RA and IL-17RC. These receptor subunits
contain intracellular SEFIR domain, enabling recruitment of SEFIR domain of Actl. Actl possesses a
N-terminal TRAF-interacting motif, through which it interacts with TRAF-C domain of non-
degradative E3 ubiquitin ligase TRAF6. Activated TRAF6 then creates a non-degradative polyubiquitin
chains which recruit effector proteins to induce downstream signaling.
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TRAF6 belongs to TRAF family composed of six classical members TRAF1 to TRAF6 and one
atypical protein TRAF7. It is a family of related proteins sharing a similar secondary structure. TRAF6
is highly conserved across species and is expressed in numerous tissues in mammals. It contains
several interacting domains and motifs crucial for maintenance of its biological function [25] (Figure
2).

One of these domains represents a really interesting new gene (RING) domain in the N-
terminus. Similarly as other family members except TRAF1, TRAF6 has an ubiquitin ligase activity,
which is provided by RING domain. Thus, TRAF proteins belong to a family of RING domain E3
ubiquitin ligases which are able to create a non-degradative, lysine-63 (K63)-linked poly-ubiquitin
chains [17]. TRAF6 functions in the complex with heterodimeric E2 conjugating enzyme composed of
Ubc13 and UevlA. In this complex, UevlA contains an ubiquitin-binding site and provides contact
between the acceptor and the donor of ubiquitin, while Ubc13 is crucial for auto-ubiquitination of
TRAF®6. Interaction of TRAF6 with Ubc13 requires the RING domain together with the first zinc finger
motif within N-terminus. Moreover, RING domain is crucial for TRAF6 dimerization, which is together
with auto-ubiquitination essential for TRAF6 activation and biological function [26].

RING domain is followed by several zinc finger domains and a trimeric TRAF domain located
in the C-terminus and divided into two subdomains TRAF-C and TRAF-N (also known as coiled-coil
domain). TRAF-C domain is essential for protein-protein interactions, thus enabling TRAF6 and other
family members to directly interact with several receptor complexes and downstream adaptors
within signaling pathways, such as Actl, CD40, RANK or adaptors within IL-1R and TLR signaling
(described below). Moreover, this domain is needed for TRAF6 oligomerization [25]. On the other
hand, TRAF-N domain was shown to contribute to TRAF6 autoubiquitination and for its interaction
with Ubc13/Uev1A E2 enzymatic complex [27, 28].

In conclusion, Actl is a crucial molecule within IL-17 signal transduction required for the
recruitment of TRAF6 and thus proper assembly of IL-17 proximal receptor signaling complex which is

pivotal for activation of downstream signaling pathways.
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TRAFI1

TRAF2

TRAF3

TRAF4

TRAFS

TRAFs

TRAF7

CHINGY RING domain [E) Zinc finger Coiled-coil domain (TRAF-N)
[[RFY rAFC ) wWD40 domain

Fig. 2.: Structure of TRAF family proteins.

TRAFs contain various structural domains, such as RING domain in the N-terminus, followed by
several, frequently five zinc fingers. In the C-terminus a TRAF domain is located and is separated into
two distinct motifs TRAF-N, also called a coiled-coil domain, and TRAF-C. Adapted from [29].
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1.2. TRAF6-mediated ubiquitination is the main activator of IL-17 signal
transduction

As already mentioned, TRAF6 belongs to the family of E3 ubiquitin ligases which create a
K63-linked polyubiquitin chains (Figure 1) that recruit several important signaling complexes
activating downstream signaling pathways.

One of the complexes recruited to K63-polyubiquitin chains is IkB kinase (IKK) complex
compounded of 3 subunits IKKa, IKKB and IKKy also known as NEMO protein. In this complex,
adaptor NEMO serves as a regulatory subunit and binds polyubiquitin linkages, while kinases IKKa
and IKKB act as catalytic subunits mediating phosphorylation of target proteins [30]. The main
function of IKK complex is phosphorylation of the inhibitor of NF-kB (IkB), which in unstimulated cells
upon normal conditions interacts with nuclear factor kB (NF-kB) transcriptional factor, thus
preventing its transport to nucleus and activation of its transcriptional activity [30]. Upon cell
stimulation, IKK complex is activated and phosphorylates IkB at two serine sites S32 and S36, leading
to its K48-linked ubiquitination and subsequent degradation, which enables release of NF-«kB
followed by its translocation to nucleus and transcription of target genes [28, 31].

Another protein recruited to synthesized polyubiquitin chains is transforming growth factor
B-activated kinase 1 (TAK1) which forms a complex with adaptors TAB2 and TAB3 [32, 33]. Both TAB2
and TAB3 contain a zinc finger motif by which these adaptors bind polyubiquitin chains and thus
recruit TAK1 complex to polyubiquitin linkages [33], which induces TAK1 activation and subsequent
triggering of downstream mitogen-activated protein kinase (MAPK) pathways. Also, TAK1 complex is
required for activation of NF-kB transcriptional factor as it phosphorylates IKKB subunit at two serine
sites S177 and S181 within IKK complex and enables activation of its kinase activity crucial for
degradation of IkB [28, 32].

These signaling complexes are recruited to K63-linked polyubiquitin chains upon stimulation
of numerous receptors within the immune system. Moreover, this signaling scheme is shared
between three main inflammatory signaling pathways activated upon IL-1, TNF-a and IL-17 [34, 35].
However, although being similarly triggered, activation of downstream pathways such as MAPKs or
NF-kB is upon IL-17 significantly weaker in comparison to other proinflammatory stimuli IL-1 and
TNF-a, suggesting a presence of a strict regulation of IL-17 signaling. The mechanism of IL-17 poor
signaling activation was previously unclear.

In conclusion, TRAF6 has a highly pivotal role in triggering of IL-17 signaling by creating the
non-degradative polyubiquitin chains, which provide a scaffold for binding of crucial signaling
components IKK complex and TAK1 kinase, contributing to the activation of both NF-kB and MAPKs
pathways [31, 36].
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1.3. TRAF6 in other signaling pathways

TRAF6 participates in numerous signaling pathways activated both by innate and adaptive
immunity and also in the maintenance of bone homeostasis. TRAF6, similarly as other family
members, was termed after its direct association with several receptors from TNFR superfamily, such
as CD40 or RANK. However, apart from its role in IL-17 signaling, the role of TRAF6 was mainly
characterized in signal transduction upon interleukin-1 receptor (IL-1R) and is also employed by
several members of Toll-like receptor (TLR) superfamily [37].

Both TLR and IL-1R signaling contributes to the activation of immune response. TLRs and IL-
1R interact with microbial components which results in activation of inflammatory pathways and
subsequent production of proinflammatory cytokines and chemokines. Interaction of these receptors
with pathogens induces recruitment of adaptor molecules such as myeloid differentiation primary-
response protein 88 (MyD88) and Toll-interleukin receptor domain containing adaptor-inducing
interferon-B (TRIF), thus activating either MyD88-dependent or TRIF-dependent pathway. In MyD88-
dependent pathway, an interleukin receptor associated kinase 4 (IRAK4) associates with MyD88
adaptor and subsequently it binds other kinases from IRAK family, especially IRAK1, 2 and/or 3. These
kinases contain a C-terminal extension with incorporated TRAF-interacting motif, which enables
binding of TRAF6 and Ubcl13/UevlA E2 enzymatic complex to the TLR/IL-1R receptor signaling
complex [35, 37, 38]. Following its recruitment, TRAF6 ubiquitinates itself and also IRAK1 kinase,
which is crucial for triggering of downstream pathways [39]. TRAF6 participates also in MyD88-
independent/TRIF-dependent pathway activated predominantly upon TLR3 and/or TLR4 stimulation,
in which it binds to receptor complex via TRAF3 and ubiquitinates RIP1 kinase which in turn activates
NF-kB and interferon regulatory factor (IRF) pathways [35, 38, 40].

As already mentioned, through its TRAF-C interacting domain TRAF6 directly associates with
several receptors from TNFR superfamily such as RANK, a receptor involved in bone homeostasis,
and CD40. CD40 is a crucial costimulatory molecule on the surface of myeloid cells, especially
macrophages and dendritic cells (DCs). In dendritic cells, stimulation via CD40 is required for surface
expression of major histocompatibility complex (MHC) class Il. and other costimulatory molecules
such as B7.2., which is lowered in the absence of TRAF6. This leads to attenuated proliferation of
antigen-specific T cells. Similarly, dendritic cells-mediated production of cytokines such as IL-12 or IL-
6 is TRAF6-depedent. Thus, TRAF6 is a crucial molecule for the maturation and biological activity of
DCs and subsequent effective T cell responses [41]. TRAF6 also participates in the process of CD40-
induced vacuole-lysosome fusion through autophagy, which is crucial for elimination of pathogens,
such as Toxoplasma gondii in macrophages [42]. In addition, TRAF6 is needed for macrophages-

dependent cytokine production, such as IL-12, which is dependent on CD40 stimulation and Src
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tyrosine kinase activity, leading to activation of MAPKs and triggering of downstream pathways
which results in target genes expression [43]. Altogether, TRAF6 is essential for maturation and
effector functions of antigen-presenting cells (APCs), which in turn activate adaptive immune
responses.

