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Summary

Receptor cell-surface levels can be regulated by different mechanisms, namely internalization,
proteolytic cleavage of the membrane-bound receptor or synthesis of new receptors that are
transported to the cell-surface. Following internalization, the receptors are either transported
back to the cell-surface (recycling) or to lysosomes where they are degraded. IL-6 belongs to the
IL-6 cytokine family and plays an important role in pro- and anti-inflammatory processes. IL-6-
mediated signal transduction can occur via the membrane bound IL-6R, which is named classic
signaling, as well as via a soluble form of the IL-6R (sIL-6R), called trans-signaling. In both cases
intracellular signaling cascades are activated via a homodimer of glycoprotein 130 (gp130). The
majority of the sIL-6R is generated by proteolytic cleavage of the membrane-bound IL-6R by the
metalloproteases A disintegrin and metalloproteinase (ADAM) 10 and 17.

Internalization was already observed for the IL-6R and gp130, but it was unclear whether both
are degraded or recycled afterwards. Furthermore, it was unclear how IL-6 influences both
processes. Within this thesis, I could show that the IL-6R and gp130 are internalized in a clathrin-
and dynamin-dependent manner which was not influenced by IL-6. Furthermore, the intracellular
domain (ICD) of the IL-6R is dispensable for IL-6R internalization. Further experiments revealed
that on the one hand gp130 influences IL-6R internalization, but IL-6R is also internalized
independently of gp130. Furthermore, it could be shown that both receptors are recycled back to
the cell surface via Rab11-positive recycling endosomes but are also degraded in the lysosome.
Stimulation with IL-6 led to an increase in recycling of both receptors, but only degradation of
gp130 in the lysosome was enhanced.

Additionally, it was revealed that STAT3 signaling was only activated upon internalization of the
IL-6/IL-6R/gp130 signaling complex, indicating that signaling is initiated at endosomes.

Only little is known about endogenous stimuli leading to the release of sIL-6R in vivo. In
experiments with mice it could be shown that activation of the Toll-like receptor (TLR) 4 with
lipopolysaccharide leads to the release of sIL-6R. In contrast to mice, not the activation of TLR4,
but rather activation of TLR2, resulted in an increase in sIL-6R release in humans. As a source of
sIL-6R upon TLR2 activation, monocytes could be identified, and the underlying mechanism was
shown to be proteolytic cleavage of the membrane-bound IL-6R mediated by the metalloproteases
ADAM10 and ADAM17. Furthermore, TLR2 activation led to the activation of the ERK signaling
pathway. Inhibition of ERK signaling resulted in an increase in sIL-6R release, whereas IL-6
secretion was reduced, indicating opposing functions of the ERK signaling pathway in the
regulation of classic and trans-signaling.

The sIL-6R is also released constitutively but the responsible protease has not been clearly

identified so far. Using a screening procedure, cathepsin S was identified as a new protease that
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can proteolytically cleave the IL-6R. Further experiments revealed, however, that cathepsin S uses
a different cleavage site in the IL-6R in vitro as has been determined for the sIL-6R in vivo,

indicating that it is rather not involved in the generation of the constitutively released sIL-6R.
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Zusammenfassung

Die Oberflaichenexpression von Rezeptoren wird durch verschiedene Mechanismen reguliert.
Dazu zahlen Internalisierung der Rezeptoren, proteolytische Spaltung der membrangebundenen
Rezeptoren sowie die Generierung neuer Rezeptoren, welche an die Oberfldche transportiert
werden. Nach der Internalisierung von Rezeptoren kdnnen diese entweder an die Zelloberflache
zuriick transportiert werden (Recycling) oder im Lysosom abgebaut werden. Interleukin-6 gehort
zur Familie der IL-6 Zytokine und spielt eine wichtige Rolle in pro- und anti-inflammatorischen
Prozessen. IL-6-vermittelte Signaltransduktion kann sowohl durch einen membranstindigen
Rezeptor (IL-6R) als auch durch l6sliche Rezeptoren (sIL-6R) aktiviert werden, wobei
Signaltransduktion tiber den membrangebundenen Rezeptor als classic signaling bezeichnet wird
und Signaltransduktion iiber einen loslichen Rezeptor als trans-signaling. In beiden Fallen erfolgt
die Aktivierung intrazelluldarer Signalkaskaden durch ein Homodimer von Glykoprotein 130
(gp130). Der Grofsteil des sIL-6R wird durch proteolytische Spaltung des membrangebundenen
IL-6R durch die Metalloproteasen A disintegrin and metalloproteinase (ADAM) 10 und 17
generiert. Fiir den IL-6R und gp130 konnte bereits gezeigt werden, dass sie internalisiert werden.
Es war jedoch unklar, ob sie anschlief3end abgebaut oder recycled werden. Ebenso war unklar,
welchen Einfluss IL-6 in diesem Zusammenhang hat. Im Rahmen dieser Arbeit konnte ich zeigen,
dass beide Rezeptoren tiber einen Clathrin- und Dynamin-abhangigen Mechanismus internalisiert
werden, wobei IL-6 die Internalisierung nicht beeinflusste. Der intrazelluldre Teil des IL-6R wird
dabei fiir die IL-6R Internalisierung nicht benotigt. Weitere Untersuchungen belegten sowohl
einen Einfluss von gp130 auf die Internalisierung des IL-6R, zeigten jedoch auch IL-6R-
Internalisierung unabhangig von gp130. Weiterhin konnte gezeigt werden, dass IL-6R und gp130
sowohl tber Rab11-positive Recycling Endosomen an die Zelloberfliche zuriick transportiert
werden, als auch im Lysosom abgebaut werden. Stimulation mit IL-6 fiihrte zu einem erh6éhten
Recycling beider Rezeptoren, jedoch wurde nur gp130 vermehrt im Lysosom abgebaut.

Des Weiteren zeigte sich, dass die STAT3-Signaltransduktion erst nach Internalisierung des IL-
6/IL-6R/gp130-Komplexes aktiviert wird, was darauf schlief3en lasst, dass diese an Endosomen
stattfindet.

Bislang ist wenig iiber endogene Aktivatoren der sIL-6R Generierung in vivo bekannt. In
Experimenten mit Mausen konnte gezeigt werden, dass Aktivierung des Toll-like Rezeptors (TLR)
4 durch Lipopolysaccharide zur Generierung des sIL-6R fiihrt. Im Gegensatz zu Mausen fiihrte im
Menschen nicht die Aktivierung von TLR4, sondern die von TLR2, zur Generierung des sIL-6R. Als
Quelle des sIL-6R nach TLR2 Aktivierung konnten Monozyten identifiziert werden und als
verantwortlicher Mechanismus die proteolytische Spaltung des membrangebundenen IL-6R

durch die Metalloproteasen ADAM10 und ADAM17. TLR2-Aktivierung resultierte aufderdem in
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der Aktivierung des ERK-Signalweges. Inhibition des ERK-Signalweges fiihrte entgegen aller
Erwartungen zu vermehrter Freisetzung des sIL-6R, verminderte jedoch die Sekretion von IL-6,
was auf eine gegensatzliche Funktion des ERK-Signalwegs in der Steuerung von classic und trans-
signaling hindeutet.

Der sIL-6R wird auch konstitutiv gebildet, jedoch ist die hierfiir verantwortliche Protease noch
nicht eindeutig nachgewiesen. Durch ein Screeningverfahren wurde Cathepsin S als eine neue
Protease identifiziert, die den IL-6R proteolytisch spalten kann. Weitere Experimente zeigten
jedoch, dass Cathepsin S in vitro eine andere Schnittstelle im IL-6R verwendet als in vivo fiir den
sIL-6R nachgewiesen wurde und daher vermutlich keine Rolle in der Generierung des konstitutiv

gebildeten sIL-6R spielt.
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1 Introduction

The human body has to cope with pathogens that try to enter the organism every day. Different
mechanisms have evolved that enable the body to fight these intruders. The first line of defense is
hereby the skin, which functions as a barrier and prevents that pathogens enter the body. In case
of damage of the skin, however, pathogens can invade the organism. To cope with these
nevertheless, the immune system is activated. To efficiently fight pathogens the immune system
uses two different mechanisms, the innate and the adaptive immune system [4]. The innate
immune system is the first defense mechanism activated by intruders which are phagocytosed by
macrophages. Subsequently, macrophages secrete special factors, especially cytokines and
chemokines, which attract neutrophils, monocytes or lymphocytes, facilitated by an increased
blood flow and increased permeability of the blood vessels [5]. Additionally to macrophages, also
dendritic cells engulf pathogens. The activated dendritic cells present bacterial or viral particles
to lymphocytes thereby inducing the adaptive immune system. The activated T cells, which
express specific receptors at the cell-surface, bind and help clear the pathogens, and the activated
B cells secrete antibodies marking the pathogens for destruction [6]. Orchestration of all the cells
belonging to the innate and adaptive immune system, finally, leads to the resolution of the
infection.

Cytokines released by macrophages upon phagocytosis of pathogens can be divided into five
groups, namely chemokines, interleukins, interferons, colony stimulating factors and tumor
necrosis factors, which attract different cells, activate cells and lead to proliferation of the different

cell types involved in fighting pathogens [4].

1.1 The Interleukin-6 (IL-6) cytokine family

The cytokines belonging to the IL-6 cytokine family play different roles in pro- as well as anti-
inflammatory conditions. Members of the IL-6 cytokine family include Interleukin-6 (IL-6),
Interleukin-11 (IL-11), Interleukin-27 (IL-27), Interleukin-30 (IL-30), Interleukin-31 (IL-31),
oncostatin M (OSM), cardiotrophin-1 (CT-1), leukemia inhibitory factor (LIF), cardiotrophin-like
cytokine (CLC) and ciliary neurotrophic factor (CNTF) (Fig. 1.1) [7]. These cytokines have in
common that they display a four a-helix bundle structure [8] and that they bind to at least one
molecule of the B-receptor glycoprotein 130 (gp130). IL-6 and IL-11 bind to their a-receptor,
Interleukin-6 receptor (IL-6R) and Interleukin-11 receptor (IL-11R) respectively, before
recruiting a homodimer of gp130 [9, 10]. LIF, CT-1, CLC and CNTF bind to a heterodimer of gp130
and leukemia inhibitory factor receptor (LIFR), but CLC and CNTF first require binding to their a-
receptor CNTF receptor (CNTFR) [11, 12]. OSM can also activate a heterodimer consisting of
gp130 and LIFR but can additionally signal via a gp130/oncostatin M receptor (OSMR)



Introduction 6

heterodimer [13, 14]. IL-27 was shown to bind to a gp130 heterodimer consisting of gp130 and
WSX-1 [15]. Among the cytokines of the IL-6 cytokine family IL-31 is special as complex formation
does not involve the B-receptor gp130 but GPL, the gp130-like receptor that forms a heterodimer
with OSMR upon IL-31 binding [16, 17].

LIF

CEC OSM
| B
IL-27 a1

of bt b 8 80 Y s

gp130/gp130  gp130/gp130  gp130/LIFR  gp130/LIFR  gp130/OSMR  gp130/WSX-1  GPL/OSMR
IL-6R IL-11R CNTFR

CNTF CT-1 OSM

extra

intra

Figure 1.1: Schematic overview of the IL-6 cytokine family. The cytokines IL-6 and IL-11 signal via a homodimer of
gp130 and their a-receptors IL-6R and IL-11R, respectively. CLC and CNTF bind to the a-receptor CNTFR and signal via
a heterodimer consisting of gp130 and LIFR. All the other cytokines do not bind to an a-receptor but directly interact
with a gp130 heterodimer. OSM interacts with a gp130/0SMR heterodimer but also with a gp130/LIFR heterodimer
which also binds LIF and CT-1. IL-27 can signal via a gp130/WSX-1 heterodimer. The only cytokine that does not bind
to gp130 is IL-31 which interacts with a heterodimer of GPL and OSMR. Extra: Extracellular space; Intra: Intracellular
space.

The different cytokines of the IL-6 cytokine family display a variety of functions in the human body
and contribute e.g. to lymphocyte differentiation and activation [18-20], bone metabolism [21],

fertility [22], hematopoiesis [23, 24], liver regeneration [25] or neuroprotection [26, 27].

1.1.1 The cytokine Interleukin-6

Interleukin-6 is a pleiotropic cytokine with a plethora of functions, e.g. the activation of the acute-
phase response in the liver [28, 29], T and B cell differentiation [30-32], secretion of
immunoglobulins [33], activation of oxidative burst response by monocytes and neutrophils [34],
proliferation of thymocytes [35, 36] or the regulation of hematopoiesis [37].

The cytokine is secreted mainly from monocytes/macrophages, endothelial cells or fibroblasts
[38-40]triggered either by bacterial proteins like lipopolysaccharide (LPS), or other cytokines like
Interleukin-1 (IL-1) or tumor necrosis factor alpha (TNF-a) [41, 42]. In sera from healthy
individuals IL-6 is detected only in very low amounts (1-10 pg/ml) and often even below the
detection limit. However, concentrations are increased in almost every inflammatory condition
with levels in the lower ng/ml region. During sepsis, a severe inflammatory condition, levels can
even range between 100-1000 ng/ml [43].

The human /L6 gene is located on chromosome 7 p15-p21 [44] and transcription gives rise to an
mRNA encoding a 212 amino-acid residue precursor protein. Removal of the signal peptide results
in the 184 amino-acid residue mature protein which is further post-translationally modified by

addition of N- and O-linked glycans [45, 46]. As post-translationally unmodified IL-6 is still
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biologically active it is believed that these modifications are not directly necessary for binding to
the receptors but could rather influence the plasma half-life of the IL-6. Analysis of the IL6 gene
revealed three transcription initiation sites [47] where the transcription machinery binds to
which is activated by the help of different transcription factors. The most prominent transcription
factor identified is the nuclear factor kappa B (NF-xB) [41, 48] but also AP-1, CCAAT/enhancer
binding protein (C/EBP) and cAMP response element-binding protein (CREB) activated by cAMP
contribute to IL-6 gene expression [49]. IL-6 gene expression is not only regulated at the
transcriptional level but also post-transcriptionally by the RNA-binding proteins (RBP) Arid5a
and Regnase-1 which differentially control IL-6 mRNA stability. Regnase-1 is an RNAse and was
shown to degrade IL-6 mRNA [50] whereas Arid5a has stabilizing functions on the IL-6 mRNA
[51].