Apart from APCs, CD40 is a crucial molecule for development, proliferation and maintenance
of biological activity of B cells. While interacting with CD40, TRAF6 is required for secretion of
immunoglobulins (lg), affinity maturation and class switching. These processes are disrupted in
TRAF6 deficient B cells which are able to produce only low-affinity IgM class of Ig. TRAF6 has also a
positive regulatory effect on IL-6 production, which in turn helps with Ig secretion. Moreover,
deletion of TRAF6 led to reduced numbers of mature B cells both in the bone marrow and spleen.
Apart from this, TRAF6 was shown to up-regulate the levels of B-cells surface co-stimulation
molecule B7.1., which was significantly decreased in the absence of TRAF6. TRAF6 is also required for
the generation of memory B cells and long-lived plasma cells producing antibodies (Ab) [44-46].

In conclusion, TRAF6 ubiquitin ligase is shared by several important pathways within both the
innate and adaptive immune system and thus serves as crucial molecule which influences several

biological processes in various cell types.
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1.4. TRAFG6 deficiency

Since being broadly shared within signaling pathways of numerous receptors across the
immune system, biological activity of TRAF6 has an important regulatory effect on various cell types
and processes. TRAF6 has a pivotal role in the embryonic development as its deficiency causes
reduced prenatal survival [47, 48]. In case of viable pups, defects in TRAF6 cause substantial weight
loss and severe inflammatory phenotype, which results in mortality quickly within 2 weeks after
birth. These mice show impaired signaling upon stimulation via lipopolysaccharide (LPS), CD40L or IL-
1 and develop disrupted peripheral tolerance because of impaired development of peripheral lymph
nodes (LN) accompanied by immune cell infiltrates in various tissues [49]. Moreover, several types of
LN such as mesenteric, mandibular or axillary are completely absent in TRAF6 deficient mice and
these mice exhibit a splenomegaly, which indicates requirement of TRAF6 for the development of
secondary lymphoid organs [47, 48].

Dendritic cells-specific deletion of TRAF6 leads to spontaneous impairment of mucosal
tolerance and development of Th2 pathological response in mice, located primarily in the small
intestine. These mice show higher levels of infiltrated eosinophils and Th2 CD4* T cells both in small
intestine and lungs [50-52] and higher serum levels of IgE [50]. By contrast, levels of forkhead box P3
(FoxP3)* Tregs are significantly reduced in these tissues, similarly as the presence of commensal
microbiota in gut, which is in accord with and contributes to impaired mucosal immune tolerance
[50, 51]. Moreover, levels of IL-2, which is a crucial cytokine for the development of Tregs, were also
lowered in TRAF6-deficient mice, suggesting that TRAF6-deficiency-dependent reduction of Tregs
levels might be caused by decreased production of IL-2 by DCs [51]. In addition, Tregs-specific
deletion of TRAF6 results in progression of allergy and autoimmune phenotype in these mice,
because of the preferred polarization to Th2 pathogenic response in the periphery. Also, Tregs-
specific TRAF6 deficiency causes loss of FoxP3 and mild increase in the expression of T-bet and GATA-
3 transcriptional factors, thus preventing the differentiation of Tregs. Moreover, TRAF6-deficient
Tregs have a stronger tendency for Th2-specific cytokine secretion, such as IL-4. Thus, TRAF6 is
crucial for proper proliferation, expansion and maintenance of Treg population, which in turn
regulates the progress of Th2 immune response and controls the development of Th2-specific
pathologies [53].

Apart from a crucial role of TRAF6 in the immune system in which it drives the development
of lymphoid tissues, it was revealed to participate also in the bone homeostasis. TRAF6 knockout
mice have shortened long bones, possess reduced bone marrow cavities, show an abnormal bone
formation and impaired RANK signaling which prevents precursor differentiation into functional

osteoclasts and impairs a bone remodeling [47, 48].
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2. Mass spectrometry analysis of IL-17R signaling
complex

This thesis is a part of a research project, in which our laboratory studies signal transduction
of IL-17 cytokine. Predominantly, we focus on discovery of novel regulators of IL-17 signaling and on
establishing the mechanism how these regulators influence activation of downstream pathways.
Proper understanding of IL-17 activation might reveal new possible targets for treatment of
autoimmune diseases caused by IL-17.

My colleagues from Laboratory of adaptive immunity developed a strategy, how to study
signaling outcomes triggered by stimulation of IL-17 receptor signaling complex (IL-17RSC) via IL-17A.
In this approach they prepared a recombinant ligand containing tandem affinity purification tag
(2xStrep tag, 1xFlag tag) followed by either murine of human IL-17. This ligand was subsequently
used for cell stimulation which resulted in assembly and activation of IL-17 receptor signaling
complex. Stimulated and control cells (left untreated) were solubilized in 1% n-Dodecyl B-D-
maltoside (DDM) containing lysis buffer and IL-17 recombinant ligand was added post lysis to control
samples. Solubilized samples were cleared by centrifugation and subjected to tandem affinity
purification of assembled proximal receptor signaling complex [54].

Isolated IL-17 receptor complex was subsequently analyzed via mass spectrometry (MS),
which revealed a variety of proteins that are recruited to IL-17 receptor signaling complex and very
likely directly involved in IL-17 signal transduction. These proteins included a number of proteins
already known to be associated with IL-17R. However, the analysis also revealed some new
components in IL-17 pathway (Figure 3a, b).

For our next research projects we have chosen a TBK1 and IKKe kinases and a newly
discovered protein within IL-17 signaling termed CMTM4, which will be described in following

sections.
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Fig. 3.: Mass spectrometry analysis of IL-17RSC

A: Scheme of tandem affinity purification. Cells were stimulated with recombinant ligand containing
a SF-purification tag. Cell stimulation resulted in assembly of IL-17 receptor signaling complex, which
was subsequently isolated and analyzed by MS.

B: List of molecules recruited to IL-17RSC revealed by MS analysis. Newly discovered components are
indicated in red.
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3. TBK1 and IKKe kinases

TANK-binding kinase-1 (TBK1), also known as NF-kB-activating kinase (NAK), and IkB kinase
epsilon (IKKe), also known as the inducible kinase (IKKi), are highly homologous kinases closely
related to IKKa and IKKB kinases [55, 56]. TBK1 was discovered due to its binding to TRAF family
member-associated NF-kB activator (TANK) adaptor, while IKKe was identified based on its homology
with IKKa and IKKB. Both IKKa and IKKB were established as canonical kinases because they are
components of IKK kinase complex crucial for the activation of NF-kB pathway and production of
target proinflammatory cytokines and chemokines. On the other hand, TBK1 and IKKe kinases are
considered as non-canonical as they are not part of this kinase complex [55].

In case of the innate immune system, both TBK1 and IKKe seems to have very similar
functions. However, in vivo the biological activity of TBK1 seems to be more important as deficiency
in TBK1 kinase cause liver apoptosis degeneration resulting in lethality during embryonic
development. In comparison, IKKe defects preserve the viability but cause increased susceptibility to
viral infections [57, 58].

Both TBK1 and IKKe kinases were shown to be involved in the regulation of interferon (IFN)-B
production upon TLR stimulation or viral infection. IFN-f3 together with IFN-a belongs to type I. IFNs
crucial for the anti-viral immune responses. Production of IFN-B is induced predominantly upon viral
infection and regulated via several pathways and transcriptional factors such as NF-kB and especially
IRF-3 or IRF-7 [59]. Also, TLR3 and TLR4 stimulation with their ligands induces IFN-B expression via
TRIF-dependent IRF-3 activation. IRF-3 is considered to be an initiator of IFN-P gene expression, while
IRF-7 serves as its amplifier. TBK1 and IKKe were shown to phosphorylate IRF-3 on several
serine/threonine sites upon viral infection, followed by its homodimerization and transport to
nucleus where it activates transcription of IFN-B gene [60, 61]. Apart from viral infection, TBK1
deficiency also resulted in reduced expression of IFN-B and IFN-inducible genes upon stimulation
with LPS, indicating the effect of TBK1 activity in TLR4-mediated IFN-B expression [59, 62]. However,
expression of IFN-B was only partially reduced upon poly(l:C) stimulation in the absence of TBK1,
while complete reduction was achieved while TBK1/IKKe double deficiency. Thus, both kinases
participate in activation of IRF-3 pathway and regulate immune response crucial for elimination of
viral infections [59, 62].

Recently, both TBK1 and IKKe kinases were reported to participate in signaling pathway upon
TNF stimulation, especially in the regulation of TNF-induced cell death [63, 64]. TNF proinflammatory
cytokine signals through two distinct receptor complexes. Complex | is associated with receptor
TNFR1 and is crucial for activation of transcriptional factors and target genes expression. In contrast,

cell death-inducing complex Il is formed upon release of receptor-interacting protein kinase (RIPK)-1
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from complex | to cytoplasm. RIPK1 subsequently recruits FADD and caspase-8 to induce apoptosis or
RIPK3 which can activate programmed necroptosis [65]. Within TNFR signaling pathways, a linear-
ubiquitin chain assembly complex (LUBAC) composed of 3 proteins, a heme-oxidized IRP2 ubiquitin
ligase 1 (HOIL-1), SHANK-associated RH-domain-interacting protein (SHARPIN) and a catalytic subunit
HOIL-1-interacting protein (HOIP), and possessing E3 ubiquitin-ligase activity is essential for
preventing of TNF-induced cell death [66, 67]. While recruited to TNFR1 signaling complex (TNFR1-
SC), LUBAC creates linear (also known as M1) polyubiquitin linkages on target proteins, such as RIPK1
or NEMO protein, a regulatory molecule within IKK complex [34, 68, 69]. RIPK1 is subsequently
phosphorylated by activated IKK complex, which prevents the formation of complex Il and induction
of cell death [70].