IL-6 was found to be associated with many diseases like inflammatory bowel disease [52],
multiple sclerosis [53], Parkinson [54, 55], Alzheimer’s disease [56] or Castleman’s disease [57,
58]. The probably best-studied disease in which IL-6 is involved in the pathogenesis is rheumatoid
arthritis (RA), a chronic inflammatory disorder characterized by chronic joint inflammation and
bone and cartilage destruction. Increased infiltration of lymphocytes and monocytes into the
synovium of joints is observed during RA, resulting in increased levels of IL-6 [59] which
contributes to the pathological conditions during RA. Recruitment of neutrophils which release
proteolytic enzymes that lead to tissue destruction and joint inflammation [60] and activation of
osteoclasts in the inflamed joint resulting in bone destruction [61] are some of the main effects
induced by IL-6. Additionally, IL-6 induces the pro-matrix-metalloprotease (MMP) expression,
proteins targeting the extracellular matrix leading to cartilage destruction in RA [62-64]. A
number of different treatment options for RA are available that function by inhibiting human IL-
6 or human IL-6R. Tofacitinib, an inhibitor of JAK1 and JAK3 thereby blocking IL-6 functions, has
been approved for the treatment of RA in the US, Japan and Switzerland. The monoclonal
antibodies tocilizumab and sarilumab, both targeting the IL-6R, have been also approved for the
treatment of RA [65, 66]. With the generation of sgp130Fc, a fusion protein consisting of the
extracellular part of gp130 and the Fc-part of a human IgG antibody, it became clear that the pro-
inflammatory effects of IL-6, leading to RA, are mediated by IL-6 trans-signaling via the sIL-6R,
whereas the regenerative, anti-inflammatory effects are mediated by classic signaling using the
membrane-bound IL-6R [67, 68]. Therefore, a specific blockade of IL-6 trans-signaling could be

sufficient for the treatment of RA. Currently, sgp130Fc is tested in phase II clinical trials [69].

1.2 Receptors of the cytokine Interleukin-6

In order to exert its functions, IL-6 needs to bind to its receptors to induce signal transduction.

Receptors used by IL-6 are the non-signaling a-receptor Interleukin-6 receptor (IL-6R) and the
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signaling B-receptor glycoprotein 130 (gp130). Both receptors are also present in the human
blood as soluble receptors, sIL-6R and sgp130.

1.2.1 The B-receptor glycoprotein 130 (gp130)

Glycoprotein 130 is a ubiquitously expressed receptor used for signal transduction by cytokines
of the IL-6 cytokine family. The human IL6ST gene is located on chromosome 7p21-p14 coding for
a 918 amino-acid residue gp130 precursor protein. Removal of a 22 amino-acid long signaling
peptide results in a 896 amino-acid residue mature protein [70] consisting of an extracellular part,
a transmembrane part and an intracellular part. The extracellular part consists of one Ig-like
domain and five fibronectin type-IIl domains (Fig. 1.2). Gp130 is further post-transcriptionally
modified which results in a heavily N-glycosylated receptor with glycans being added at 9
asparagine residues in the extracellular part of the receptor. Deeper analysis of gp130
glycosylation revealed its importance for protein stability and localization to the plasma
membrane but glycosylation seemed to be dispensable for ligand binding and subsequent
signaling [71, 72]. Cell-surface expression is additionally regulated by the phosphorylation of
S782 which leads to a down-regulation of the receptor at the cell-surface [73].
Ig-like domain Fibronectin type-Iil domains ™ IcD
— ' e 1 ‘

Figure 1.2: Schematic overview of the domain structure of glycoprotein 130. Gp130 consists of an extracellular
part, a transmembrane region (TM) and an intracellular part (ICD) which carries the box 1 and box 2 motifs and five
tyrosins. The extracellular part is furthermore built up by one Ig-like domain (D1) and five fibronectin type-IIl domains
(D2-D6).

Box 1
Box 2

Three conserved motifs are present in the gp130 receptor. A WSXWS motif in the extracellular
part was identified to be part of the arginine-tryptophan zipper thus being important for proper
protein folding, protein stability and subsequent efficient intracellular transport [74]. The box 1
and box 2 motifs in the intracellular part are associated with proper signaling activation. Box 1 is
important for Janus kinase (JAK) association with the intracellular domain of gp130 whereas box
2 is essential for JAK activation [75, 76].

As mentioned before, gp130 is present in human body fluids as soluble gp130 (sgp130) with
concentrations of about 400 ng/ml in the blood. Different forms of sgp130 can be found in the
human circulation [77]. One form of sgp130 has a molecular weight of approximately 100 kDa and
consists of the five extracellular domains of gp130 [78]. Another smaller version of sgp130 called
sgp130-RAPS has a molecular weight of about 50 kDa and comprises only the domains 1-3 of full-
length gp130 [79]. The soluble forms of gp130 are mostly generated by differential splicing of the
gp130 mRNA, but a minor fraction is also generated through proteolytic cleavage of the

membrane-bound gp130 by the metalloproteases a disintegrin and metalloprotease (ADAM) 10
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and ADAM17 [80]. Sgp130 functions as a natural inhibitor of IL-6-induced trans-signaling, a

pathway involved in chronic pro-inflammatory conditions like e.g. rheumatoid arthritis [67, 81].

1.2.2 The a-receptor Interleukin-6 receptor (IL-6R)

Unlike gp130, which is expressed ubiquitously, the expression of the IL-6R is restricted to certain
cell-types like hepatocytes and different subsets of immune cells, namely neutrophils, monocytes,
macrophages, T cells, dendritic cells and megakaryocytes [82-85].

The human IL6R gene is located on chromosome 1 coding for a 468 amino-acid residue precursor
protein. Removal of the first 19 amino-acid residues, which form the signal peptide, results in the
449 amino-acid residue mature protein (80 kDa) consisting of an extracellular part (346 aa), a
transmembrane part (21 aa) and an intracellular part (82 aa). The extracellular part is,
furthermore, made up by three domains, one Ig-like domain and two fibronectin type-III domains
that form the cytokine binding module (CBM), and a 55 amino-acid residue long flexible stalk
region (Fig. 1.3). Analysis of the intracellular part revealed that it lacks a tyrosine/kinase domain
that is found in other growth factor receptors and therefore does not contribute to signaling

activation [86, 87].
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Figure 1.3: Schematic overview of the domain structure of the Interleukin-6 receptor. The IL-6R consists of an
extracellular part, a transmembrane region (TM) and an intracellular part (ICD). The extracellular part is furthermore
built up by one Ig-like domain (D1), two fibronectin type-IIIl domains (D2-D3) and a stalk region (S) which carries the
ADAM17 cleavage site.

IL-6R expression can be regulated by several factors, which seem to differ in various cell types.
The first analysis of IL-6R expression regulation showed that it is influenced by steroid hormones
or its synthetic derivatives as treatment of the hepatoma cell line HepG2 with dexamethasone or
glucocorticoids led to an increase in IL-6R expression [88, 89]. Furthermore, IL-6R expression
could be induced by EGF stimulation in MCF7 cells, HepG2 cells and primary murine hepatocytes
which was found to be mTOR-dependent [90].

Hirata et al. identified the IL-6R as a glycoprotein as the predicted molecular weight for the IL-6R
from 50 kDa differed from the experimentally obtained molecular weight of the IL-6R of 80 kDa.
Treatment of the mature IL-6R with 0- and N-glycanase and neuraminidase reduced the molecular
weight to 50 kDa indicating IL-6R glycosylation [91]. Further experiments revealed five N-linked
glycosylation sites (N55, N93, N221, N245, N350) and one O-linked glycosylation site (T352) [92,

93] which are dispensable for protein transport, signaling and cell-surface turnover. However,
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N55 was found to play a crucial regulatory role in the proteolysis of the membrane-bound IL-6R
[93].

The IL-6R is not only present as a membrane-bound form but also as soluble forms (sIL-6R) which
can be found in human body fluids like blood or urine [94]. Concentrations in the serum of healthy
humans range between 30-80 ng/ml, mainly influenced by the single nucleotide polymorphism
(SNP) rs2228145, which is a non-synonymous SNP that results in the exchange of the aspartic
acid residue at position 358 to an alanine residue. This SNP leads to higher levels of sIL-6R in the
serum, most likely due to an increase in proteolytic cleavage of the membrane-bound IL-6R [95]
by the proteases ADAM10 and ADAM17, which are the major proteases involved in the proteolytic
cleavage of the murine and human IL-6R [96, 97]. However, it seems that ADAM17 does not
contribute to endogenous steady-state sIL-6R levels but is rather responsible for induced sIL-6R
generation, e.g. during inflammatory events. This assumption comes from experiments in
hypomorphic ADAM17ex/ex mice, which display only about 5% of normal ADAM17 activity [98]
but show normal endogenous sIL-6R levels [97]. Also ADAM10 and Cathepsin G, a neutrophil-
derived protease which is also able to cleave the IL-6R [99], seem not to be involved in the
generation of endogenous sIL-6R levels. It is therefore likely that either a yet unidentified protease
is responsible for the generation of endogenous sIL-6R levels [100] or that different proteases can
compensate for one another.

Using sIL-6R released from COS-7 cells the cleavage site in the IL-6R used by ADAM17 could be
identified to be between Q357 and N358 [101] which was, however, found to be disfavored by
ADAM17 [102]. A recent study revealed a different cleavage site between P355 and V356 [93],
which is also on good agreement with the cleavage site profile for ADAM17. This study also
showed that ADAM10 and ADAM17 seem to use the same cleavage site in the IL-6R stalk as
detected by LC-MS analysis. The sIL-6R is not only generated by proteolysis but also differential
splicing contributes to sIL-6R serum levels in humans which results in a sIL-6R form containing a
unique 10 amino-acid C-terminal residue [103]. Although differential splicing was the first
mechanism identified in sIL-6R generation in humans it contributes only to about 15% of overall
sIL-6R levels. The remaining 85% must therefore arise from proteolysis of the membrane-bound
full-length IL-6R [93, 95]. Recently, the IL-6R was also found to be present on microvesicles
isolated from murine serum [100]. Thus, IL-6R on microvesicles might also contribute to the

remaining sIL-6R measured in human sera.
1.3 IL-6 mediated signal transduction

1.3.1 TheIL-6/IL-6R/gp130 signaling complex

IL-6-dependent signal transduction relies on the binding to and dimerization of the signal

transducing B-receptor gp130. IL-6, though, cannot bind to gp130 alone, but must bind to its a-
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receptor IL-6R first. The IL-6/IL-6R complex can then induce gp130 homodimerization and,
subsequently, IL-6 is able to interact with gp130 [9]. IL-6 interaction with the IL-6R and gp130 is
mediated by three distinct binding sites in the cytokine. Site I binds to the a-receptor (domains
D2 and D3), site Il binds to the CBM of gp130 located in domains D2 and D3, and site III binds to
the Ig-like domain of the other gp130 molecule [104-107]. This leads to the formation of a
tetrameric complex consisting of one molecule IL-6, one molecule IL-6R and two molecules gp130.
The exact complex structure, though, is still under debate, as also a hexameric complex consisting
of two molecules each was proposed. Grotzinger et al. were the first to speculate that a tetrameric
complex for IL-6-induced signal transduction forms whereas the hexameric structure would only
form upon cytokine excess as a regulatory mechanism [108]. Different structural studies,
however, also identified the hexameric structure as the IL-6 signaling complex which could be

confirmed partially in vitro [104, 109-111].
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Figure 1.4: Overview of IL-6 classic and trans-signaling. IL-6 can induce signaling by binding to the membrane-
bound form of IL-6R which induces homodimerization of gp130 and recruitment to the IL-6/IL-6R complex. This
pathway is termed “classic signaling”. IL-6 can also bind to a soluble version of the IL-6R (sIL-6R). This IL-6/sIL-6R
complex can interact then with a gp130 homodimer thereby inducing signal transduction. This signaling pathway is
termed “trans-signaling”.

Signaling via IL-6 can be induced in two different ways (Fig. 1.4). Binding of IL-6 to the membrane-
bound form of the IL-6R induces homodimerization of gp130 and recruitment to the IL-6/IL-6R
complex where IL-6 interacts with the gp130 homodimer. This pathway is termed “classic
signaling”. Additionally, signaling can be induced by binding of the cytokine to the soluble form of
the IL-6R, sIL-6R, and subsequent interaction with a homodimer of gp130 at the cell-surface. This
signaling pathway is termed “trans-signaling” [112]. As IL-6R expression is restricted only to some
cell-types, “trans-signaling” via the sIL-6R broadens the spectrum of cells that can be activated by
IL-6 through binding to the ubiquitously expressed -receptor gp130. These two pathways do not
only differ in their mode of activation, but they are also thought to exert different functions.
Whereas classic signaling is associated with anti-inflammatory properties, trans-signaling is

found to play a role in pro-inflammatory conditions [68].
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1.3.2 Signaling pathways activated by Interleukin-6

Binding of IL-6 to the IL-6R results in the dimerization of gp130 which is necessary for signaling
initiation. Dimerization of gp130 leads to autophosphorylation of the Janus kinases 1 (JAK1), 2
(JAK2) and tyrosine kinase 2 (Tyk2) which are constitutively associated with the box 1 motif
located in the intracellular part of gp130 [76, 113]. Further analysis of JAK involvement in IL-6
signaling revealed that JAK1 plays a non-redundant role in signal transducer and activator of
transcription (STAT) activation as deletion of JAK1 abrogated signaling while deletion of the other
two did not alter signaling [114]. Activated JAKs phosphorylate five distinct tyrosine residues in
the intracellular domain of gp130 that are important for signal transduction [115, 116]. STAT
proteins bind to the four phosphorylated distal tyrosines Y767, Y814, Y905, and Y915, resulting
in phosphorylation of the STATSs and their subsequent homo- or heterodimerization. The dimers
then translocate into the nucleus where they function as transcription factors. The main STATs
activated by IL-6 are STAT1 and STAT3 but also STAT5 activation can take place [116-119].
Although the JAK1/STAT3 pathway is the main pathway induced by IL-6 binding, other pathways
are also activated like the mitogen-activated protein kinase/extracellular signal regulated kinase
(MAPK/ERK) pathway or the phosphoinositide-3-kinase (PI3K) pathway. Both are influenced by
the adaptor protein Src homology-2 domain containing phosphatase 2 (SHP-2) which binds to the
phosphorylated tyrosine Y759 [120]. SHP-2 binding is dependent of JAK1 and interacts with
growth factor receptor-bound protein 2 (Grb2) which results in the recruitment of SOS (son of
sevenless) and subsequently activation of Ras (rat sarcoma) and the MAPK/ERK-cascade. SHP-2
can also interact with Grb2-associated binding protein 1 (Gab1) which leads to activation of the
PI3K pathway (Fig. 1.5) [121]. Additionally, YAP (yes-associated protein) was found to be
phosphorylated by Src family kinases bound to gp130 [122].