LUBAC complex is essential for the recruitment of TBK1 and IKKe kinases to TNFR1 as their
activation and association with the receptor complex was reduced in HOIP-deficient cells. As already
mentioned, TBK1 was identified according to its ability to associate with TANK adaptor [55] which is
recruited to TNFR1 dependently on HOIP. Recruitment of IKKe but not TBK1 was completely
abolished in the absence of adaptor TANK, which suggested that there is additional adaptor for TBK1
kinase recruitment. This second adaptor might be represented by nucleosome assembly protein 1
(NAP1) as TBK1 recruitment was not observed in TANK/NAP1 double knock-out cells. Thus,
association of TBK1 to TNFR1 relies on mutual presence of both TANK and NAP1 adaptors while TANK
alone is sufficient for the recruitment of IKKe [63]. Subsequently, both adaptors are brought to TNFR
via NEMO protein, which is recruited to receptor signaling complex via M1-ubiquitin chains created
by LUBAC complex. In conclusion, while also being part of IKK complex, NEMO serves as a crucial
molecule for recruitment of both canonical and non-canonical IKKs to TNFR1 complex [63].

In contrast to other signaling pathways, TBK1 and IKKe are not involved in the TNF-induced
activation of transcriptional factors and subsequent gene expression. Instead, both kinases were
shown to protect cells from induction of apoptosis or necroptosis as their chemical inhibition and
depletion led to markedly increased sensitivity to cell death. This is caused by TBK1/IKKe-mediated
phosphorylation of RIPK1 in TNFR1, which prevents its activation and a formation of complex Il. Thus,
activity of TBK1 and IKKe kinases provides a crucial mechanism in preventing TNF-induced, RIPK1-

dependent cell death and decreases susceptibility to lethal shock in vivo [63].
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3.1. TBK1 and IKKe kinases in IL-17 signaling

TBK1 and IKKe were also described to participate in IL-17-mediated signaling. However, the
published data concerning the role of these kinases were inconsistent, as they were described to
function both as positive and negative regulators of signaling.

Upon IL-17 stimulation, these kinases were described to associate with Actl [71, 72], a crucial
adaptor within IL-17 proximal receptor signaling complex, of which activity is necessary for triggering
of IL-17-induced activation of transcriptional factors and their downstream signaling pathways such
as NF-kB or MAPKs (as discussed above). Although IKKe was shown to participate in regulation of
MAPKs pathways, its deficiency did not affect the rate of NF-kB activation. Instead, IKKe was shown
to promote IL-17-dependent chemokine mRNA stabilization [71].

IL-17-mediated signaling contributes to the expression of proinflammatory cytokines and
chemokines both by transcription of target genes and production of corresponding products de novo,
and posttranscriptionally by prolonging the half-life of already produced mRNAs. Although IKKe
deficiency had no impact on expression of chemokine genes such as CXCL1 de novo and their levels
were similar to that in WT, these mRNAs were degraded more quickly in IKKe-deficient cells in
comparison to WT, suggesting a crucial role of IKKe in IL-17-dependent mRNA stabilization [71].
Moreover, a biologically inactive IKKe mutant failed to contribute to the stabilization, indicating that
this process is dependent on IKKe kinase activity [71].

IL-17 stimulation induces the phosphorylation of adaptor Actl, however, its phosphorylation
was affected in the absence of IKKe, indicating the importance of IKKe kinase activity for this process.
IKKe-mediated Actl phosphorylation was described to take place at serine 311, which is situated
adjacent to putative TRAF-interacting motif required for association of TRAFs with Actl and thus IL-
17R. Phosphorylation of S311 within Actl promoted binding of TRAF2/TRAF5, which is involved in
regulation of mRNA stability [71, 73].

TBK1 was also shown to contribute to the prolongation of IL-17-induced mRNAs stabilization.
One of the mechanisms causing the decay of each mRNA is the process of decapping mediated by a
decapping enzymes such as Dcpl. Actl was reported to form complexes with several proteins
involved in the regulation of mRNAs stability, such as Dcpl, SF2 or HuR (human antigen R) [74, 75].
Upon IL-17 stimulation, TBK1 but not IKKe mediates phosphorylation of Dcpl at S315 which blocks its
decapping activity but not its interaction with Actl. Thus, TBK1-mediated Dcpl phosphorylation
prolongs a half-lives of target mRNAs [72]. In conclusion, both TBK1 and IKKe kinases are involved in
the regulation of IL-17-induced stabilization of mRNA transcripts encoding main targets of IL-17

signal transduction. However, their role in IL-17-dependent activation of transcriptional factors
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leading to de novo production of IL-17 target products, including primarily numerous
proinflammatory cytokines and chemokines such as CXCL1, remained poorly understood.

By contrast, another study described TBK1 and IKKe kinases to phosphorylate Actl adaptor
on 3 serine sites which resulted in reduced downstream signaling. This suggests that both kinases act
negatively on IL-17 signaling [76]. However, the mechanism of TBK1/IKKe-mediated inhibition was
not completely clarified and this article is often misinterpreted or ignored. Thus, the role of TBK1 and

IKKe in IL-17 signaling long remained controversial.
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4. CMTMA4 protein

CKLF-like MARVEL transmembrane domain containing protein 4 (CMTM4) belongs to poorly
examined CMTM family consisting of 8 proteins CMTM1-8, each containing a transmembrane
MARVEL domain which possesses 4 transmembrane helices and N- and C-terminus both with
intracellular orientation. This domain was originally identified in proteins of myelin and lymphocyte
(MAL), similarly as in physins, gyrins and occludin family. MAL protein was shown to regulate apical
transport of both secretory and transmembrane molecules. Moreover, some of MARVEL-containing
proteins are also involved in the vesicular transport or regulation of tight junctions. Thus, MARVEL
domain was termed after MAL and related proteins for vesicle trafficking and membrane link [77].

CMTM proteins are divided into two groups according to the chromosome where encoded.
The first group contains CMTM1-4 and is encoded on chromosome 16, while the second group
consisting of CMTM6-8 is encoded on chromosome 3 in humans [78]. By contrast, murine proteins
from the first group are located on chromosome 8, while from the second on chromosome 9. Both
murine and human CMTMS5 is encoded on chromosome 14. Proteins from CMTM family were shown
to regulate a transport and localization of several surface and/or secretory molecules. However, the
role of these proteins is still poorly understood.

The most studied member of this family is CMTM6, which was reported to associate with
programmed death ligand-1 (PD-L1), a major significant inhibitory molecule within the immune
system. PD-L1 is a transmembrane protein expressed predominantly in tumors or immunoprivileged
sites such as brain or anterior chamber of the eye. Its receptor programmed death receptor-1 (PD-1)
is primarily expressed on activated T-cells. Interaction between PD-L1 with PD-1 on the surface of T-
cells results in the reduction of T-cell activation, effector function and expansion. It was reported that
depletion of CMTMBG6 significantly reduced the total PD-L1 levels in melanoma cells or cells of breast
and lung cancer [78]. However, CMTMG6 failed to promote stabilization of PD-L1 in all tested cancer
cell lines, such as HAP1 cells, indicating that there might be another protein involved in this process.
Other studies revealed, that biological function of CMTM6 is shared with its most closely related
member within CMTM family, a CMTM4 protein which possesses about 55% homology with CMTM®6
[79, 80]. Depletion of CMTM6 led to markedly reduced expression of PD-L1, which was more
significant in the absence of CMTMA4. In addition, biological activity of CMTM4 resulted in complete
restoration of PD-L1 expression in CMTM®6 knock-out cells, suggesting that CMTM4 might also serve
as a crucial regulator of this checkpoint molecule expression [79, 80]. This indicates that both
CMTM4 and CMTM6 are crucial molecules regulating the expression of PD-L1 in cancer cell lines.
Moreover, mRNA levels of PD-L1 were the same both in the presence and the absence of CMTM4/6,

indicating that CMTM4/6 do not serve as transcriptional regulators of PD-L1 gene expression [78-80].

25



PD-L1 molecule contains several N-glycans which provide protection against
endoglycosidase-H and thus prolong the half-life of PD-L1 mRNA. The process of glycosylation takes
place both in endoplasmic reticulum (ER) and Golgi. Although CMTM6 was shown to be unnecessary
for PD-L1 trafficking between ER, Golgi and the plasma membrane, it is required for its stabilization
on the cell surface and cells lacking CMTM®6 are unable to preserve the PD-L1 expression for longer
time. This is caused by impaired recycling of PD-L1 in CMTM®6 knock-out cells. CMTM6 associates
with PD-L1 also in recycling endosomes [78] and the absence of CMTM4/6 causes higher
ubiquitination of PD-L1, likely leading to its degradation in proteasome. Thus, CMTM4/6 deficiency
results in reduced re-expression of PD-L1 on the cell surface caused by its higher proteasomal
degradation and reduction in its protein levels [78-80].

These days, blocking antibodies targeting either PD-L1 or its receptor PD-1 are used for the
treatment of several cancers, as blocking of this checkpoint signaling pathway stimulates T-cell
specific anti-tumor effector functions. However, cancer cells are able to actively manipulate the
activity of PD-L1/PD-1 axis, thus preventing anti-tumor immunity. This ability of cancer cells results in
lowered responsiveness of some patients to this type of therapy. Thus, therapeutic approach
blocking PD-L1/PD-1 axis cannot be used for the whole spectrum of cancers and the efficacy differs in
each patient [81, 82]. Interestingly, CMTM®6 deficiency was at the same efficacy in blocking the tumor
progression in comparison with anti-PD-L1/PD-1 blocking Ab or PD-L1 deletion. This indicates that
CMTMA4/6 might represent promising targets for future treatment of human cancers and might help
to increase the efficacy of existing therapeutic approaches [78-80].