To prevent overstimulation by cytokine-induced signaling, different ways for signaling inhibition
are present. The most prominent inhibitor of signaling is SOCS3 (suppressor of cytokine signaling
3) whose expression is absent in unstimulated cells but is rapidly induced by STAT3. It binds to
the phosphorylated tyrosine Y759 in gp130 and exerts its inhibitory function by different
mechanisms [123-125]. On the one hand, signaling is terminated via SOCS3 by inhibiting the
kinase activity of the JAKs bound to gp130 [126]. On the other hand, it leads to an increase in
proteasomal degradation of gp130 and the associated JAKs by recruiting an E3-ubiquitin ligase
which marks the proteins for proteasomal degradation [127]. In addition to inhibition by SOCS3,
IL-6 induced signaling can also be negatively regulated on the transcriptional level by PIAS
(protein inhibitor of activated STAT). It binds phosphorylated STATSs that enter the nucleus thus
preventing STAT interaction with the DNA and transcription of IL-6 target genes [128, 129]. A

further mechanism regulating IL-6-mediated signaling is endocytosis of the receptor complex and
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subsequent degradation in the lysosome thereby removing IL-6 binding sites from the cell-surface

and blocking signaling [130].
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Figure 1.5: Schematic overview of the IL-6-induced signaling pathways. Upon IL-6/IL-6R/gp130 complex
formation, JAK1 which is constitutively associated with the box 1 motif, is autophosphorylated. The phosphorylated
JAK1, in turn, phosphorylates four tyrosine residues in the gp130 ICD where STAT proteins bind to (Y767, Y814, Y905,
and Y915), resulting in phosphorylation of the STAT3 proteins and their subsequent homo- or heterodimerization. The
dimers then translocate to the nucleus where they function as transcription factors for the transcription of e.g. SOCS3,
an inhibitor of IL-6-induced signaling. Additionally, JAK1 phosphorylates the tyrosine residue Y759 where SHP-2 binds
to. This leads to the phosphorylation of SHP-2 and, subsequently, to the activation of the PI3K and MAPK/Erk pathways.
SOCS3 can also bind to the tyrosine residue Y759 thereby inhibiting IL-6-induced signaling. The red “P” indicates
phosphorylation.

1.4 The fate of cell-surface proteins

Internalization and degradation of proteins is important for cell-surface protein level regulation
and signal termination as constitutive signaling could lead to the generation of severe diseases
like e.g. tumors. Once receptors are activated, they are internalized and fuse with early
endosomes. From there, the proteins are sorted either for recycling to the cell surface or for

degradation in the lysosome.

1.4.1 Internalization of cell-surface proteins

Several different ways of receptor internalization are known that can be mainly divided into
clathrin-dependent and clathrin-independent pathways. The clathrin-independent pathways that

use dynamin for vesicle detachment are the caveolae or the IL-2R pathways. The uptake of GPI-
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anchored proteins occurs dynamin- and clathrin-independently via the CLIC/GEEC pathway
(clathrin-independent carriers/GPI-enriched endocytic compartment), via flotillins or via Arfé
(ADP-ribosylation factor 6) [131]. The most abundant pathway of receptor internalization,
though, occurs clathrin- and dynamin-dependently.

The process of endocytosis was first described in protein uptake experiments into the oocyte of
the mosquito Aedes Aegypti where it was shown that coated invaginations formed that protruded
into the cell which were released as vesicles into the cytoplasm where they lost their coat [132].
These coat proteins were later identified as clathrin which formed network structures around the
observed invaginations [133]. Further experiments revealed that several accessory molecules and
adaptors are necessary for binding of clathrin to the cell membrane, bud formation and
subsequently pinching off the vesicle from the membrane (Fig. 1.6). The first step of endocytosis,
the nucleation, depends on the formation of a nucleation module consisting of FCH domain only
proteins (FCHO), EGFR pathway substrate 15 (EPSIN15) and intersectins around
phosphatidylinositol-4,5-bisphosphate (PIP2) leading to slight bending of the plasma membrane
[134]. This module recruits the heterotetrameric adaptor protein 2 (AP-2) complex which is
composed of a, 2, u2 and 62 subunits. Recruitment of the AP-2 complex is mediated through
binding of the subunits a, 32 and p2 to PIP2 [135]. Afterwards, clathrin is recruited and interacts
with the 2 subunit [136] which results in the phosphorylation of T156 in the p2 subunit by the
adaptor-associated kinase 1 (AAK1) [137, 138]. This phosphorylation leads to a conformational
change of the p2 subunit opening the binding site which binds specifically to cargo proteins
containing tyrosine-based motifs Yxx¢ (Y:tyrosine; x: any amino-acid; ¢: bulky hydrophobic
amino-acid) [135, 139]. The AP-2 complex can not only bind to Yxxd-based motifs via the p2
subunit but also to dileucine-like motifs via its 02 subunit [140]. Bud formation at the plasma
membrane is further regulated by the endocytic accessory clathrin assembly lymphoid myeloid
leukemia protein (CALM), a homolog of the neuron-specific protein AP180 (adaptor protein 180).
It can bind to PIP2 at the plasma membrane by its AP180 N-terminal homology (ANTH)-domain,
but it also interacts with clathrin and AP-2. Depletion of CALM results in irregular shaped buds
indicating an important role of CALM in the regulation and proper progression of bud formation
[141]. The N-BAR-domain containing proteins amphiphysin, endophilin or SNX9 recruit the
mechanoenzymatic protein dynamin to the clathrin-coated buds at the plasma membrane [142,
143]. The involvement of dynamin in the process of endocytosis was discovered after it was
identified as the homologue of the shibire protein in Drosophila which was already known to be
involved in endocytosis [144]. After polymerization around the neck of the clathrin-coated buds,
dynamin constricts upon GTP hydrolysis, which leads to fission of the vesicle and release into the
cytoplasm [145, 146]. There, the vesicle is uncoated after binding of the cyclin-G associated kinase
(GAK) and recruitment of the ATPase heat shock cognate 70 (HSC70) [147, 148]. The vesicle can
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then fuse with the early endosome from where internalized proteins are either sorted to late

endosomes, to recycling endosomes, or directly back to the cell surface.
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Figure 1.6: Schematic overview of clathrin- and dynamin-dependent internalization. The nucleation module
consisting of FCH domain only proteins (FCHO), EGFR pathway substrate 15 (EPSIN15) and intersectins binds to
phosphatidylinositol-4,5-bisphosphate (PIP2) which is located in the plasma membrane thereby inducing slight
bending of the membrane. Following nucleation, the module recruits the heterotetrameric adaptor protein 2 (AP-2)
complex which, in turn, recruits clathrin. Additionally, CALM is recruited which also binds to PIP2 but also interacts
with AP-2 and clathrin and stabilizes the formed complex. Amphiphysin, endophilin and SNX-9 bind to the base of the
forming bud and recruit dynamin to the neck of the bud. Dynamin polymerizes around the neck and upon constriction
of the dynamin molecules induced by GTP-hydrolysis, the clathrin-coated vesicle is released into the cytoplasm. Finally,
the vesicle is uncoated mediated by cyclin-G associated kinase (GAK) and ATPase heat shock cognate 70 (HSC70)
(adapted from Takei and Haucke, 2001 [2]).
Analysis of IL-6R internalization in MDCK cells or hepatocytes revealed that it occurs
constitutively and independently of its cytokine IL-6. Accordingly, IL-6 stimulation did not lead to
an increase in internalization of the IL-6R [149-151]. Constitutive internalization was also found
to be true for gp130 [149, 150]. Fujimoto et al. further analyzed the pathway of IL-6R and gp130
internalization and found that the IL-6R is internalized in a clathrin- and dynamin-dependent way,
whereas gp130 seems to be internalized independently of clathrin as inhibition of AP-2 showed
only little effect on endocytosis [152]. Thiel et al., however, stated that gp130 is also internalized
via clathrin and dynamin as it interacts with AP-2 [150]. The involvement of clathrin/AP-2 in IL-
6R and gp130 internalization is further supported by the identification of internalization motifs
that are recognized by AP-2. Dittrich et al. identified the amino-acid sequence STQPLLD in the
gp130 cytoplasmic portion to be essential for receptor internalization. Specifically, the di-leucine
motif and the upstream serine were crucial for this process because mutations of both disrupted
gp130 internalization [153]. Such motifs were also identified in the short cytoplasmic part of the

IL-6R, namely the tyrosine-based motif YSLG and a di-leucine-like motif LI. The importance in IL-
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6R internalization was revealed by analysis of internalization of a truncated version of the
receptor where both motifs were deleted which resulted in little to no internalization [152].

The function of receptor internalization was long believed to be solely that of signaling
termination. However, several studies showed that internalization can have a fundamental
different purpose and is often a prerequisite for signal transduction at endosomes as it was shown
for ERK or Akt signaling via APPL1 or TGFf3 signaling via SMAD2-SMAD4 [154, 155]. Similar effects
have also been described for IL-6-induced signaling. STAT3 and ERK1/2 phosphorylation was
abolished in HepG2 cells after inhibition of internalization with chlorpromazine which led to the
conclusion that activation of these signaling pathways indeed takes place at vesicular structures
or endosomes [156]. These findings could be partially confirmed in gp130 overexpressing cells
that were treated with the dynamin-inhibitor dynasore. Here, inhibition of internalization also led
to abrogated STAT3 phosphorylation whereas ERK1/2 phosphorylation was even increased
[157]. Different studies revealed that the process of signaling termination after IL-6 stimulation
was regulated by de novo synthesized proteins that were identified as SOCS3 and PIAS [158, 159].
The fate of the IL-6R and gp130 after internalization is currently unclear, and published results in
this regard are contradictory. Zohlnhofer et al. stated that the IL-6R is probably degraded and not
recycled back to the cellular membrane as it took more than 8 hours to fully restore the IL-6
binding sites at the cell surface [151]. Fujimoto et al., however, stated that, although the IL-6R is
found to be transported to the lysosome and degraded there, a fraction of the IL-6R is also recycled
back to the cell surface [152]. Analysis of gp130 revealed that the receptor is probably degraded
after internalization and is not recycled as inhibition of protein synthesis after IL-6 treatment led
to diminished gp130 surface levels [160]. This was confirmed by Tanaka et al. who even found
differences in receptor degradation after IL-6 stimulation. They showed that gp130 is degraded
through the proteasome in the absence of IL-6 stimulation but is transported to the lysosome after
IL-6 stimulation by binding of SHP2 to gp130, recruitment of and monoubiquitination by c-Cbl

and transport from early to late endosomes by Hrs [161].

1.4.2 Recycling of internalized proteins

Once a protein is internalized, it is targeted to early endosomes, also called sorting endosomes,
from where it is transported either to recycling endosomes or to late endosomes/lysosomes.

The first hint for the process of recycling came from the analysis of endocytosis of transferrin (Tf)
and the transferrin receptor (TfR), where it was shown that endocytosed TfR and Tf were found
in vesicular endosomes that were distinct of lysosomes. These vesicular endosomes were able to
fuse with the plasma membrane and release their content into the extracellular space [162].
Further analysis of Tf and TfR recycling revealed the existence of two separate ways of recycling,
which were termed fast and slow. Pulse-chase experiments showed that the rapidly recycling

proteins reappeared at the cell surface with a half-life of 7.5 min, but also 60 min later proteins
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were still recycled to the plasma membrane [163]. “Fast recycling” involves the transport from
early endosomes directly back to the cell surface whereas in “slow recycling” internalized proteins
are transported from the early endosomes to recycling endosomes and from there to the cell
surface.

Over the years, several studies focused on recycling and identified Rab GTPases and different
effectors and adaptors of these to be important, especially Rab4 and Rab11 were found to be
involved in “fast” and “slow recycling”, respectively (Fig. 1.7) [164, 165]. Sorting of proteins for
recycling occurs through tubulation of early endosomal membranes leading to a Rab5-positive
cisternal region and Rab4-positive tubules that undergo fission [166]. “Fast” recycling was shown
to be mediated by binding of the y-subunit of AP-1 to Rab4 and formation of clathrin-coated
vesicles and was regulated by the effectors rabaptin-5a/rabex-5, which inhibit recycling through
interaction with AP-1y [167, 168]. Subsequently, D’Souza et al. presented a small GTPase cascade
which is mediated by Rab4 and that is responsible for the recruitment of adaptor proteins to early
endosomes and the formation of recycling vesicles. They showed that Rab4 recruits the Arf-like
protein Arl1 to Rab4 positive endosomal tubules and that it in turn recruits the Arf GEFs BIG1 and
BIG2. These induce the assembly of the adaptors AP-1, AP-3 and GGA-3 to the tubular structures
by activation of Arfl and Arf3. The adaptors select their cargo and induce vesicle formation and
fission [169]. The released vesicles localize to the plasma-membrane and most probably interact
there with SNARE proteins thereby inducing fusion of the vesicle with the plasma membrane.
Another Rab GTPase found to be involved in fast recycling is Rab35, as inhibition of Rab35 led to
an accumulation of proteins at early endosomes [170].