Besides the regulation of PD-L1 surface expression and stabilization, CMTM4 was also shown
to be involved in the process of angiogenesis. Angiogenesis is indispensable during the
embryogenesis and is also included in a wound-healing. However, its excessive activation might also
contribute to the tumor progression and abnormalities in angiogenesis might cause cardiovascular
pathologies. Since the angiogenesis is crucial during embryogenesis, the experiments done with
zebrafish larvae model showed a pivotal role of CMTM4 protein as its silencing negatively affected
the embryonic development. CMTM4 depletion in endothelial cells blocked a neovascular formation
and a significant reduction in the number of junctions, similarly as in the number and length of
tubules [83].

As mentioned above, CMTM4 was established to colocalize with and drive the recycling of
PD-L1 checkpoint molecule. Similar function was observed during angiogenesis where CMTM4
colocalizes with markers of recycling vesicles such as Rab4, similarly as with vesicles determined to
lysosomal degradation through the association with Rab7 marker. Thus, CMTM4 is involved in the
process of endocytosis, in which it contributes to both the recycling and the lysosomal degradation of

transported contents. Analysis of CMTM4 cell localization revealed that CMTM4 colocalizes with both
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internalized and membrane form of vascular-endothelial (VE)-cadherin [83], which is an important
constituent of adherent junctions located between endothelial cells and its reduced surface levels
result in impaired vascular stability [84]. The colocalization between CMTM4 and VE-cadherin helps
to recycle and stabilize VE-cadherin within the adherent junctions by providing its connection to actin
cytoskeleton, thus contributing to the endothelial barrier function and stability of these adherent
junctions [83].

In conclusion, CMTM4 protein seems to be a crucial molecule in regulation of expression,
stability and recycling of cell surface molecules. Our results obtained from MS analysis revealed
CMTM4 to be a new component of IL-17-induced signal transduction. Thus, our studies aimed to
elucidate the role of CMTM4 in IL-17-mediated signaling because its role in this signal transduction

pathway was not described yet.
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5. Aims of the thesis

This thesis consists of two parts. The first part aims to elucidate the role of TBK1 and IKKe
kinases in IL-17 signaling. Although these kinases are known to influence IL-17 signal transduction,
their role still remained poorly understood and controversial. It was published that phosphorylation
of Actl by IKKe is crucial for recruitment of TRAF2/5 complex to IL-17R, resulting in stabilization of
mRNA and removal of IKKe kinase decreases activation of this pathway [71]. Another study revealed
that depletion of TBK1 kinase also lowered IL-17-mediated mRNA stability and production of IL-17
target genes, such as CXCL1 or TNF-a [72]. These studies suggest that both kinases TBK1 and IKKe
serve as positive regulators of IL-17 signaling pathways. Nevertheless, TBK1 and IKKe kinases were
also described to phosphorylate Actl adaptor on 3 serine sites which resulted in reduced
downstream signaling, suggesting both kinases to act negatively on IL-17 signaling [76]. Thus, our aim
was to resolve the function and mechanism how these two kinases influence IL-17-mediated signal
transduction.

The second part focuses on newly discovered component of IL-17 signal transduction, a
CMTM4 protein, whose role in IL-17-induced signaling wasn't described so far. The main aim of this

part is to elucidate if CMTM4 affects IL-17 signaling and how is this potential regulation mediated.
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6. Material and methods

6.1. Cell lines and cell culture

ST2 cells were kindly provided by Jana Balounova (Institute of Molecular Genetics, Prague).
Hela, Hek293, @NX-Eco and @NX-Ampho cells were kindly provided by Tomas Brdi¢ka (Institute of
Molecular Genetics, Prague). All cells were cultivated on 10-cm dishes at 37°C, 5% CO, in complete
DMEM medium containing 10% fetal bovine serum (FBS, Gibco) and penicillin/streptomycin
antibiotics mix (Biosera). Cells from each cell line were frozen in FBS containing 10% DMSO and
stored at -80°C for future use. Each cell line was tested for Mycoplasma contamination regularly by

PCR reaction.

6.2. Production and testing of recombinant SF-IL-17 ligand

Recombinant SF-IL-17 ligand composed of CD33 leader, 6xHis, 2xStrep tag, 1xFlag tag, and
either murine IL-17 (AA 26-158) or human IL-17 (AA 24-155) was prepared using GeneArt Gene
Synthesis (Thermo Fisher) and together with pcDNA3.1 vector cleaved via restriction reaction (Table
1). Cleaved samples were analyzed by agarose gel electrophoresis (1% agarose in TAE buffer (2M Tris,
50 mM EDTA, 1M Acetic acid) with 10.000x diluted EIiDNA Green Ultra) and DNA was isolated from
the gel using Zymoclean Gel DNA Recovery Kit (Zymo Research, #D4001).

Cleaved insert and vector were mixed in ligation reaction (Table 2) and incubated at the
room temperature overnight. The next day, constructs were transformed into competent bacteria
and cultivated on ampicillin plates overnight. The ligation was tested via PCR reaction (Table 3 and 4).
Successfully transformed colonies were inoculated into LB medium, incubated overnight at 37°C on a
shaker and used for the isolation of prepared plasmids using Plasmid Mini Kit Il (E.Z.N.A., Omega Bio-
Tek, #D6945-02). Isolated DNA was eluted in dH,0, tested via sequencing and stored at -80°C.

Reagent Volume
10x Green Buffer 2 ul
Kpnl 0.5 ul
Apal 0.5 ul
H.0 12 ul
Insert/vector 5ul
Total 20 ul

Table 1: Restriction reaction
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Reagent Control Ligation
Cleaved vector 4l 4 ul
Cleaved insert - 4 ul

10x T4 Ligase buffer 1ul 1ul

T4 Ligase 1l 1l

H.O 4 ul -
Total 10 pl 10 pl

Table 2: Ligation reaction

Primers used:

#R178 pcDNA3.1Seq FWD  ccactgcttactggcttatcg
#R179 pcDNA3.1 Seq REV caacagatggctggcaacta
Reagent 1 sample concz:‘tz:lation
PPP mix 10 ul 1x
Primer mix (50 uM each) 0.2 ul 0.5 uM
H.0 8.8 ul -
Bacterial culture 1l -
Total 20 ul -

Table 3: Preparation of PCR master mix

Number of Temperature Duration
cycles
1x 95 °C 3 min
95 °C 30s
30 x 60 °C 30s
72°C 2 min (1 min/kb)
1x 72°C 5 minutes

Table 4: PCR reaction

Prepared recombinant SF-IL-17 was produced in HEK293 cells. Cells were grown on 15-cm
dish to 70-90% confluency. At the day of transfection, the medium of HEK293 cells was changed for
fresh DMEM containing 0,5% FBS without ATB. Transfection was performed using 75 pg of
polyethylenimin (PEI, Polysciences) mixed with 30 pg of DNA (Table 5). The mixture was incubated at
the room temperature for 10 min and then added to target cells. The medium of target cells was
changed for fresh complete DMEM (+ FBS, + ATB) 3 hours after transfection and cells were incubated
3 days at 37°C. Afterwards, supernatant was collected and purified using His GraviTrap TALON
column (GE Healthcare). Samples were washed and eluted with 20 mM and 350 mM of imidazole,

respectively. Imidazole was subsequently removed using centrifugal filter (Merck Millipore, 30kDa
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molecular weight cutoff) and followed by 3 washes with purification buffer (50 mM sodium
phosphate pH 7,4, 300 mM Nacl). Isolated recombinant ligands were mixed with glycerol to obtain
50% glycerol stock, stored at -80 °C and used for cell stimulation. Concentration of purified ligands
was measured by NanoDrop (ND-1000, Thermo Fisher).

Production of recombinant ligands was subsequently tested - ligands were mixed with SDS
sample buffer (250 mM Tris pH 6.8, 8% SDS, 40% glycerol, 0.2% bromophenol blue), reduced with 50
mM dithiothreitol (DTT), loaded on SDS-PAGE gel and stained with Coomassie InstantBlue

(Expedeon).
Reagent Required for 1 dish
DNA 30 ug DNA
PEI 75 ul PEI (1 pg/ul)
DMEM (- FCS/- ATB) 1ml

Table 5: Preparation of transfection solution

6.3. Cell stimulation and Western blot analysis

ST2 and Hela cells were grown on 12-well plates to 90% confluency, washed and cultivated
for 30-60 min in serum-free DMEM medium without ATB. Cells were separated into non-stimulated
control group and a second group activated with either murine of human recombinant SF-IL-17
ligand (500 ng/ml) for indicated time points. After stimulation, cells were lysed in 1% n-Dodecyl-b-D-
Maltoside (DDM) (Thermo Fisher) containing lysis buffer (30 mM Tris pH 7.4, 120 mM NacCl, 2 mM
KCl, 2 mM EDTA, 10% glycerol, 10 mM chloroacetamide, 10 mM Complete protease inhibitor cocktail,
and PhosSTOP tablets (Roche)) and incubated for 30 min at 4°C. Afterwards, samples were
centrifugated (21,130 g, 30 min, 2°C) and mixed with SDS sample buffer containing 50 mM DTT and
boiled (92°C, 3 min).