Rab11, a protein involved in “slow” recycling, was found to function in the release of recycling
vesicles from recycling endosomes which is facilitated by the interaction of Bin1 and amphiphysin
2 [171]. Following, the released Rab11-positive vesicles are transported along microtubules to
the cell surface by binding Rab11-FIP2 (Rab11-family interacting protein 2) which interacts with
Myosin Vb (MyoVb), a motor protein involved in the transport of vesicles along actin [172, 173].
Finally, Rab11 induces tethering of the recycling vesicle to the plasma membrane by binding
Sec15, a component of the exocyst tethering complex, which in turn binds Exo70, another
component of the exocyst tethering complex. Exo70 then interacts with PIP2 present at the cell
surface thereby bringing the recycling vesicle in close contact with the plasma membrane which
results in the fusion of the vesicle with the plasma membrane [174]. In neutrophils, another
protein involved in vesicle trafficking and docking to the plasma membrane was found, namely

Munc 13-4, which is able to interact with Rab11 [175].
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Figure 1.7: Schematic overview of “fast” and “slow” recycling. Upon endocytosis, the cargo is transported to the
early endosome from where it can be recycled to the plasma membrane either via “slow” or “fast” recycling. Sorting of
proteins for recycling occurs through tubulation of early endosomal membranes leading to a Rab5-positive cisternal
region and Rab4-positive tubules that undergo fission. For “fast” recycling, the cargo is transported to the Rab4-positive
tubules in the early endosome. There, Rab4 interacts with AP-1 to which clathrin binds. The Rab4-positive clathrin-
coated recycling vesicles are released from the early endosome, lose their coat and are transported to the plasma
membrane. There, the recycling vesicle fuses with the plasma membrane thereby recycling the cargo. During “slow”
recycling, the cargo is sorted to Rab11-positive recycling endosomes. Recycling vesicles are released from recycling
endosomes by interaction of Bin1 and amphiphysin 2 which results in the fission of the recycling vesicle. Following, the
recycling vesicles are transported to the plasma membrane along actin microtubules via Myosin Vb (MyoVb) which
interacts with Rab11-family interacting protein 2 (FIP2) bound to Rab11 present on the recycling vesicles. Once the
recycling vesicle is close enough to the plasma membrane, Rab11 can bind Sec15, a component of the exocyst tethering
complex associated with the plasma membrane by interaction of Exo70 with PIP2. This brings the vesicle into close
contact with the plasma membrane thereby facilitating fusion of the vesicle with the plasma membrane and recycling
of the cargo (adapted from Guichard et al,, 2014 [3]).

1.4.3 Lysosomal degradation of internalized proteins

Degradation of extracellular and membrane proteins takes place in the lysosome after these have
been internalized and sorted from the early endosome to the late endosomal compartment. The
presence of lysosomes was first identified after analysis of enzymatic activities in different tissue
fractions in which high levels of acid phosphatases, ribonucleases, deoxyribonucleases,
cathepsins, B-glucuronidase and uricase were identified [176]. Electron-microscopy studies of
fractions with high acid phosphatase activity revealed structures that were named “dense bodies”
and later renamed lysosomes [177].

Lysosomes are generated by the fusion of late endosomes (also called multivesicular bodies) with
transport vesicles that originate from the trans-Golgi network. These transport vesicles contain
the lysosomal enzymes, which are produced in the ER and transported to the Golgi. Packaging of
acid hydrolases into the transport vesicles is facilitated by mannose-6-phosphate (M6P) and is

bound by M6P-receptors located in the trans-Golgi network. Subsequently, this complex is
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packaged into clathrin-coated vesicles. Once the vesicle has fused with the late endosome the acid
hydrolases are released into the late endosome which will gradually develop into a mature
lysosome [178]. Lysosomal enzymes can not only be transported in a M6P-dependent manner but
also independently of M6P by e.g. sortilin or the lysosomal integral membrane protein type 2
(LIMP-2) [179, 180].

A prerequisite for protein degradation in the lysosomal compartmentis alow pH of about 5, which
is required for the activation of the lysosomal enzymes. This low pH is achieved by influx of H* by
a vacuolar-type H*-ATPase (V-ATPase) and by efflux of the counterion Cl- by the Cl-/H* antiporter
CIC-7 [181, 182]. The acidic pH is not only responsible for the activation of the acid hydrolases but
also for the dissociation of the enzymes from the M6P receptors.

In order to protect the cell from lysosomal enzymes, the lysosomes are surrounded by a limiting
membrane that is lined on the inside by a thick glycocalyx which is composed of lysosomal integral
membrane proteins (LIMPs) and lysosomal-associated membrane proteins (LAMPs) [183, 184].
These compounds make the membrane impermeable for proteins to leave the lysosome. As the
enzymes are only active at acidic pH lysosomal enzymes would also not be harmful to the cell but
be inactivated in the cytoplasm.

Up to now, about 50 acid hydrolases are known that serve as phosphatases, nucleases,
glucosidases, proteases, peptidases or lipases. The most prominent members of lysosomal

enzymes are the cathepsins [185].

1.4.3.1 The family of cathepsins

The first member of the cathepsin family, papain, was isolated from the papaya fruit [186]. Over
the years a total of 15 cathepsins were identified and grouped according to their active site
catalytic residue. Cathepsin A and G belong to the serine cathepsins and Cathepsin D and E belong
to the aspartate cathepsins. The largest group with 11 members (Cathepsins B, C, F, H, K, L, O, S,
V, W and X) are called cysteine cathepsins. All the cysteine cathepsins display endopeptidase
activity with cathepsins B, H, X and C also showing exopeptidase activity [185].

Cysteine cathepsins are generated as inactive pre-proenzymes consisting of a signal peptide, a
propeptide and the active enzyme. Directing of the pre-proenzyme to the endoplasmic reticulum
(ER) occurs via the signal peptide, which is then cleaved off, and N-linked glycosylation with high-
mannose glycans takes place. The proenzyme is then transported to the Golgi where the mannose
is phosphorylated to generate M6P, which is necessary for the trafficking to the endosome.
Following acidification of the endosome, the propeptide, which facilitates proper folding and
functions as an inhibitor of the enzyme, is cleaved off leading to the formation of the mature and
fully active enzyme [187, 188].

Enzyme activity of mature cysteine cathepsins can be regulated by the endogenous inhibitors of

the cystatin superfamily consisting of stefins (cystatins A and B), cystatins (cystatins C and D) and
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kininogens. They function as regulatory inhibitors but also as emergency inhibitors, binding to
cathepsins that accidentally were released into the cytoplasm of the cell [189]. Cathepsin K
activity was shown to be inhibited by cystatin C [190], whereas Cathepsin H is inhibited by
cystatin A [191]. The inhibitors cystatin C and B are involved in the regulation of Cathepsin B and
S[192].

Cathepsins have diverse functions e.g. in thymocyte and T cell apoptosis (Cathepsin B), bone

remodeling (Cathepsin K), protein degradation or antigen presentation (Cathepsin S) [192, 193].

1.4.3.2 The cysteine Cathepsin S

The endopeptidase Cathepsin S (CTSS) was first identified in calf lymph nodes by Turnsek et al. in
1975 [194], but CTSS expression was later also found in heart, lung and spleen [195]. Further
analysis of CTSS expression revealed that it is restricted to macrophages [195], B cells or antigen-
presenting cells (APCs) like dendritic cells (DCs) [196, 197], which makes CTSS unique among the
other cysteine cathepsins that are expressed ubiquitously.

By Fluorescence in Situ Hybridization the human CTSS gene was found to be localized at
chromosome position 1q21 [195]. CTSS is synthesized as a 331 aa long inactive pre-proenzyme
which consists of a signaling peptide (16aa), a propeptide (98aa) and the mature CTSS enzyme
(217aa; 28kDa) [198]. The mature CTSS is a monomer which consists of two domains. Situated at
the interface of these two domains, the substrate-binding cleft with the catalytic triade (C25,
H164, N184) is responsible for binding and cleavage of the substrate [199, 200]. Riickrich et al.
(2006) could demonstrate that the substrate’s P2 position determines specificity of CTSS favoring
valine, leucine, methionine, cysteine or phenylalanine at this position [201].

CTSS is not only unique among the other cysteine cathepsins due to its restricted expression but
also due to its stability at neutral pH. Whereas all the other cysteine cathepsins are only active at
acidic pH (pH ~5), CTSS retains its activity at neutral or even slightly alkaline pH [202, 203]. This
feature makes it possible for CTSS not only to cleave and degrade proteins in the lysosome where
it is localized primarily but it can e.g. also cleave extracellular matrix proteins like laminin,
fibronectin or elastin after CTSS has been transported to the cell-surface and has been secreted
into the extracellular space [204-207]. The first important function of CTSS discovered was the
involvement in MHC class Il antigen presentation. Studies in B cells showed that CTSS was
responsible for the removal of the invariant chain (Ii, CD74) from MHC class Il molecules
rendering it open for binding and presentation of peptide fragments [208]. This finding was
supported by analyses of B cells and dendritic cells of CTSS-deficient mice which displayed
diminished MHC class II antigen presentation produced by a lack of invariant chain processing
[196].

Several studies link CTSS to different diseases. In a murine antigen-induced arthritis model it was

shown that CTSS was upregulated and disease progression could be reduced when CTSS was
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absent [196, 209]. Furthermore, CTSS was linked to Multiple Sclerosis (MS) as the protease can
cleave myelin basic protein (MBP), a protein found in the myelin sheet of neurons important for
neuron protection. Degradation of MBP was found to be the key process in demyelination during
MS disease progression. Analysis of serum samples from MS patients revealed significantly
elevated levels of CTSS [192, 210]. CTSS is also involved in many types of cancer mainly through
its effects on angiogenesis and microvessel growth. Knockout of CTSS revealed not only reduced
angiogenesis but also delayed tumor growth and progression. Inhibition of CTSS led to reduced
cell invasion in colorectal, hepatocellular, breast and prostate cancer cell lines and in vivo

inhibition could also reduce tumor growth in colorectal cancer [206, 211, 212].

1.5 Toll-like Receptors

Innate immune responses depend on the recognition of pathogen-associated microbial peptides
(PAMPs) by pattern-recognition receptors (PRRs) like the Toll-like receptors (TLRs). Extensive
work was done by Watson et al. on the identification of the first TLR, a lipopolysaccharide (LPS)
responsive receptor, by analyzing different mouse strains being low-responders to LPS from
gram-negative bacteria. He could link the unresponsiveness of these mice strains to a gene locus
on the murine chromosome 4, which he named the Lps gene [213-215]. This gene was later
analyzed more closely and found to be a homologue of a gene located on the human chromosome
9 (resembles murine chromosome 4) which encodes the Toll-like receptor 4 (TLR4) [216], that
was shortly before identified together with TLR1, 2, 3 and 5 as homologs of the Toll receptor from
Drosophila melanogaster [217]. Over the years a total of 10 functional TLRs were identified in
humans that can be classified by their localization: TLR1, 2, 4, 5, 6 and 10 are found on the cell
surface where they recognize mainly lipids and proteins from bacteria and fungi. In contrast,
TLR3, 7 and 9 are located on intracellular structures like the endoplasmic reticulum, endosomes
or lysosomes, where they bind nucleic acids from different viruses and bacteria [218]. TLRs are
expressed by different cell types like macrophages, neutrophils, DCs and NK cells but also by T
and B cells or even epithelial cells [219], making these immune cells susceptible for the binding of
viral or bacterial factors.

TLRs are type-l trans-membrane receptors that consist of a N-terminal horseshoe-shaped
extracellular part (ECD) with leucine-rich repeats (LRRs) which binds ligands, a trans-membrane
region and a C-terminal intracellular domain, the TIR (Toll IL-1 receptor) domain, which is
important for signaling [220]. Once the ligand binds to the ECD, different signaling pathways are
activated, mostly via the TIR domain-containing adaptor molecules MyD88 (Myeloid
differentiation primary response 88) or TRIF (TIR-domain-containing adapter-inducing
interferon-f3). MyD88, an adaptor molecule for all TLRs except TLR3, binds to the adaptor TIRAP
(TIR domain containing adaptor protein) which leads to the activation of NF-kB or MAPK signaling

pathways resulting in the induction of inflammatory cytokines. The adaptor molecule for TLR3
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signaling is TRIF which binds to the adaptor TRAM (TRIF-related adaptor molecule) and activates
IRF3 and NF-kB. This leads to the induction of type I interferon and inflammatory cytokines. TLR4
can use both adaptors, TRIF or MyD88, depending on its cellular localization. At the cell surface it
binds MyD88, but recruits TRIF after internalization [221]. Some of the TLRs rely on coreceptors
for binding of ligands and signal initiation like for example MD2 for TLR4, CD14 for TLR2, 3 and 4
or TLR1 and 6 for TLR2 [222].

Analysis in mice revealed a link between TLR4 activation and the release of sIL-6R. After injecting
mice with LPS, thereby activating TLR4, an increase in murine sIL-6R serum levels could be
observed, the release of which was mediated by ADAM17 [223]. Whether there is also a link
between sIL-6R release and the other TLRs in mice is unclear. In humans, endogenous stimuli that
lead to sIL-6R release are only poorly understood and the involvement of TLR4 or other TLRs in

sIL-6R release has not been investigated so far.

1.5.1 Toll-like Receptor 2

Toll-like receptor 2 (TLR2) is expressed by different cell types like dendritic cells, monocytes, B
cells, activated T cells, microglia, astrocytes or even epithelial cells [224, 225]. TLR-2 was found
to mainly form heterodimers with TLR1 or TLR6 [226-229] which bind lipoproteins or
lipopeptides of different pathogens, like bacteria, viruses, fungi or even protozoans. These dimers
differ though in their specificity for different lipoproteins/lipopetides as TLR2/TLR1 only
recognizes triacetylated proteins whereas TLR2/TLR6 binds diacetylated proteins [227, 228].
Toll-like receptors cannot only bind pathogenic ligands but also endogenous ligands that are
secreted as a result of cell death and injury or by tumor cells. These endogenous ligands are mainly
degradation products of the extracellular matrix (ECM), heat-shock proteins or high-mobility
group box 1 (HMGB1) proteins. Especially ECM components were identified to activate TLR2,
namely biglycan [230], hyaluronic acid [231] or versican [232].