Prepared samples were separated using SDS-PAGE electrophoresis and subsequently
transferred on a nitrocellulose membrane (0,45 um pore size, GE Healthcare, Amersham Protran).
Membranes were blocked in 2,5% milk (P-Lab, 2.5% milk, 0.02% NaN3s). Signaling in cells was tested
using primary and secondary antibodies listed below (Tables 6 and 7). After staining, membranes
were incubated with ECL solution (1M Tris pH 8.5, 1.25 mM Luminol, 0.2 mM p-Coumaric Acid, 0.02%

H>0>) and analysis was performed using a ChemiDoc MP Gel Imaging System (Bio-Rad).
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6.4. Immunoprecipitation of IL-17R signaling complex

For isolation of IL-17RSC, ST2 or Hela cells were grown on 15-cm dishes and cultivated for
30-60 min in serum-free DMEM medium without ATB and then stimulated with mixture containing
serum-free DMEM medium and either murine or human SF-IL-17 ligand (500 ng/ml) for 15 min. After
stimulation, cells were lysed in 1% DDM (Thermo Fisher) containing lysis buffer (30 mM Tris pH 7.4,
120 mM NacCl, 2 mM KCI, 2 mM EDTA, 10% glycerol, 10 mM chloroacetamide, 10 mM Complete
protease inhibitor cocktail, and PhosSTOP tablets (Roche)) and incubated 30 min on ice. Into non-
activated samples, recombinant SF-IL-17 ligand was added post-lysis as a control. All samples were
subsequently cleared by centrifugation (21,130 g, 30 min, 2°C). Clear samples were incubated with
anti-Flag M2 affinity agarose gel (Sigma) overnight and the next day washed 3x with 0,1% DDM
containing lysis buffer, mixed with SDS sample buffer with 50 mM DTT and boiled (92 °C, 3 min).
Samples were analysed via immunoblotting using primary and secondary antibodies listed below

(Tables 6 and 7).

6.5. Antibodies

Antigen Specificity Company Cat. number
p-TBK1 rabbit Cell Signaling #5483S
TBK1 rabbit Cell Signaling #3013
p-IKKe rabbit Cell Signaling #8766S
murine IKKe rabbit Cell Signaling #3416S
human IKKe rabbit Cell Signaling #2905S
NEMO rabbit Santa Cruz #sc-8330
TANK rabbit Cell Signaling #2141S
NAP1 rabbit Abcam #ab192253
IkBat rabbit Cell Signaling #9242S
p-pl105 rabbit Cell Signaling #4806S
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p-p38 rabbit Cell Signaling #4511S
p-SAPK/INK rabbit Cell Signaling #4671S
TRAF6 rabbit Abcam #ab40675
IL-17RC goat R&D #AF2270-SP
GFP rabbit Sigma #SAB4301138
cCMTM4 rabbit Sigma #HPA014704
Actl mouse IgG1 Santa Cruz #sc-398161
FLAG mouse IgG1 SIGMA #F3165
B-Actin mouse 1gG2b Cell Signaling #3700

Table 6: List of primary antibodies used for immunoblotting and flow cytometry analysis

Specificity Company Cat. number
Donkey Anti-Rabbit IgG (H+L) Jackson Immunoresearch #147745
- HRP
Goat Anti-Mouse IgG1 — HRP Jackson Immunoresearch #148255
Goat Anti-Mouse 1gG2b — Jackson Immunoresearch #149717
HRP
Donkey AntXFGG(jla; 18G (H+L) - Jackson Immunoresearch # 148548

Table 7: List of secondary antibodies used for immunoblotting and flow cytometry analysis
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6.6. Cell reconstitution using retroviral vectors

Coding sequence of CMTM4 protein was fused to mCherry, sequences of IL-17RA and IL-17RC
were fused to either C-terminal 2xStrep-3xFlag tag or EGFP and all these sequences were inserted
into pBabe retroviral vector expressing GFP under SV40 promoter (vector was kindly provided by
Matous Hrdinka, University Hospital Ostrava, Czech Republic). Prepared constructs were sequenced
and used for transfection of Phoenix platinum Eco (for murine ST2 cell line) or Phoenix platinum
Ampho cells (for human Hela cell line). Cells were grown on 6-well dishes to 50-70% confluency and
transfected in the presence of Lipofectamin 2000 (Invitrogen) solution (Table 8). The Lipofectamine
solution was incubated for 5 min at the room temperature and then mixed with DNA constructs and
incubated once again for 20 min. At the day of transfection, the medium of Phoenix cells was
changed for fresh DMEM containing 10% FBS without ATB and the DNA/Lipofectamine solution was
added to each well. Cells were incubated overnight and the next day the medium was changed again
for fresh DMEM containing 10% FBS without ATB. The next day, supernatants with produced viruses
were collected, passed through 0.2 pl filter into 15ml falcon tube and in the presence of polybrene (6
ug/ml, Sigma) added to target cell lines. 0,5 ml of viral supernatants were frozen and stored at -80°C
for future use. The transfection was performed by centrifugation (spinfection, 2500 rpm, 45 min,

30°C), cells were incubated for 24 hours and sorted for GFP positivity using FACSAriallu flow

cytometer.
Reagent 1 sample
Lipofectamine 2000 5ul
DMEM 125 pl

Table 8: Lipofectamine solution

6.7. Flow cytometry

Flow cytometry was performed in order to detect surface expression of IL-17RC. Cell
suspensions of WT and CMTM4 KO cells reconstituted with IL-17RC-EGFP were spinned down (400 g,
3 min, 4°C) and resuspended in FACS buffer (PBS, 2% FBS, 0.1% NaNs). Cells were stained for 30 min
on ice using an anti-IL-17RC primary antibody (diluted 100x) (goat, #AF2270-SP, R&D, Table 6). After
staining, cells were washed with FACS buffer and stained with Donkey Anti-Goat I1gG (H+L) AF647
(diluted 500x) (#152199, Jackson Immunoresearch, Table 7) secondary antibody. Surface expression
of IL-17RC was measured on Bricyte E6 flow cytometer and data were analyzed using FlowJo

software (TreeStar).
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6.8. Fluorescent microscopy

WT and CMTM4 KO cells expressing either IL-17RC-EGFP alone or expressing both IL-17RC-
EGFP and CMTM4-mCherry were used. Cell suspensions were stained with Hoechst33342 (Thermo
Fisher) for 5-10 minutes. After incubation, cells were washed with HBSS medium (low Ca?*) and fixed
for 5 minutes in formaldehyde solution (10x diluted formaldehyde in PBS, Sigma). Fixed cells were
resuspended in HBSS medium (low Ca%) and the cell suspensions were added into 8 chambered
coverglass system (Cellvis C8-1.5H-N). Fluorescent microscopy was performed using an Olympus

Delta Vision Core (inverted microscope version IX-71, Olympus America Inc., Center Valley, PA, USA).

6.9. Statistics and data analysis

For the statistical analysis, a Prism (GraphPad Software) was used. Two-tailed nonparametric
Mann-Whitney statistical test was used to analyze results from flow cytometry experiments. Western
blot results were analyzed using Image Lab software (from Bio-Rad). Analysis of results from

fluorescent microscopy was performed using an Imagel software.

6.10. Chemicals and reagents

Reagent Company Cat. number
Agarose VWR #438795A
2-Chloroacetamide Sigma #C0267
Ammonium persulfate ThermoFisher Scientific, VWR #17874
p-Coumaric acid Sigma #C9008
Luminol Sigma #A8511
Powdered milk ROTH #T145.2
DMSO Sigma #D2650-100ML
Glycerol Sigma #G2025-1L
n-Dodecyl-beta-D-Maltoside ThermoFisher Scientific #89903
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DTT Sigma #D9779
Trypsin-EDTA Biosera #XC-T1717
EIiDNA Green Elisabeth Pharmacon #EDO3
T4 DNA Ligase ThermoFisher Scientific H#ELOO16

Kpnl RE ThermoFisher Scientific #FD0524
Apal RE ThermoFisher Scientific #FD1414
Polyethylenimin (PEI) Polysciences #23966-2
CoomasielnstantBlue Expedeon #ISB1L
MRT67307 inhibitor Tocris #5134
Lipofectamin 2000 Invitrogen #11668-027
Polybrene Sigma #TR-1003
Hoechst33342 ThermoFisher Scientific #62249
Formaldehyde Sigma #F8775-25ML
PPP master mix Top-Bio #C208
Sodium chloride Sigma #59888
Trizma base Sigma #T6066
Sodium dodecyl sulphate VWR H444464T
Glycine VWR #101196X
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EDTA. 2Na dihydrate VWR #33600,267
Trisma hydrochloride Sigma #T5941
Ponceau S Sigma #P3504
Bromophenol Blue Sigma #114391

Imidazole VWR #0527-100g

Table 9: List of used reagents and chemicals
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7. Results

The result section of this thesis has two parts. First part (Sections 7.1 - 7.4) focuses on the
role of TBK1 and IKKe kinases in IL-17 signaling. Second part (Sections 7.5 - 7.6) focuses on the
analysis of CMTM4 in assembly of IL-17RSC.

7.1. TBK1 and IKKe kinases associate with IL-17RSC upon IL-17 stimulation

TBK1 and IKKe kinases were described to be recruited to IL-17R complex upon IL-17
stimulation and also identified in our mass-spec analysis of IL-17RSC (Figure 3b). Both kinases are
strongly activated upon TNF-stimulation and protect cells from TNF-induced cell death [63].
However, their role in IL-17 is still poorly understood and highly controversial, as they were proposed
to function both as positive and negative regulators of IL-17 signaling (as discussed above).