Loading of ligands onto the TLR2 dimers depends on different co-receptors. CD36 was shown to
interact with diacetylated lipoproteins loading these ligands onto TLR2/TLR6 dimers with the
help of CD14 [233-235]. Loading of triacetylated lipoproteins onto TLR2/TLR1 dimers is
facilitated by the co-receptor CD14 alone [236]. Integrin-33 was identified as a further co-receptor
which helps to induce TLR2 functions via vitronectin [237]. Another co-receptor of TLR2 was
found to be Dectin-1 as blockade of Dectin-1 led to a reduced TLR2-dependent cytokine release
from bone-marrow derived macrophages [238]. Once the ligand is bound to the TLR2
heterodimers the intracellular TIR domain is phosphorylated at Y616 and Y761 by Rac-1[239],
which leads to binding of TIRAP and MyD88. MyD88 phosphorylation by Brutons tyrosine kinase
(Btk) recruits IRAK1 (interleukin-1 receptor associated kinase 1) and IRAK4 proteins which
interact with TRAF6 resulting in K63-linked ubiquitination of IRAK1, leading to the activation of

different signaling pathways, namely the MAPK pathway (ERK and p38 dependent) or the NF-«xB
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pathway [240, 241]. This induces the release of inflammatory cytokines like IL-6. Signaling is
negatively regulated by conjugation of K48-linked polyubiquitination residues to TIRAP by
Triad3A or SOCS1 (suppressor of cytokine signaling 1) which marks the TLR associated protein
for proteasomal degradation (Fig. 1.8) [242, 243].

Ligand

extra

intra

nucleus ~

Figure 1.8: Schematic overview of TLR2 signaling. TLR2 signaling is induced by ligand binding either onto
TLR2/TLR1 dimers or onto TLR2/TLR6 dimers. Upon ligand binding, the TIR domains of the receptors are
phosphorylated by Rac-1, which leads to binding of TIRAP and MyD88. Brutons tyrosine kinase phosphorylates MyD88
thereby inducing complex formation of IRKA1, IRAK4 and TRAF6. Ubiquitination of IRAK1 by TRAF6 leads to the
activation of MAPK/p38, MAPK/ERK and NF-kB signaling pathways. This induces the release of pro-inflammmatory
cytokines like e.g. IL-6. TLR2 signaling is negatively regulated by SOCS1 and Triad3A which polyubiquitinate TIRAP
thereby marking it for proteasomal degradation (adapted from Takeda and Akira, 2004 [1]).

TLR2 activation is further regulated by the soluble Toll-like receptor 2 (sTLR2), which is released
from monocytes due to proteolysis of the membrane-bound TLR2 by metalloproteinases [244]

and can be detected in the blood plasma, human milk, saliva or amniotic fluid [245-247].
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2 Aims of this thesis

Different mechanisms are known that contribute to the regulation of cell-surface levels of
receptors. Cell-surface levels are reduced upon internalization or proteolytic cleavage of the
receptors. To maintain receptor levels at the cell-surface, new receptors are constantly
synthesized and transported to the plasma membrane. Upon internalization receptors are either
recycled back to the cell surface or are degraded in the lysosome. How exactly gp130 and IL-6R
cell-surface levels are regulated is still unclear. However, it would be important to elucidate the
regulation of both receptors as IL-6-mediated signaling is involved in many different
inflammatory conditions like e.g. rheumatoid arthritis. These diseases are treated e.g. with
tocilizumab, a monoclonal antibody directed against the IL-6R. Deciphering the regulatory
mechanisms involved in maintaining the receptors’ cell-surface levels would help to improve the
treatment of inflammatory diseases.

Despite previous investigations it is still unclear whether IL-6R and gp130 undergo recycling,
degradation or a combination of both following internalization. Furthermore, the influence of IL-
6 on internalization, recycling and degradation has not been elucidated so far.

IL-6-mediated signaling cannot only be induced by binding of IL-6 to the membrane-bound form
of the IL-6R, but also by complex formation of IL-6 and a soluble form of the IL-6R (sIL-6R). The
sIL-6R can be generated by differential splicing or by proteolytic cleavage of the membrane-bound
IL-6R by the metalloproteases A disintegrin and metalloproteinase (ADAM) 10 and 17. In mice, it
was shown that activation of the Toll-like receptor (TLR) 4 induced ADAM17-mediated release of
sIL-6R, but the involvement of TLRs and endogenous stimuli in the release of sIL-6R have not been
identified in humans so far.

In humans, sIL-6R is present in the blood serum at concentrations ranging from 30-80 ng/ml
which are slightly increased upon stimulation. While ADAM17 is involved in sIL-6R cleavage upon
stimulation, its role in the generation of the constitutively released sIL-6R is still unclear.
Therefore, it is important to identify additional proteases that are able to cleave the membrane-
bound IL-6R and might therefore be involved in the generation of the constitutively released sIL-
6R.

Thus, the aims of this thesis cover several aspects of IL-6 biology: the elucidation of the
intracellular fate of the IL-6R following internalization of the receptor complex, the identification
of endogenous stimuli leading to sIL-6R generation, and the discovery of novel proteases of the

IL-6R and their potential role in IL-6 signaling in vivo.
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3 Materials and methods

3.1 Materials

3.1.1 Antibiotics

Antibiotics Supplier Working concentration
Ampicillin gillzlrrrl{aorf; GmbH, Karlsruhe, 100 pg/ml

Kanamycin gz;lrrll%aor‘lc}kll GmbH, Karlsruhe, 25 pg/ml

Puromycin Carl Roth GmbH, Karlsruhe, 1,5 ug/ml

Germany

3.1.2 Antibodies

3.1.2.1 Primary antibodies

Antibody

Supplier

anti-IL-6R (4-11)

2007 [248]

Produced in house as described in Chalaris,

anti-IL-6R (BAF227)

R&D Systems, Minneapolis, USA

anti-gp130 (B-P4)

abcam, Cambridge, UK

anti-phospho-STAT3 (Y705; D3A7)

Germany

Cell Signaling Technology, Frankfurt/Main,

anti-phospho-ERK (T202/Y204; D13.14.4E)

Germany

Cell Signaling Technology, Frankfurt/Main,

anti-phospho-p65 (553¢)

biorbyt, Cambridge, UK

anti-phospho-p38 (T180/Y182)

Germany

Cell Signaling Technology, Frankfurt/Main,

anti-STAT3 (124H6)

Germany

Cell Signaling Technology, Frankfurt/Main,

anti-ERK (L34F12)

Germany

Cell Signaling Technology, Frankfurt/Main,

anti-p65 (D14E12)

Germany

Cell Signaling Technology, Frankfurt/Main,
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Antibody

Supplier

anti-p38

Cell Signaling Technology, Frankfurt/Main,
Germany

anti-GAPDH (14C10)

Cell Signaling Technology, Frankfurt/Main,
Germany

anti-Actinin (D6F6)

Cell Signaling Technology, Frankfurt/Main,
Germany

anti-LAMP2 (H4B4)

DSHB, Iowa, USA

anti-LAMP2 (PA1-655)

Thermo Fisher Scientific, Life Technologies
GmbH, Darmstadt, Germany

anti-Rab11 (65200)

abcam, Cambridge, UK

anti-IL-6R-APC

BioLegend, San Diego, USA

anti-TLR2-BV421

BioLegend, San Diego, USA

anti-CD45-BV510

BioLegend, San Diego, USA

anti-CD14-APC/Cy7

BioLegend, San Diego, USA

anti-B220-PE

BioLegend, San Diego, USA

anti-CD3-AlexaFlour488

BioLegend, San Diego, USA

anti-CD56-PE/Cy7

BioLegend, San Diego, USA

3.1.2.2 Secondary antibodies

Antibody

Supplier

Anti-mouse-HRP

Dianova, Hamburg, Germany

Anti-rabbit-HRP

Dianova, Hamburg, Germany

Anti-mouse-APC

Dianova, Hamburg, Germany

Anti-mouse-AlexaFlour488

Thermo Fisher Scientific, Life Technologies
GmbH, Darmstadt, Germany

Anti-goat-AlexaFlour488

Thermo Fisher Scientific, Life Technologies
GmbH, Darmstadt, Germany

Anti-rabbit-AlexaFlour594

Thermo Fisher Scientific, Life Technologies
GmbH, Darmstadt, Germany

Anti-mouse-AlexFlour594

Thermo Fisher Scientific, Life Technologies
GmbH, Darmstadt, Germany




Materials

27

3.1.3 Enzymes

3.1.3.1 Restriction enzymes

Enzyme

Restriction site

Supplier

Bsu36I (Eco18I)

5’-CC/TNAGG-3’

Thermo Fisher Scientific, Life
Technologies GmbH, Darmstadt,
Germany

Notl

5’-GC/GGCCGC-3’

Thermo Fisher Scientific, Life
Technologies GmbH, Darmstadst,
Germany

BshTI (Agel) 5-A/CCGGT-3’ Thermo Fisher Scientific, Life
Technologies GmbH, Darmstadt,
Germany

PmlI (Eco72I) 5-CAC/GTG-3’ Thermo Fisher Scientific, Life
Technologies GmbH, Darmstadt,
Germany

3.1.3.2 Other enzymes

Enzyme Supplier

Phusion-Polymerase

Thermo Fisher Scientific, Life Technologies GmbH,
Darmstadt, Germany

Darmstadt, Germany

FastAP Thermo Fisher Scientific, Life Technologies GmbH,
Darmstadt, Germany
T4-Ligase Thermo Fisher Scientific, Life Technologies GmbH,

3.1.4 Oligonucleotides

All used oligonucleotides were obtained from Sigma-Aldrich, Steinheim, Germany.

Name Sequence
Y408A-Fwd 5’-TGCATCCGCCGGCCTCTTTGGGGCAGCTGG-3’
Y408A-Rev 5’-CCAGCTGCCCCAAAGAGGCCGGCGGATGCA-3’

L1427 /28AA-Fwd

5’-AGTGC TTGTTCCTGCCGCCTCCCCACCGGT-3’

L1427 /28AA-Rev

5’-ACCGGTGGGGAGGCGGCAGGAACAAGCACT-3’

Bsu36l-Fwd

5’-CTGGAGCGGCCTGAGGCACGTGGTGCAGCT-3’

Notl-Rev

5’-CTAGACTCGAGCGGCCGCTTATCTGGGGAA-3’
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3.1.5 Plasmids

3.1.5.1 Existing plasmids

Plasmid

Resistance

Description

pcDNA3.1-IL-6R

Ampicillin

Expression plasmid encoding for wildtype
human IL-6R

p409-myc-gp130

Ampicillin

Expression plasmid encoding for wildtype
human gp130

pN1-eGFP

Kanamycin

Expression plasmid encoding for enhanced
green fluorescent protein

pcDNA3.1-DN-AP180_BFP2

Ampicillin

Expression plasmid encoding for a
dominant-negative form of AP-180 together
with blue fluorescent protein. Kindly
provided by Dr. Stefan Diisterhoft

pEGFP-endophilinAl

Ampicillin

Expression plasmid encoding for endophilin
variant A1l and enhanced green fluorescent
protein. Kindly provided by Dr. Stefan
Diisterhoft

pEGFP-endophilin-A2

Ampicillin

Expression plasmid encoding for endophilin
variant A2 and enhanced green fluorescent
protein. Kindly provided by Dr. Stefan
Diisterhoft

pEGFP-endophilin-A3

Ampicillin

Expression plasmid encoding for endophilin
variant A3 and enhanced green fluorescent
protein. Kindly provided by Dr. Stefan
Diisterhoft

pcDNA3.1-mCTSS

Ampicillin,
Hygromycin

Expression plasmid encoding for murine
cathepsin S. Kindly provided by Dr. Bernd
Schroder

pMOWS-puro-IL-6R

Puromycin

Expression plasmid used for retroviral
transduction and coding for human wild-
type IL-6R [249]

3.1.5.2 Generated plasmids

Plasmid

Resistance

Description

pcDNA3.1-IL-6R-Y/A

Ampicillin

Expression plasmid encoding for human IL-
6R carrying a mutation at Y408A

pcDNA3.1-IL-6R-LI/AA

Ampicillin

Expression plasmid encoding for human IL-
6R carrying a mutation at L1427 /428AA
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Plasmid Resistance Description

pMOWS-puro-IL-6R-Y/A Puromycin Expression plasmid used for retroviral
transduction and coding for human IL-6R
carrying a mutation at Y408A

pMOWS-puro-IL-6R-LI/AA | Puromycin Expression plasmid used for retroviral
transduction and coding for human carrying
a mutation at L1427 /428AA

3.1.6 Synthetic inhibitors

Name Target Supplier

Pit-Stop2 Clathrin inhibitor abcam, Cambridge, UK

Dyngo-4a Dynamin inhibitor abcam, Cambridge, UK

Marimastat matrix metalloprotease inhibitor | Sigma-Aldrich, St. Louis, USA

and ADAM17 inhibitor

GI254023X ADAM10 inhibitor Iris Biotech, Marktredwitz,
Germany

GW280264X ADAM10/17 inhibitor Iris Biotech, Marktredwitz,
Germany

Src-1 Scr inhibitor Sigma-Aldrich, St. Louis, USA

Ly294 PI3K inhibitor Sigma-Aldrich, St. Louis, USA

Tofacitinib JAK1/2 inhibitor Sigma-Aldrich, St. Louis, USA

U0126 monoethanolate ERK inhibitor Sigma-Aldrich, St. Louis, USA

Rapamycin mTOR inhibitor Sigma-Aldrich, St. Louis, USA

SB203580 P38/MAPK inhibitor Sigma-Aldrich, St. Louis, USA

Bisl PKC inhibitor Calbiochem GmbH, Frankfurt,

Germany

3.1.7 Recombinant cytokines and proteins

3.1.7.1 Recombinant cytokines

Cytokine

Interleukin-6 (IL-6)

al, 2013 [250]

Produced in house as described in van Dam et

Hyper-IL-6

Produced in house as described in Fischer et
al., 1997 [251] and Schroers et al,, 2005 [252]
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3.1.7.2 Recombinant proteins

Protein/protease Supplier

PRCP R&D Systems, Minneapolis, USA
CD26 R&D Systems, Minneapolis, USA
Cathepsin S R&D Systems, Minneapolis, USA
DPP8 abcam, Cambridge, UK

CPA6 abcam, Cambridge, UK

MMP-2 R&D Systems, Minneapolis, USA
MMP-3 R&D Systems, Minneapolis, USA
MMP-7 R&D Systems, Minneapolis, USA
MMP-9 R&D Systems, Minneapolis, USA
MMP-12 R&D Systems, Minneapolis, USA
MMP-13 R&D Systems, Minneapolis, USA
MMP-14 R&D Systems, Minneapolis, USA
ADAM10 R&D Systems, Minneapolis, USA
ADAM17 R&D Systems, Minneapolis, USA

3.1.8 Toll-like receptor agonists

Agonist Working concentration Supplier

Pam3CSK4 (TLR1/2) 1 pg/ml Invivogen, San Diego, USA
HKLM (TLR2) 108 cells/ml Invivogen, San Diego, USA
Poly(I:C) (TLR3) 25 pg/ml Invivogen, San Diego, USA
Poly(I:C) LMW (TLR3) 25 pg/ml Invivogen, San Diego, USA
LPS K12 (TLR4) 5 pg/ml Invivogen, San Diego, USA
Flagellin (TLR5) 1 pg/ml Invivogen, San Diego, USA
FSL-1 (TLR6/2) 1 pg/ml Invivogen, San Diego, USA
Imiquimod (TLR7) 5 pg/ml Invivogen, San Diego, USA

ssRNA40 (TLR8)

5 pg/ml

Invivogen, San Diego, USA
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3.1.9 Cell culture media and reagents

Product Description

DMEM (-/-) Dulbecco’s modified Eagle’s Medium (DMEM), high Glucose
(4,5 g/1); Thermo Fisher Scientific, Life Technologies GmbH,
Darmstadt, Germany

DMEM (+/+) Dulbecco’s modified Eagle’s Medium (DMEM), high Glucose

(4,5 g/1), with 10% FCS and 1% Penicillin/Streptomycin

RPMI 1640 (-/-)

Roswell Park Memorial Institute (RPMI), 2 g/l glucose;
Sigma-Aldrich, St. Louis, USA

FCS Fetal calf serum; Thermo Fisher Scientific, Life Technologies
GmbH, Darmstadt, Germany

Pen/Strep Penicillin/Streptomycin; Sigma-Aldrich, St. Louis, USA

TurboFect Transfection Reagent; Thermo Fisher Scientific, Life
Technologies GmbH, Darmstadt, Germany

Polybren PAA laboratories, Pasching Austria

3.1.10 Cell lines

3.1.10.1 Existing cell lines

Cell line Description

THP-1 Human monocytic cell line derived from acute monocytic
leukemia of a 1-year-old male patient (ATCC number: TIB-
202)

HeLa Human epithelial cell line derived from cervical
adenocarcinoma of a 31-year-old female (ATCC number:
CCL-2)

HEK293 Human epithelial cell line derived from embryonic kidney
(ATCC number: CRL-1573)

HEK293 A10/17-/- Human epithelial cell line derived from embryonic kidney.

Deficient for the metalloproteases ADAM10 and ADAM17
generated by the CRISPR/Cas9 system as described in
Riethmueller et al., 2016 [253]

Phoenix-Eco

HEK293T derived packaging cell line stably transfected with
a cDNA encoding for antigen, polymerase and envelope
protein of ecotropic murine retroviruses [249]

Ba/F3

Murine pro-B cell line which grows IL-3 dependently
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Cell line

Description

Ba/F3-gp130

Murine pro-B cell line transduced with cDNA encoding for
human glycoprotein 130 (gp130) which grows IL-3 or Hyper-
IL-6 dependently [251]

Ba/F3-IL-6R

Murine pro-B cell line transduced with cDNA encoding for
human Interleukin-6 receptor (IL-6R) which grows IL-3
dependently.

Ba,/F3-gp130-IL-6R

Murine pro-B cell line transduced with cDNA encoding for
human gp130 and human IL-6R which grows IL-3, IL-6 or
Hyper-IL-6 dependently [254]

Ba/F3-IL-6R-delta-ICD

Murine pro-B cell line transduced with cDNA encoding for
human IL-6R lacking the intracellular domain (ICD) which
grows IL-3 dependently.

Ba/F3-gp130-IL-6R-delta-ICD

Murine pro-B cell line transduced with cDNA encoding for
human gp130 and IL-6R lacking the intracellular domain
(ICD) which grows IL-3 or Hyper-IL-6 dependently

3.1.10.2 Generated cell lines

Cell line

Description

Ba/F3-IL-6R-Y/A

Murine pro-B cell line transduced with cDNA encoding for
human IL-6R containing a Y408A mutation which grows IL-3
dependently

Ba/F3-IL-6R-LI/AA

Murine pro-B cell line transduced with cDNA encoding for
human IL-6R containing a LI427/428AA mutation which
grows IL-3 dependently

Ba/F3-gp130-IL-6R-Y/A

Murine pro-B cell line transduced with cDNA encoding for
human gp130 and IL-6R containing a Y408A mutation which
grows IL-3 or Hyper-IL-6 dependently

Ba/F3-gp130-IL-6R-LI/AA

Murine pro-B cell line transduced with cDNA encoding for
human gp130 and IL-6R containing a L1427 /428 AA mutation
which grows IL-3 or Hyper-IL-6 dependently

3.1.11 Kits
Kit name Description Supplier
BCA Protein Assay Determination of protein | Thermo Fisher Scientific,

concentrations in cell lysates Life Technologies GmbH,

Darmstadt, Germany

GeneJet Gel Extraction Kit

Thermo Fisher Scientific,
Life Technologies GmbH,
Darmstadt, Germany

Plasmid DNA extraction from
agarose gels
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Kit name

Description

Supplier

GeneJet Plasmid Miniprep Kit

Plasmid DNA extraction from
bacteria

Thermo Fisher Scientific,
Life Technologies GmbH,
Darmstadt, Germany

NucleoBond Xtra Midi

Plasmid DNA extraction from
bacteria

Macherey-Nagel GmbH &
Co.KG, Duren, Germany

CellTiter-Blue Cell Viability
Assay

Determination of cell viability

Promega GmbH,

Mannheim, Germany

DuoSet ELISA Human IL-6Ra

Detection of sIL-6R in sera and
cell culture supernatants

R&D Systems, Minneapolis,
USA

Human Interleukin-6 ELISA

Detection of IL-6 in sera and cell
culture supernatants

ImmunoTools, Friesoythe,
Germany

3.1.12 Chemicals

All chemicals that were used were obtained from Carl Roth GmbH (Karlsruhe, Germany), Sigma-

Aldrich (St. Louis, USA) or Roche (Mannheim, Germany).

3.1.13 Buffers and solutions

Buffer name

Composition

Stacking gel buffer (SDS gel)

0.5 M Tris
0.4% SDS
pH 6.8

Running gel buffer (SDS gel)

1.5 M Tris
0.4% SDS
pH 8.8

25 mM Tris-HCI

10x SDS running buffer 192 mM Glycin
0.1% SDS
Blocking buffer 5% milk powder in TBS-T

10x transfer buffer

250 mM Tris
2 M Glycin
pH 8.5
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Buffer name

Composition

Mild lysis buffer

50 mM Tris pH 7.5
150 mM NaCl
1% Triton-X-100

One tablet of Complete protease inhibitor
cocktail (Roche, Mannheim, Germany) per
50ml buffer

pSTAT3 lysis buffer

50 mM Tris-HCl pH 7.5
150 mM NacCl

2 mM EDTA

1 mM NaF

1 mM NazVO,

1% IGEPAL (NP-40)
1% Triton-X-100

One tablet of Complete protease inhibitor
cocktail (Roche, Mannheim, Germany) per
50ml buffer

5x Laemmli buffer

67 mM Tris-HCI pH 6.8
10% Glycerol

2% SDS

5% B-mercaptoethanol

One spatula tip bromophenol blue

6x DNA loading buffer

30% glycerol
10% EDTA (pH 8.0)
One spatula tip bromophenol blue

One spatula tip xylencyanol

10 mM Tris-HCl pH 8.0

TBS
150 mM NaCl
10x TBS

TBS-T
0.05% Tween
150 mM NaCl

PBS 8 mM Na;HPO4pH 7.4
1.7 mM NaH,PO. pH 7.4
PBS

PBS-T

0.05% Tween
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Buffer name

Composition

Lysis buffer for biotinylation

20 mM Tris pH 7.4
150 mM NacCl

2 mM EDTA

0.5% Triton-X-100
0.01% SDS

One tablet of Complete protease inhibitor
cocktail (Roche, Mannheim, Germany) per
50ml buffer

Stripping buffer for biotinylation

50 mM l-Glutathione reduced

75 mM NacCl

75 mM NaOH

1% bovine serum albumin (BSA)
10 mM EDTA

Wash buffer for biotinylation

20 mM Tris pH 7.4
500 mM NacCl

2 mM EDTA

0.5% Triton-X-100

LB medium

1% NaCl
1% pepton
0.5% yeast extract

Freezing medium for cryoconservation of
cells

10% DMSO in FCS

FACS-buffer

1% BSA in PBS
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3.2 Methods

3.2.1 Molecular biology methods

3.2.1.1 Polymerase chain reaction (PCR)

The polymerase chain reaction was performed to amplify specific DNA sequences. For this, the

following pipetting scheme was used:

Template 100 ng
5’-primer 0.2 mM
3’-primer 0.2 mM
dNTPs 0.2 mM
PCR buffer (10x) 5ul
Phusion polymerase 10
ddH20 ad 50 pl

For the PCR the following program was run:

95°C 10 min

95°C 1 min

60°C 1 min 32x
72°C 500 bp/min

72°C 5 min

3.2.1.1.1 SOE-PCR

To introduce specific mutations into DNA sequences a splicing by overlap extension PCR was used
(scheme see Fig. 4.9). For this, four different primers are needed, from which two primers, one
forward primer and one reverse primer, enclose the region that should be amplified, and contain
restrictions sites for enzymatic digestion. The two other primers are complementary to one
another and carry the mutation that should be introduced. Two PCRs are run which use each one
of the forward primers together with one of the reverse primers. The thereby generated PCR
fragments are used together in the SOE-PCR as template which leads to the introduction of the
mutation into the designated DNA sequence. The generated PCR fragment was then digested and

cloned into the vector.

3.2.1.2 Enzymatic digestion

Digestion of plasmid DNA or PCR fragments was performed using restriction endonucleases. For

digestion of plasmid DNA used for cloning, 10 pg plasmid DNA was mixed with 10 U of the enzyme
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and corresponding buffer in a total volume of 50 pl. For the digestion of PCR fragments, the whole
PCR reaction (30 ul) was used, mixed with enzyme and buffer and filled up with water to a total
volume of 50 pl. For analytical digestion of plasmid DNA 2.5 pl of the mini-preparation was mixed
with enzyme and corresponding buffer in a total volume of 20 pl.

When digestion was performed with two different enzymes the buffer was used that showed the
highest activity for both enzymes.

Plasmid DNA and PCR fragments were digested at 37°C for 3 h and, following, the enzymes were
inactivated as stated in the datasheets. Finally, the generated fragments were separated by

agarose gel electrophoresis.

3.2.1.3 Dephosphorylation of DNA fragments

To avoid re-ligation of the plasmid backbone following enzymatic digestion, 2 pl FastAP (Thermo
Fisher Scientific, Life Technologies GmbH, Darmstadt, Germany) were added to the sample and

incubated together for 2 h at 37°C. Following, the sample was loaded onto an agarose gel.

3.2.1.4 Agarose gel electrophoresis

For the separation of DNA fragments according to their size an agarose gel electrophoresis was
performed using the horizontal electrophoresis system from Bio-Rad Laboratories GmbH
(Munich, Germany). Therefore, a 1% agarose gel was poured by melting agarose in 0.5x TBE buffer
and adding 0.05% ethidium bromide. The DNA fragment samples were mixed with 6x loading dye,
loaded onto the gel and separated at a constant voltage of 100 V in 0.5x TBE buffer. Additionally,
the GeneRuler 1 kb DNA ladder (Thermo Fisher Scientific, Life Technologies GmbH, Darmstadt,
Germany) was loaded onto to the gel as size standard. Finally, the bands of the separated DNA
fragments were documented using the BioDocAnalyze system (Biometra GmbH, Gottingen,

Germany).

3.2.1.5 Isolation of DNA fragments from agarose gels

For the isolation of DNA fragments from agarose gels upon agarose gel electrophoresis, the gel
was transferred onto a UV table to visualize the separated bands. The corresponding fragment
was cut out of the gel with the help of a scalpel and transferred into a 1.5 ml reaction tube. The
DNA fragment was isolated using the GeneJet Gel Extraction Kit (Thermo Fisher Scientific, Life
Technologies GmbH, Darmstadt, Germany). The isolation was performed according to the

datasheet, but the DNA fragment was finally eluted in 30 pl H20 instead of elution buffer.

3.2.1.6 Ligation of DNA fragments

For the ligation of digested and dephosphorylated vector with digested insert the T4 ligase
(Thermo Fisher Scientific, Life Technologies GmbH, Darmstadt, Germany) was used. As control, a

second sample was incubated without insert to exclude re-ligation of the used vector. Both
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samples were pipetted according to the scheme below and incubated for 1 h at room temperature

before transformation into E. coli bacteria.