TNF is very strong activator of downstream signaling, such as activation of c-Jun NH,-terminal
kinase (JNK) or p38 or NF-kB. In contrast, IL-17 induces only very mild activation of these pathways.
In the following set of experiments, we aimed to compare the activation of TBK1 and IKKe induced by
either IL-17 or TNF. We stimulated cells with either IL-17 or TNF-a recombinant ligands and analyzed
the activation of signaling pathways in these cells by immunoblotting. As expected, stimulation of
cells with TNF-a, but not IL-17, induced strong activation of MAP kinases JNK and p38. Moreover,
stimulation via TNF-a caused much stronger degradation of IkB protein, indicating substantially
higher activation of NF-kB pathway. However, our data very surprisingly showed that both TBK1 and
IKKe kinases were activated upon IL-17 either equally or at even higher level than upon TNF-a stimuli.
These data indicate that although IL-17 is, in general, only a weak activator of proinflammatory
responses, the pathway connected to TBK1 and IKKe is activated upon IL-17 with a significant

preference (Figure 4).
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Fig. 4.: TBK1 and IKKe kinases are recruited to IL-17RSC upon IL-17 stimulation

Western blot analysis of cells stimulated or not with recombinant SF-IL-17 (500 ng/ml) and TNF-a
(500 ng/ml) for indicated time points.

Results were obtained from three independent repetitions.

7.2. TBK1 and IKKe kinases serve as negative regulators of IL-17 signaling

To resolve the controversial function of these kinases in IL-17 signaling described by various
scientific publications, we analyzed signaling outcomes in cells with impaired function of TBK1 and
IKKe kinases. First, cells were incubated with highly specific TBK1/IKKe inhibitor MRT67307 inhibitor
or left untreated. Cells were subsequently stimulated with IL-17 and analyzed via immunoblotting for
activation of downstream pathways. Our results showed that in cells pretreated with MRT67307 the
signaling was upregulated and resulted in stronger activation of NF-kB and MAPKs compared to non-
treated cells, indicating that TBK1 and IKKe kinases might serve as negative regulators of IL-17
signaling pathways (Figure 5a).

In order to confirm our results from experiments with MRT67307 inhibitor, we generated
single knock-out cells deficient either in TBK1 or IKKe alone, or double knock-out cells deficient in
both kinases simultaneously. These knock-out cells were prepared using CRISPR/Cas9 method by my
colleagues in laboratory and were kindly provided to me for further experiments. Western blot
analysis of downstream signaling in these cells revealed that deficiency in both kinases led to
upregulation of IL-17-induced signaling in double knock-out cells (Figure 5b). Surprisingly, removal of

single kinase alone only slightly decreased activation of signaling pathways (results not shown). All
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together these data indicate, that TBK1 and IKKe kinases negatively regulate IL-17 signaling and their

function is reciprocally redundant.
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Fig. 5.: TBK1 and IKKe negatively regulate IL-17-induced signaling

A: Western blot analysis of cells either untreated or incubated for 30 min with MRT67307 inhibitor (2
uM). Cells were subsequently stimulated with recombinant SF-IL-17 (500 ng/ml) for indicated time
points.

B: Western blot analysis of WT and TBK1/IKKe DKO cells stimulated or not with SF-IL-17 (500 ng/ml)
for 15 min.

Results of each experiment were obtained from three independent repetitions.
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7.3. Activity of TBK1 and IKKe kinases causes release of TRAF6 from

signaling complex

In the next step we wanted to clarify the mechanism how these kinases reduce activation of
IL-17 signaling pathways. First, cells were either pretreated or not with MRT67307 inhibitor and then
were stimulated or not with IL-17 recombinant ligand for indicated time points. Subsequently cells
were solubilized and subjected to anti-Flag immunoprecipitation to isolate ligand and associated IL-
17RSC, and molecules recruited to receptor complex were analyzed by Western blot. The analysis
showed that chemical inhibition of kinases by MRT67307 inhibitor resulted in augmented
recruitment of TRAF6 to the proximal receptor complex via Actl adaptor, while recruitment of Actl
wasn't affected. However, our results also showed that inhibition of both kinases led to reduced
phosphorylation of Actl (Figure 6a, b), which is in conformity with previous studies describing the
ability of TBK1 and IKKe kinases to phosphorylate Actl at several serine sites [71, 76]. To confirm
results with chemical inhibition, we repeated analysis in TBK1/IKKe DKO cells, in which the absence of
both kinases also reduced the recruitment of TRAF6 and phosphorylation of Actl. These data
indicate that TBK1/IKKe-mediated phosphorylation of Actl at several sites inhibits recruitment of

TRAF6 and thus attenuates activity of signaling pathways such as NF-kB or MAPKs.
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Fig. 6.: TBK1 and IKKe kinases influence the assembly of proximal IL-17RSC

A, B: An anti-Flag immunoprecipitation of IL-17RSC from cells pretreated for 30 min or not with
MRT67307 inhibitor (2 uM) (A) or WT and TBK1/IKKe DKO cells (B). Cells were stimulated with SF-IL-
17 (500 ng/ml) for 15 min or left unstimulated and isolated IL-17RSC was analyzed by
immunoblotting. To unstimulated control samples SF-IL-17 ligand was added post-lysis.

Results of each experiment were obtained from three independent repetitions.

(*) unspecific background

7.4. NEMO protein recruits TBK1 and IKKe kinases to IL-17RSC

As last we studied how TBK1 and IKKe kinases associate with IL-17R complex. It was reported
that NEMO protein, a part of IKK kinase complex, brings TBK1 and IKKe kinases to TNFR signaling
complex upon TNF-a stimulation via binding of TANK and NAP1 adaptors [63]. Because TBK1 and IKKe
are known to associate with TANK and NAP1 [85, 86] and these adaptors were revealed by MS as
new components of IL-17RSC (described earlier, Figure 3), it made us to hypothesize that the
recruitment of TBK1 and IKKe kinases might work similarly upon both TNF-a and IL-17 stimulation.

To test this hypothesis, my colleagues generated and provided me with NEMO KO cells,
which were prepared using CRISPR/Cas9 method. We stimulated WT and NEMO KO cells with IL-17
recombinant ligand and subjected cellular lysates to anti-Flag immunoprecipitation in order to isolate
IL-17RSC. Our results demonstrated that TBK1 and IKKe were less recruited to IL-17RSC upon
stimulation in the absence of NEMO protein. The data also showed reduced levels of TANK and NAP1
adaptors recruitment in NEMO KO but not WT cells, indicating that recruitment of both adaptors and
kinases TBK1/IKKe to IL-17RSC requires the presence of NEMO. Moreover, TRAF6 ubiquitin ligase
recruitment to IL-17RSC was enhanced in NEMO KO cells (Figure 7), which confirms our previous

results indicating that activity of TBK1 and IKKe causes phosphorylation-mediated release of TRAF6
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from Actl and proximal signaling complex overall. All these data demonstrate that NEMO seems to
be a crucial protein for recruitment of TBK1 and IKKe kinases to IL-17RSC, causing a negative
feedback loop. These data are greatly surprising and to a certain extend unexpected, because NEMO,
as a component of IKK kinase complex, serves as a positive regulator of downstream signaling

pathways activation. However, it is also a major negative regulator of IL-17-induced signaling.
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Fig. 7.: TBK1 and IKKe kinase are recruited to IL-17RSC via NEMO protein

An anti-Flag immunoprecipitation of IL-17RSC from WT and NEMO KO cells stimulated with SF-IL-17
(500 ng/ml) for 15 min or left unstimulated. To unstimulated control samples SF-IL-17 ligand was
added post-lysis. Isolated IL-17RSC was analyzed by immunoblotting.

Results of each experiment were obtained from three independent repetitions.
(*) unspecific background

Altogether, we successfully elucidated the role of TBK1 and IKKe in IL-17-induced signaling
and the mechanism of how these kinases associate with IL-17RSC. Our results show that both kinases
are recruited via NEMO and serve as negative regulators of signal transduction. This attenuation of
signaling is caused by phosphorylation of Actl which results in release of TRAF6 from signaling
complex and premature termination of downstream signaling.

All these data are a part of our recently published paper: "Systematic analysis of the IL-17

receptor signalosome reveals a robust regulatory feedback loop" [54].
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7.5. CMTM4 is required for surface expression of IL-17RC in ST2 cells

Another molecule involved in IL-17 signaling and revealed by our MS analysis was protein
CMTMA4. CMTM4, similarly to its most closely related family member CMTM6, was described to be
involved in regulation of surface expression and stability of PD-L1, an important inhibitory molecule
in the immune system [78-80]. Therefore, we hypothesized that CMTM4 could also stabilize the IL-17
receptor or at least one of its subunits. IL-17RA is constitutively expressed on plasma membrane of
variety of cell types, including hematopoietic cells. On the contrary, surface expression of IL-17RC is
bound only to cells of non-hematopoietic origin [87, 88]. However, our data indicated that CMTM4 is
not directly regulating IL-17RA (data not shown). Thus, we aimed to analyze whether CMTM4
regulates the surface expression of IL-17RC.

In order to perform this analysis, we reconstituted WT and CMTM4 KO cell lines with IL-17RC,
which was fused with EGFP tag, and analyzed its surface localization via fluorescent microscopy. We
analyzed cells in suspension fixed in 10% formaldehyde. Microscopy images showed significant
difference in plasma membrane localization of IL-17RC between WT and CMTM4 KO cells as IL-17RC
was not expressed on the surface of CMTM4 KO cells (Figure 8a). These data indicate that plasma
membrane expression of IL-17RC is dependent on CMTM4.