Ligation Control

14 pl H20 16 pl H.0

2 ul insert -- insert

1 pl vector 1 ul vector

2 pl ligation buffer 2 pl ligation buffer
1 pl T4-ligase 1 pl T4-ligase

3.2.1.7 Transformation of plasmid DNA into E. coli

For the transformation of chemically competent E.coli XL-1 blue bacteria with plasmid DNA, a 25
ul aliquot of the bacteria was thawed on ice and 1 pl plasmid DNA or 10 pl of a ligation was added.
The bacteria and the plasmid DNA were mixed carefully, incubated for 5 min on ice and
transferred to 42°C for 30 sec. Following, the cells were cooled down on ice for 5 min, 500 ul LB
medium was added and the cells were incubated in a shaker for 1 h at 37°C and 100 g. Finally, 100
ul of the transformed bacteria were spread onto a LB agar plate containing the corresponding

antibiotic and were incubated at 37°C overnight.

3.2.1.8 Plasmid preparation by Mini-preparation

For the isolation of plasmid DNA from bacteria, single bacterial colonies were isolated from LB
agar plates and each colony was transferred into a 2.0 ml reaction tube containing 2 ml LB medium
with the corresponding antibiotic. The LB culture was incubated at 37°C under constant agitation
at 100 g overnight. The next day, the suspension was centrifuged for 10 min at 5000 g and 4°C,
the supernatant was discarded, and the cell pellet was used for plasmid DNA preparation with the
GeneJet Plasmid Miniprep Kit (Thermo Fisher Scientific, Life Technologies GmbH, Darmstadt,
Germany). The isolation was performed according to the datasheet, but the plasmid DNA was

finally eluted in 30 pl H20 instead of elution buffer.

3.2.1.9 Plasmid preparation by Midi-preparation

To generate higher amounts of plasmid DNA a single bacterial colony was isolated from an LB agar
plate and transferred into 100 ml LB medium containing the corresponding antibiotic. The LB
culture was incubated at 37°C under constant agitation at 160 rpm overnight. The next day the
bacteria suspension was transferred into 50 ml collection tubes, centrifuged at 10,000 g and 4°C
for 15 min and the bacterial pellet was used for plasmid-DNA preparation with the NucleoBond
Xtra Midi kit (Macherey-Nagel GmbH & Co0.KG, Diiren, Germany). Isolation was performed
according to the datasheet. To obtain higher purity of the eluted plasmid DNA, the eluted plasmid
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DNA was distributed in four 2.0 ml reaction tubes and 700 pl isopropanol was added to every tube
and mixed well. The tubes were centrifuged for 30 min at 4°C and 15,000 g, the supernatant was
discarded and 500 pl of 70% ethanol was added to the pellet. The tubes were centrifuged for 5
min at 13000 g at room temperature and the supernatant was discarded. The pellet was dried
completely, and every pellet was resuspended in 30 ul H,O by incubation overnight at room
temperature. The following day, the four tubes were combined, and the plasmid DNA

concentration was determined (see 3.2.1.10).

3.2.1.10 Determination of plasmid DNA concentration

The concentration of plasmid DNA was measured using the NanoDrop® ND-1000 (Peqlab
Biotechnologie GmbH, Erlangen,). The purity of the plasmid DNA was determined by the ratio of
absorption at 260 nm to absorption at 280 nm which should be greater than 1.8.

3.2.1.11 Sequencing of plasmid DNA

For sequencing, plasmid DNA was diluted in water to a concentration between 30-100 ng/ml. 20
ul of the diluted plasmid DNA was transferred into a 1.5 ml reaction tube and sent for sequencing.
The primers for the sequencing reaction were diluted to 10 pM and 20 pl were also transferred
into a 1.5 ml reaction tube and sent for sequencing. The sequencing was performed by GATC

Biotech AG (K6In, Germany).
3.2.2 Cell biology methods

3.2.2.1 Cultivation of cells

All cell lines were cultivated in DMEM high glucose medium with 10% FCS and 1%
penicillin/streptomycin. For cultivation of HeLa cells, the medium was removed from the cells,
the cells were washed with 10 ml PBS and detached from the cell culture dish using 1 ml
Trypsin/EDTA. The cells were incubated at 37°C and 5% CO- until they were detached, mixed with
9 ml DMEM+/+, transferred into a 15 ml reaction tube and centrifuged for 5 min at 1,500 g. The
cell pellet was resuspended in fresh DMEM+/+ and diluted 1:10 twice a week for sub-cultivation.
HEK293 cells were removed from the cell culture dish after a careful wash with PBS using 5 ml
DMEM+/+. The cells were mixed thoroughly and diluted 1:20 in fresh DMEM+/+ twice a week for
sub-cultivation.

The suspension cell line THP-1 was mixed in the medium and diluted 1:10 in fresh DMEM+/+
twice a week for sub-cultivation.

Ba/F3 cells, Ba/F3-gp130 cells and the cell lines derived therefrom were resuspended in the
medium they were cultivated in to receive a single-cell suspension, and 50 pl of the cell suspension
was transferred into 10 ml fresh DMEM+/+ for sub-cultivation. For the proliferation of the cells,

the corresponding cytokine (see 4.1.10) was added to a final concentration of 10 ng/ml.
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3.2.2.2 Cryo-conservation of cells

To freeze cells for long-time storage, adherent cells were detached from confluent 10 cm cell
culture dishes using Trypsin/EDTA and transferred into 15 ml collection tubes. Suspension cells
were directly transferred into 15 ml collection tubes. The cells were centrifuged for 5 min at 1500
g, the supernatant discarded, and the cell pellet washed in PBS. The cells were centrifuged a
second time and the cell pellet was resuspended in 3 ml 10% DMSO in FCS. The cell suspension
was distributed onto three cryotubes, and the tubes were put into a cryobox filled with

isopropanol and were frozen at -80°C.

3.2.2.3 Transient transfection of cells

For transient transfection of HEK293 cells and HeLa cells, 2x106¢ cells per transfection were seeded
onto 10 cm cell culture dishes and incubated overnight at 37°C and 5% CO; allowing the cells to
adhere to the culture dish. The next day, the medium was removed from the cells and 5 ml fresh
DMEM+/+ was added carefully. 5 ug plasmid DNA were mixed well with 1 ml DMEM-/-ina 1.5 ml
reaction tube, 10 pl TurboFect Transfection Reagent (Thermo Fisher Scientific, Life Technologies
GmbH, Darmstadt, Germany) was added, mixed well and incubated for 15 min at room
temperature. The transfection mix was pipetted carefully onto the cells and the cells were
incubated for 48 h at 37°C and 5% CO; before they were used for further experiments.

For transient transfection of the retroviral packaging cell line Phoenix-Eco, 5x105 cells in 2 ml
DMEM+/+ per transfection were seeded onto 6-well plates and incubated overnight at 37°C and
5% CO.. For the transfection 1 ug plasmid DNA was mixed first with 200 yl DMEM-/- and then
with 2 pl TurboFect Transfection Reagent (Thermo Fisher Scientific, Life Technologies GmbH,
Darmstadt, Germany). The transfection mix was incubated for 15 min at room temperature and
then pipetted carefully onto the cells. The cells were incubated for 24 h at 37°C and 5% CO; before

the supernatant was used for retroviral transduction.

3.2.2.4 Retroviral transduction of Ba/F3 and Ba/F3-gp130 cells

For the retroviral transduction of Ba/F3 and Ba/F3-gp130 cells, Phoenix-Eco cells were
transfected as described above (3.2.2.3). The following day, supernatant was collected from the
transfected cells, transferred into 1.5 ml reaction tubes and centrifuged at 15,000 g and 4°C for 5
min. Ba/F3 and Ba/F3-gp130 cells were collected, centrifuged for 5 min at 1,500 g, washed in PBS,
centrifuged again and resuspended in DMEM+/+. The cell suspension was adjusted to 2x106
cells/ml and 50 pl per transfection was transferred into 1.5 ml reaction tubes. 250 ul of the
centrifuged Phoenix-Eco supernatant per transfection was mixed with 3 pl polybrene and
transferred to the cell suspension. Everything was mixed well, and the cell suspension was
centrifuged for 2 h at 350 g and 21°C. Following, the supernatant was discarded carefully, and the

cell pellet was resuspended in 50 pl DMEM+/+ and transferred into 6-well plates with 5 ml
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DMEM+/+ containing either 10 ng/ml IL-3 (for transduced Ba/F3 cells) or 10 ng/ml Hyper-IL-6
(for transduced Ba/F3-gp130 cells). The cells were incubated 48 h at 37°C and 5% CO; before 1.5
mg/ml puromycin was added for selection of successfully transduced cells. The cells were

cultivated in the presence of puromycin at 37°C and 5% CO; for at least two weeks.

3.2.2.5 Ba/F3-gp130 cell viability assay (proliferation assay)

To analyze whether generated sIL-6R is biologically active, a cell viability assay was performed.
Therefore, Ba/F3-gp130 cells were used, which are only able to grow in the presence of IL-6 and
sIL-6R or Hyper-IL-6, a designer protein consisting of sIL-6R linked to IL-6 via a flexible linker.

Ba/F3-gp130 cells were transferred into 50 ml collection tubes, centrifuged at 1200 g for 5 min
and resuspended in PBS. The cells were centrifuged again and resuspended in DMEM+/+. The cells
were counted, and the cell number adjusted to 1x105 cell/ml. 50 pl of the adjusted cell suspension
(2 5000 cells) was transferred into a well of a 96-well plate and 50 pl of conditioned medium or
fresh DMEM+/+ was added to the cells. The cells were mixed with IL-6 to a final concentration of
25 ng/ml or, as positive control, with Hyper-IL-6 (10 ng/ml) or without cytokine as negative
control and were incubated for 48 h at 37°C and 5% CO.. After addition of 20 pl Cell Titer Blue
Viability Assay (Promega, Madison, USA) to each well, fluorescence was measured at Aem = 590
nm for one hour every 20 min using the Synergy HTX multimode reader (BioTek, Winooski, VT,
USA). Fluorescence at time-point 120 min was normalized by subtracting the fluorescence
measured at time point 0 min. An increase in fluorescence indicates cell proliferation mediated by

sIL-6R present in the conditioned medium.

3.2.2.6 Flow cytometry

3.2.2.6.1 Analysis of IL-6R shedding upon PMA stimulation

THP-1 cells were centrifuged at 600 g for 8 min, the supernatant was discarded, and the cell pellet
resuspended in PBS. The cells were centrifuged again, 1x10¢ cells per stimulation were
resuspended in 250 pl FACS buffer (1% BSA in PBS) containing primary antibody (anti-IL-6R
antibody 4-11, 1:100) and were incubated on ice for 1 h to stain cell-surface IL-6R. Following, the
cells were centrifuged as before, washed twice in PBS, resuspended in 2 ml serum-free DMEM and
were transferred into 6-well plates. To induce shedding, the cells were stimulated with PMA (2
uM) or DMSO as negative control for 2 h at 37°C and 5% CO.. Following, the cells were collected,
transferred into 1.5 ml reaction tubes and were centrifuged as before. The cells were washed
twice in FACS buffer and were resuspended in 30 pl FACS buffer containing the fluorescently-
labelled secondary antibody anti-mouse-APC (1:100). The cells were incubated for 1 h on ice in
the dark, washed three times in FACS buffer and resuspended in 150 pl FACS buffer. Finally,

fluorescence was measured by flow cytometry using the BD Biosciences FACS Canto II (Becton-
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Dickinson, Heidelberg, Germany) and IL-6R shedding was determined by analysis of the FACS data

using the FCS Express software (De Novo Software, Glendale, USA).

3.2.2.6.2 Internalization assay of gp130 and IL-6R

THP-1 cells were centrifuged at 600 g for 8 min, the supernatant was discarded and the cell pellet
resuspended in PBS. The cells were centrifuged again, resuspended in serum-free DMEM and
1x107 cells per stimulation were transferred into 10 cm cell culture dishes in a total volume of 10
ml serum-free DMEM. The cells were incubated for 40 min at 37°C and 5% CO; with or without
the addition of 10 pM Marimastat. Following, the cells were transferred into 15 ml collection
tubes, centrifuged at 600 g for 8 min at 4°C, resuspended in PBS and transferred into 1.5 ml
reaction tubes. The cells were centrifuged again, resuspended in 250 pl FACS buffer (1% BSA in
PBS) containing primary antibody (anti-IL-6R antibody 4-11, 1:100 or anti-gp130 antibody B-P4,
1:100) and were incubated on ice for 1 h with or without the addition of Marimastat (10 uM) to
stain cell-surface IL-6R or gp130. Following, the cells were centrifuged as before, washed twice in
PBS, resuspended in 10 ml serum-free DMEM containing Marimastat (2 pM) or not and were
transferred into 10 cm cell culture dishes. The cells were stimulated with or without 10 ng/ml IL-
6 and incubated for different points (0, 15, 30, 60, 90, 120, 150 and 180 min) at 37°C and 5% CO..
For every time point 1 ml cell suspension was collected, transferred into 1.5 ml reaction tubes and
kept on ice until all samples were collected. The cells were centrifuged as before, resuspended in
100 ul FACS buffer and transferred onto a 96-well plate. The plate was centrifuged at 300 g and
4°C for 3 min, the supernatant was removed, and the cells were washed once in FACS buffer. The
cells were resuspended in 30 pl FACS buffer containing the fluorescently-labelled secondary
antibody anti-mouse-APC (1:100) and were incubated for 1 h on ice in the dark. Following, the
cells were washed three times in FACS buffer and resuspended in 150 pl FACS buffer. Finally,
fluorescence was measured by flow cytometry using the BD Biosciences FACS Canto Il with HTS
loader (Becton-Dickinson, Heidelberg, Germany) and IL-6R or gp130 internalization was
determined by analysis of the obtained FACS data using the FCS Express software (De Novo
Software, Glendale, USA).