To support our results from fluorescent microscopy analysis, we wanted to confirm
differences in IL-17RC surface expression via flow cytometry. For this analysis we used again WT and
CMTM4 KO cells reconstituted with IL-17RC-EGFP. Reconstituted cells were stained with IL-17RC-
specific primary antibody, which labeled only surface, but not intracellular IL-17RC. The analysis was
performed using flow cytometry which revealed a significantly reduced surface localization of IL-
17RC in cells lacking CMTMA4. Its expression was lowered approximately to 30 % compared to that in
WT cells (Figure 8b, c). However, the total GFP signal was comparable to that in WT cells (data not
shown), suggesting that while CMTM4 affects the surface expression of IL-17RC, it does not serve as
a regulator of its transcription. These data confirm our previous results from fluorescent microscopy

analysis, showing that plasma membrane expression of IL-17RC is dependent on CMTM4.
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Next, we analyzed whether CMTM4 and IL-17RC co-localize together on the cell surface. We
reconstituted IL-17RC-expressing CMTM4 KO cells with CMTM4 protein fused with mCherry tag and
analyzed membrane localization of both proteins. Indeed, the microscopy data confirmed that the
returning of CMTM4 protein into deficient cells rescued the IL-17RC membrane localization.
Moreover, the data showed a mutual overlapping of GFP and mCherry signals (Figure 8d), indicating

that IL-17RC and CMTM4 co-localize on plasma membrane.

A WT CMTM4 KO

B C

[J WT + IL-17RC unstain.
CMTM4 KO + IL-17RC unstain.

| WT + IL-17RC
[JCMTM4 KO + IL-17RC Surface |IL-17RC
100 2.0 9 p=0004
80 1 ™
% 15
60 1 (0]
= 1.0 1
40 1 ©
[0} J
o y 05 -
B ol 1R

10" 102 10° 10¢ 10°
B
Surface IL-17RC

45



CMTM4 KO reconstituted with CMTM4-mCherry

Fig. 8.: CMTM4 regulates transport and expression of IL-17RC on cell surface

A: Fluorescent microscopy analysis of IL-17RC surface expression in WT and CMTM4 KO cells
reconstituted with IL-17RC-EGFP. Cells were stained with Hoechst33342 (DAPI, blue) and measured
for GFP intensity (green).

B, C: Flow cytometry analysis of surface expression of IL-17RC in WT and CMTM4 KO cells
reconstituted with IL-17RC-EGFP. Mean + SEM from 5 independent experiments. Mann-Whitney test.
MFI = mean fluorescence intensity.

D: Fluorescent microscopy analysis of surface localization of IL-17RC and CMTM4 protein in CMTM4
KO cells reconstituted with IL-17RC-EGFP and CMTM4-mCherry. Cells were stained with
Hoechst33342 (DAPI, blue) and measured for GFP (green) and mCherry intensity (red).

Results of microscopy experiments were obtained from three independent repetitions.
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Surprisingly, immunoblotting performed on WT and CMTM4 KO cells expressing IL-17RC-
EGFP revealed a modification of IL-17RC in WT cells, represented by the band of higher molecular
weight, thus forming a double band of IL-17RC which was missing in CMTM4-deficient cells. Similar
modification was also observed in CMTM4 KO cells reconstituted with IL-17RC-EGFP and re-
expressed with CMTM4-mCherry (Figure 9a, b). It was published that extracellular domain of IL-17RC
includes several N-glycosylation sites [89]. Thus, it is likely that this modification might represent
glycosylated IL-17RC that is dependent on the presence of CMTM4 protein. Altogether, our data
indicate that CMTMA4 likely regulates the maturation and posttranslational modification of IL-17RC

and its plasma membrane localization.
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Fig. 9.: CMTM4 protein regulates posttranslational modification and maturation of IL-17RC subunit
A, B: Western blot analysis of WT and CMTM4 KO cells expressing or not IL-17RC-EGFP (A) or CMTM4
KO cells reconstituted with either only IL-17RC-EGFP alone or together with CMTM4-mCherry (B).
Results were obtained from three independent repetitions.
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7.6. CMTM4 is essential for activation of IL-17-mediated signaling

Our previous data showed that CMTMA4 is required for IL-17RC surface expression. Therefore,
we aimed to elucidate the role of CMTM4 in IL-17-mediated signaling. We prepared CMTM4 deficient
cells which were stimulated with recombinant SF-IL-17 and subsequently analyzed for signaling
pathways activation by immunoblotting. In comparison with WT cells, the analysis revealed a
significantly lowered levels of activated MAPKs such as JNK or p38, similarly as reduction in activation
of NF-kB pathway in the absence of CMTM4 (Figure 10a). Re-expression of CMTM4 deficient cells
with CMTM4 but not with empty vector rescued the signaling (Figure 10b). These data indicate that
CMTMA4 is a crucial protein for activation of downstream signaling.

Next, we stimulated WT and CMTM4 KO cells with IL-17 recombinant ligand for indicated
time points and cellular lysates were subjected to anti-Flag immunoprecipitation to isolate IL-17RSC.
Results showed reduced recruitment of both Actl adaptor and TRAF6 ubiquitin ligase to IL-17RSC in
KO cells, molecules necessary for signal transduction (Figure 10c). Recruitment of these molecules
was rescued again after re-expression of cells with mCMTM4 (Figure 10d). These results demonstrate
that CMTM4 protein is essential for proper assembly of IL-17R proximal signaling complex which is

crucial for triggering of IL-17 signaling.
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Fig. 10.: CMTMA4 protein has a pivotal role in activation of IL-17-mediated signaling

A, B: Western blot analysis of WT and CMTM4 KO cells (A) or CMTM4 KO cells reconstituted with
either murine CMTM4 or empty vector (E.V.) (B) stimulated or not with SF-IL-17 (500 ng/ml) for
indicated time points.
C, D: An anti-Flag immunoprecipitation of IL-17RSC from WT and CMTM4 KO cells (C) or CMTM4 KO
cells reconstituted with either murine CMTM4 or empty vector (E.V.) (D). Cells were stimulated with
SF-IL-17 (500 ng/ml) for 15 min or left unstimulated and isolated IL-17RSC was analyzed by
immunoblotting. To control samples SF-IL-17 ligand was added post-lysis.
Results of each experiment were obtained from three independent repetitions.

(*) unspecific background
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CMTM4 is a newly discovered component of IL-17-mediated signaling, whose function in this
signal transduction wasn't yet described. Our data revealed that CMTM4 is crucial for triggering of IL-
17 signaling and its absence leads to reduced activation of downstream pathways such as NF-kB and
MAPKs. This is caused by its essential role in maturation and subsequent localization of IL-17RC
subunit on plasma membrane. Taken together, CMTM4 regulates proper assembly of IL-17RSC which
is necessary for subsequent signal transduction and transcription of IL-17 target genes, which
contribute to activation and maintenance of inflammatory responses.

All these data are part of project which is currently in preparation for publication.

50



8. Discussion

IL-17 is a crucial proinflammatory cytokine protecting our body against several bacteria and
yeasts such as Candida albicans, which causes chronic mucocutaneous candidiasis disease (CMCD) in
patients with impaired IL-17 signaling. This protection is achieved by IL-17-induced activation of
MAPKs and NF-kB signaling pathways, resulting in production of chemokines and other inflammatory
and antimicrobial products, including IL-6, IL-8 or CXCL1. These products stimulate numerous
immune cells and subsequently activate their effector functions contributing to elimination of
invading pathogens. By contrast, excessive activation of IL-17 signal transduction is involved in the
development of several autoimmune pathologies including psoriasis and psoriatic arthritis. Thus, a
tight regulation of this signaling is essential in order to prevent IL-17-induced autoimmunity.

IL-17 is not a single cytokine, but belongs to family of several members from IL-17A to IL-17F.
Similarly, its receptor compounded of IL-17RA and IL-17RC subunits is a part of related family of IL-17
receptors, composed of 5 members IL-17RA-IL-17RE. However, IL-17A, which is usually referred as IL-
17, is the most studied member of this family. Due to this, in our projects we focused on the research
of signal transduction and its regulation upon IL-17A cytokine and its receptor IL-17RA/RC.

Interestingly, IL-17RA receptor subunit is shared by majority of IL-17 ligands, thus forming a
heteromeric receptor complexes binding different family members. As previously described, several
interacting domains are located in the cytoplasmic tail of IL-17RA. One of these highly important
domains is a SEFIR motif, which is crucial for recruitment of Actl to the receptor complex through
homotypic interaction and thus triggering the whole downstream signaling [22, 23]. Since IL-17RA
serves as a common receptor subunit shared by IL-17 members, it suggests that the signaling
mechanism might be common within IL-17 cytokine family.

Apart from IL-17RA, Actl is recruited via SEFIR-SEFIR interaction to another receptors from
IL-17R family, such as IL-17RE which forms a heteromeric complex with IL-17RA and serves as a
receptor for IL-17C, which also activates NF-kB and MAPKs signaling pathways similarly as IL-17A
[90]. Another receptor recruiting Actl is IL-17RB, which functions together with IL-17RA as receptor
for IL-17E, also known as IL-25 [91].

Altogether, signaling scheme used by IL-17A might be shared within IL-17 cytokines, as
several family members was shown to interact with Actl, a crucial adaptor for IL-17 signaling. This
indicates that the assembly of proximal receptor signaling complexes and their downstream signaling
might be triggered similarly within IL-17 family. However, the detailed mechanisms of downstream
signal transduction and complete understanding of how signaling via other IL-17 cytokines works is

still poorly explored and requires further research.
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Using the specific methodological approach my colleagues studied the assembly of IL-17RSC
via mass spectrometry. This analysis revealed a variety of molecules recruited to receptor signaling
complex, including kinases TBK1 and IKKe. Both kinases were shown to be strongly recruited and
activated upon IL-17 stimulation, which was similar to levels activated upon a strong inflammatory
stimulus TNF-a.

The role of TBK1 and IKKe in IL-17-induced signaling long remained controversial and not fully
understood. Both kinases were reported by two studies to be positive regulators of IL-17 signaling
and the ablation of either TBK1 or IKKe alone reduced triggering of downstream signaling, especially
the pathway leading to stabilization of already produced mRNAs [71, 72]. Another study confirmed
that defects in both kinases simultaneously led to significantly reduced signaling upon stimulation of
cells with IL-17 in combination with TNF-a [92]. However, it was recently demonstrated that the
absence of both TBK1/IKKe kinases results in cell death induced by TNF-a stimulation, which causes
higher susceptibility of mouse embryonic fibroblast (MEFs) used in this study to TNF-a-dependent
apoptosis or necroptosis [63, 64].

Nevertheless, another study using an overexpression system of either TBK1 or IKKe kinase in
double deficient cells demonstrated that both kinases negatively regulate IL-17 signaling by
phosphorylating of Actl on three specific serine sites, which in turn prevents recruitment of crucial
ubiquitin ligase TRAF6 [76]. By contrast, our study is based on using a knock-out experimental models
which properly explains the mechanism and thus resolves the controversy of TBK1/IKKe-mediated IL-
17 signaling regulation.

TRAF6 is a crucial molecule within IL-17 proximal receptor complex, which interacts with Actl
adaptor through its TRAF-interacting domain upon IL-17-mediated stimulation, and creates a K63-
linked non-degradative polyubiquitin chains essential for binding of several downstream signaling
complexes, especially TAK1/TAB2/TAB3 and IKK complex compounded of IKKa, IKKB and NEMO.
These complexes are recruited to K63-polyubiqutin linkages upon various stimuli and contribute to
activation of downstream MAPKs and NF-kB transcriptional factor. However, activation of
corresponding signaling pathways is significantly weaker upon IL-17 stimulation compared to other
proinflammatory stimuli.

NEMO serves especially as a regulatory molecule within IKK complex, thus enabling its
recruitment to K63-linkages. Surprisingly, our results revealed that NEMO also brings TBK1 and IKKe
to IL-17RSC through their interaction with TANK and NAP1 adaptors, which are known to associate
with NEMO [63].

TBK1 and IKKe were shown to be involved in regulation of numerous processes such as
autophagy, interferon response and TNF-a-induced cell death. Our data revealed that both kinases

serve as negative regulators of IL-17 signal transduction by mediating the phosphorylation of Actl,
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which causes reduced recruitment of TRAF6 to IL-17RSC. Moreover, deficiency in both kinases
simultaneously markedly enhanced activation of IL-17 signaling pathways. Thus, TBK1 and IKKe
provide a significant negative feedback loop, which might explain the weak inflammatory response to
IL-17 stimulation in cells. This also reveals a new inhibitory function of NEMO protein mediated
through the recruitment of both kinases to IL-17RSC, thus indicating a dual role of NEMO in IL-17
signaling, which is unexpected and was not described so far.

In conclusion, TBK1 and IKKe while brought to IL-17RSC via NEMO protein provide a negative
feedback loop, preventing the upregulated activation of IL-17 signal transduction (Figure 11). As the
IL-17 signaling is involved in the development of several autoimmune pathologies, this inhibitory axis
including TBK1, IKKe and NEMO might contribute to the control of proper IL-17 activation and to the

balance between required immune response and protection from autoimmunity.

Signaling pathways:
NF-kB, MAPKs (JNK, p38)

Fig. 11.: Role of TBK1 and IKKe kinases in IL-17 signal transduction

TBK1 and IKKe kinases are strongly activated upon IL-17 stimulation, which causes phosphorylation of
Actl adaptor on three serine sites. This phosphorylation prevents binding of TRAF6 ubiquitin ligase
and results in attenuated and prematurely terminated downstream signaling. Both TBK1 and IKKe
associate with TANK and NAP1 adaptors and in this complex are brought to IL-17RSC via NEMO
protein, which is also a component of IKK complex triggering IL-17 downstream pathways.
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Proximal receptor signaling complex is composed of two receptor subunits IL-17RA and IL-
17RC which bind an adaptor Actl. IL-17RA receptor subunit is expressed continuously on the surface
on numerous cell types, including cells of both hematopoietic and non-hematopoietic origin. By
contrast, IL-17RC can be found only on non-hematopoietic cells, especially epithelial, endothelial and
fibroblast cells [87, 88]. Thus, IL-17RC determines the cell types which will respond to IL-17
stimulation.

In our work we identified a new component of IL-17RSC, a CMTM4 protein, which was not
yet described within IL-17 signal transduction. CMTM4 belongs to poorly studied CMTM family and
its role in the immune system is poorly defined. It was reported that CMTMA4 is a crucial regulator of
surface localization and recycling of VE-cadherin [83], and together with its most closely related
family member CMTMBG6 is also involved in regulation of PD-L1 surface expression and transport to
cell plasma membrane [79, 80]. Our results suggest that CMTM4 has a pivotal role within IL-17
signaling in which it colocalizes with IL-17RC receptor subunit and regulates its maturation and
transport to the cell surface. Absence of CMTM4 prevents assembly of IL-17 proximal receptor
complex, especially binding of TRAF6, which reduces triggering of IL-17 signal transduction.

Therefore, CMTM4 is a new component of IL-17RSC and contributes to its proper assembly,
which is essential for recruitment of other signaling molecules such as Act1, TRAF6 and IKK and TAK1

complexes and for the activation of downstream pathways (Figure 12).
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Fig. 12.: Role of CMTMA4 protein in IL-17 signal transduction

CMTMA4 is a new component within IL-17 signal transduction, which is crucial for plasma membrane
transport and surface expression of IL-17RC receptor subunit. This enables proper assembly of IL-
17RSC, which recruits signaling molecules such as Actl and TRAF6 E3 ubiquitin ligase. TRAF6
subsequently creates K63-linked non-degradative polyubiquitin chains, which bind signaling proteins,
such as IKK complex and contribute to triggering of downstream signaling pathways such as MAPKs
and NF-kB.
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As already known, upregulated IL-17-induced signaling causes the development of several
autoimmune disorders, especially psoriasis. Nowadays, treatment of psoriasis is based on using of
neutralizing antibodies targeting predominantly IL-17A, IL-17RA and IL-23/IL-12 cytokines [16].
However, it might be possible to target other components of IL-17 proximal receptor complex, such
as IL-17RC and/or Actl. In contrast to IL-17RA, the expression of IL-17RC is restricted to tissues of
non-hematopoietic origin. Therefore, it might be reasonable to target this receptor subunit instead
of IL-17RA, which is much more ubiquitous [87, 88]. Importantly, as we discovered CMTM4 protein to
be a new component of IL-17RSC which participates in signaling activation, it might serve as a new
possible target for treatment of IL-17-induced autoimmune pathologies. In addition, since Actl is a
unique molecule in triggering of IL-17 downstream signaling, its blockade might specifically reduce
exclusively IL-17 signal transduction, while not affecting signaling pathways upon other stimuli. By
contrast, another component of IL-17 proximal receptor complex TRAF6 is extensively shared
molecule within the immune system and its targeting might cause numerous pathologies due to
impaired signaling from various stimuli and their receptors. Thus, treatment of IL-17-induced
autoimmune pathologies might target on molecules upstream from TRAF6 within IL-17 receptor

complex.
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9. Conclusion

Because precise regulation of IL-17 receptor complex signaling is essential in order to prevent
the development of IL-17-mediated autoimmunity, the main aim of this thesis, as well as our
projects, was to elucidate the role of several regulatory molecules of IL-17 signal pathway, which
included kinases TBK1 and IKKe and a newly discovered protein CMTMA4. These molecules were
revealed by MS analysis as a part of IL-17RSC, however, their function in signaling wasn't to date fully
understood.

In the first part dedicated to TBK1 and IKKe we ascertained that these kinases are extensively
activated upon IL-17 stimulation. While recruited to IL-17RSC via NEMO protein, they negatively
regulate activation of downstream signaling pathways by phosphorylation of Actl adaptor molecule
within proximal receptor signaling complex. This phosphorylation takes place at several sites of Actl
and prevents binding of TRAF6 ubiquitin ligase, leading to attenuated activation of downstream
pathways. In conclusion, recruitment of TBK1 and IKKe kinases to IL-17RSC results in negative
feedback loop, which likely contributes to the protection from IL-17-triggered autoimmunity.

In the second part we have established the role of new component of IL-17 signaling, the
protein termed CMTM4. Our data indicated a crucial role of this protein in IL-17 signaling activation
as it drives maturation and transport of IL-17RC subunit, an essential component of IL-17 receptor
complex, to the plasma membrane, thus enabling its subsequent association with the second, IL-
17RA subunit and final assembly of IL-17RSC.

In conclusion, we have successfully established the role of several regulatory molecules in IL-
17-mediated signal transduction. All these findings provide a new insight into IL-17 signaling
regulation and might contribute to proper understanding of how signaling via IL-17 is triggered.
Moreover, these obtained findings might be helpful for further research of potential therapeutic

targets for treatment of IL-17-induced autoimmune pathologies.
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