To analyze the involvement of clathrin or dynamin on IL-6R and gp130 internalization the
experiment was performed as stated above but the cells were pre-incubated not only with
Marimastat but also with the inhibitors Pit-Stop2 (clathrin inhibitor; 25 pM) and Dyngo-4a
(dynamin inhibitor; 50 uM) or DMSO as control for 40 min at 37°C and 5% CO.. The inhibitors

were also added during the time-course of internalization.

Analysis of internalization using the different Ba/F3 or Ba/F3-gp130 cell lines was performed as
described for the THP-1 cells, but the cells were incubated in serum-free DMEM for 3 h at 37°C at

the beginning to reduce effects caused by the cytokines that were added to the cells for cultivation.
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3.2.2.6.3 Cell-surface staining of PBMCs to determine different PBMC subsets

To determine the different cell types in PBMCs, four samples with each 1x10¢ PBMCs in 1.5 ml
reaction tubes were centrifuged at 300 g for 10 min at 4°C, resuspended in FACS buffer,
centrifuged again, and the cell pellets were resuspended in 50 pl blocking solution (50 ul FACS
buffer, 0.5 pl Fc-Block, 0.5 pul human serum). After incubation for 15 min at 4°C, the cells were
washed once in FACS buffer and the cell pellets were resuspended in 50ul FACS buffer containing
different fluorescently-labeled antibodies (IL-6R-APC, TLR2-BV421, CD45-BV510, CD14-
APC/Cy7,B220-PE, CD3-AlexaFlour488 and CD56-PE/Cy7). The different antibodies were diluted

1:100 and combined as noted below:

IL-6R-APC IgG1-APC
TLR2-BV421 IgG1-BV421
Staining 1 CD45-BV510 Isotype 1 CD45-BV510
CD3-AlexaFluor488 CD3-AlexaFluor488
CD56-PE/Cy7 CD56-PE/Cy7
CD123-PE CD123-PE
IL-6R-APC IgG1-APC
TLR2-BV421 IgG1-BV421
Staining 2 CD45-BV510 Isotype 2 CD45-BV510
B220-PE B220-PE
CD14-APC/Cy7 CD14-APC/Cy7

The cells were incubated with the antibodies for 1 h at 4°C on ice in the dark, centrifuged as before,
washed twice in FACS buffer, centrifuged again and the cell pellet was resuspended in 50 pl 1x
RBC Lysis/Fixation Solution (BioLegend San Diego, USA) diluted in water to lyse remaining
erythrocytes. After incubation in the dark at room temperature for 15 min, the cells were
centrifuged as before, resuspended in FACS buffer, centrifuged again and resuspended again in
200 ul FACS buffer. Finally, fluorescence was measured by flow cytometry using the BD
Biosciences FACS Canto Il (Becton-Dickinson, Heidelberg, Germany) and the different PBMCs
subsets were determined by analysis of the obtained FACS data using the FCS Express software

(De Novo Software, Glendale, USA).

3.2.2.6.4 Analysis of IL-6R shedding

For the analysis of IL-6R cleavage by proteases using flow cytometry, THP-1 cells were centrifuged
at 600 g for 8 min, the supernatant was discarded, and the cell pellet was resuspended in PBS to
wash the cells. The cells were centrifuged as before, the supernatant was removed, and the cell
pellet was resuspended in serum-free DMEM. 1x106 cells in 1 ml serum-free DMEM per sample

were transferred onto a 24-well plate before different protease inhibitors (GI (ADAM10
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inhibition; 3 uM), GW (ADAM17 inhibition; 3 pM), Marimastat (matrix-metalloprotease inhibitor;
2 uM)) or DMSO as control were added to two wells each. The cells together with the inhibitors or
DMSO were pre-incubated at 37°C and 5% CO; for 30 min. Following, the cells were transferred
into 1.5 ml reaction tubes, centrifuged at 600 g and 4°C for 8 min, the supernatants were
discarded, and the cells were resuspended and washed in PBS. After another centrifugation step
the cell pellets were resuspended in 50 pl FACS buffer (1% BSA in PBS) with anti-IL-6R antibody
(4-11; 1:100) to stain surface IL-6R. The cells were incubated with primary antibody for 1 h on
ice, centrifuged at 600 g and 4°C for 8 min, the cell pellet was washed in PBS and centrifuged again.
The cell pellet was resuspended in 1 ml serum-free DMEM and transferred onto a 24-well plate.
GI, GW, Marimastat or DMSO were added again to the cells and the cells were additionally
stimulated with the TLR2 agonist HKLM (108 cells/ml). The cells were incubated for 24 h at 37°C
and 5% COg, transferred into 1.5 ml reaction tubes, centrifuged at 600 g and 4°C for 8 min, the cell
pellet was washed in PBS, centrifuged again before the cell pellets were resuspended in 50 pl FACS
buffer with secondary anti-mouse-APC antibody (1:100). The cells were incubated for 1 h on ice
in the dark to stain remaining surface IL-6R. Following, the cells were centrifuged, the cell pellet
was resuspended in FACS buffer, centrifuged again and washed a second time in FACS buffer.
Finally, the cell pellets were resuspended in 150 pl FACS buffer and APC-fluorescence was
measured by flow cytometry using the BD Biosciences FACS Canto II (Becton-Dickinson,
Heidelberg, Germany). The obtained FACS data and remaining surface IL-6R were analyzed using

the FCS Express software (De Novo Software, Glendale, USA).

3.2.2.7 Isolation of peripheral blood mononuclear cells (PBMCs) by density gradient

centrifugation

PBMCs were isolated from plasma-free blood which was mixed with 100 ml PBS. 25 ml of the
blood suspension was transferred into 50 ml collection tubes and 15 ml Histopaque® 1077
(Sigma-Aldrich, St. Louis, USA) was added carefully. The tubes were centrifuged at 900 g for 20
min without the brake turned on which results in four layers. The top layer was removed carefully
and discarded to make the yellowish layer accessible that contains the PBMCs. The layer
containing the PBMCs was isolated, transferred into a 50 ml collection tube and PBS was added to
a total volume of 50 ml. The PBMC suspension was centrifuged for 5 min at 900 g with the brake
turned on, the supernatant was discarded, and the cell pellet was resuspended in 50 ml PBS before
being centrifuged for 10 min at 300 g. The supernatant was discarded again, the cell pellet
resuspended in 50 ml PBS and centrifuged for 10 min at 300 g. Finally, the supernatant was
discarded again, and the cell pellet was resuspended either in serum-free RPMI or in PBS and kept

on ice until further usage.
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3.2.2.8 Isolation of monocytes and dendritic cells from PBMCs by magnetic activated cell

sorting (MACS)

Dendritic cells and monocytes were isolated from PBMCs using MACS. For efficient isolation,
beads, LS columns, the magnetic separator (Miltenyi Biotec, Bergisch Gladbach, Germany) and all
solutions were pre-cooled to 4°C. The procedure of isolation was performed as described in the
datasheet of the beads that were used. Dendritic cells were isolated out of 4x108 PBMCs using
CD123-beads, monocytes were isolated out of 2x108 PBMCs using CD14-beads. To improve the
purity of the isolated dendritic cells or monocytes, the isolated cells were transferred onto fresh
LS columns a second time and washed again two times with 3 ml MACS buffer before wash-out of
the column. The cells were centrifuged at 300 g for 10 min at 4°C, the supernatant was discarded,
the cell pellet was resuspended in cold PBS and centrifuged again. The supernatant was removed,

and the cells were resuspended in cold PBS or serum-free RPMI and kept on ice until further usage.

3.2.2.9 Stimulation of cells

3.2.2.9.1 Stimulation with IL-6

To analyze how STAT3 activation is influenced by inhibition of internalization, 2x106 THP-1 cells
per time-point and inhibitor were washed in PBS, centrifuged for 10 min at 1200 g at room
temperature and the pellet was resuspended in 2 ml serum-free DMEM. The cells were transferred
into 6-well plates and incubated for 3 h at 37°C and 5% CO- to starve the cells thereby reducing
signal transduction to basal levels. Following, the internalization inhibitors (Pit-Stop2 (25 uM) or
Dyngo-4a (50uM)) or DMSO as control were added to the cells which were then pre-incubated for
40 min at 37°C and 5% CO: before 10 ng/ml IL-6 was added to each sample for different periods
of time (0, 15, 30, 60, 90 and 120 min) to induce signal transduction. The cells were transferred
into 2.0 ml reaction tubes, were centrifuged at 18,000 g for 5 min at 4°C to pellet the cells and the
pellets were resuspended in 50 ul pSTAT3 lysis buffer and incubated on ice for at least 30 min to
lyse the cells. The cells were centrifuged at 18,000 g for 15 min at 4°C, the supernatants were

transferred into new 1.5 ml reaction tubes and stored at -20°C until further analysis.

To further analyze the effect of internalization inhibition on STAT3 signaling, 4x106 HeLa cells
were transfected either with pN1-eGFP as control or with pcDNA3.1-DN-AP180_BFP2 and were
incubated at 37°C and 5% CO.. The next day, the cells were detached from the cell culture dish
using trypsin/EDTA, transferred into 15 ml collection tubes, centrifuged for 10 min at 1,200 g at
room temperature, were resuspended in 12 ml fresh DMEM+/+ and distributed into 6 wells of a
6-well plate. The cells were incubated overnight at 37°C and 5% CO3 so the cells can attach to the
plate. The next day, the medium was removed from the cells, the cells were washed with PBS and
2 ml serum-free DMEM was added. The cells were incubated at 37°C and 5% CO- for 4 h to starve
the cells before 10 ng/ml IL-6 was added to each sample for different time-points (0, 15, 30, 60,
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90 and 120 min). The cells were put on ice, the cell culture medium was removed, and the cells
were washed with cold PBS. The cells were scratched from the plate in 1 ml PBS, were transferred
into 2.0 ml reaction tubes and centrifuged at 18,000 g for 5 min at 4°C. The pellets were
resuspended in 50 pl pSTAT3 lysis buffer and incubated on ice for at least 30 min to lyse the cells.
The cells were centrifuged at 18,000 g for 15 min at 4°C, the supernatants were transferred into

new 1.5 ml reaction tubes and stored at -20°C until further analysis.

To analyze the effect of endophilin on internalization, 4x106 HeLa cells were transfected either
with pN1-eGFP or pEGFP-endophilinA1, pEGFP-endophilinA2 or pEGFP-endophilinA3. Following,

the cells were treated as described before.

3.2.2.9.2 Stimulation with Toll-like receptor (TLR) agonists

To analyze which TLR activation is involved in the release of sIL-6R and IL-6, 5x105 PBMCs per
agonist were washed with cold PBS, centrifuged for 10 min at 1,200 g and 4°C and resuspended
in 1 ml serum-free RPMI cell culture medium. The cells were transferred into 24-well plates and
different Toll-like receptor agonists (Pam3CSK4 (1 pg/ml), HKLM (108 cells/ml), Poly(I:C) (25
pg/ml), Poly(I:C) LMW (25 pg/ml), LPS K12 (5 pg/ml), Flagellin (1 pg/ml), FSL-1 (1 pg/ml),
Imiquimod (5 pg/ml), ssRNA40 (5 pg/ml)) were added in duplicates. The cells were incubated for
24 h at 37°C and 5% CO; and the supernatants were collected, transferred into 1.5 ml reaction
tubes and centrifuged for 10 min at 1,200 g and 4°C to remove cells and cell debris. Finally, the
supernatants were transferred into new 1.5 ml reaction tubes and stored at -20°C until further

analysis.

To analyze signaling pathways activated by the TLR2 agonist HKLM, 2x106 PBMCs per time-point
were washed in PBS, resuspended in 1 ml serum-free RPM], transferred into 24-well plates and
incubated for 2 h at 37°C and 5% CO: to starve the cells. Following, the TLR2 agonist HKLM (108
cells/ml) was added to the cells for different periods of time (0, 15, 30 and 60 min), the cells were
transferred into a 1.5 ml reaction tube and centrifuged at 18,000 g for 5 min at 4°C to pellet the
cells. The supernatants were discarded, the pellets were resuspended in 50 pl pSTAT3 lysis buffer
and incubated on ice for at least 30 min to lyse the cells. The cells were centrifuged at 18,000 g for
15 min at 4°C, the supernatants were transferred into new 1.5 ml reaction tubes and stored at -

20°C until further analysis.

3.2.2.9.3 Stimulation with protease inhibitors

To analyze which protease is involved in the generation of sIL-6R upon TLR2 activation, 5x105
PBMCs or THP-1 cells per sample were washed with cold PBS, centrifuged for 10 min at 1,200 g
and 4°C and resuspended in 1 ml serum-free RPMI cell culture medium. The cells were transferred

into 24-well plates and different protease inhibitors (GI (ADAM10 inhibition; 3 uM), GW (ADAM17
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inhibition; 3 uM) or Marimastat (matrix-metalloprotease inhibitor; 2 uM)) were added in
duplicates. After a 30 min pre-incubation with the inhibitors, the cells were stimulated with the
TLR2 agonist HKLM (108 cells/ml) for 24 h at 37°C and 5% CO2. The supernatants were collected,
transferred into 1.5 ml reaction tubes and centrifuged for 10 min at 1,200 g and 4°C to remove
cells and cell debris. Finally, the supernatants were transferred into new 1.5 ml reaction tubes and

stored at -20°C until further analysis.

3.2.2.9.4 Stimulation with signaling pathway inhibitors

To analyze which pathway is involved in the release of sIL-6R and IL-6 upon TLR2 activation,
5x105 PBMCs or monocytes per inhibitor were washed with cold PBS, centrifuged for 10 min at
1,200 g and 4°C and resuspended in 1 ml serum-free RPMI cell culture medium. The cells were
transferred into 24-well plates and different signaling pathway inhibitors (Srcl (Srcl inhibitor, 10
uM), TBB (CK2 inhibitor, 100 uM), Ly294 (PI3K inhibitor, 4 uM), Tofacitinib (JAK1/2 inhibitor, 3
uM), U0126 monoethanolate (Erk inhibitor, 10 uM), Rapamycin (mTOR inhibitor, 500 ng/ml),
SB203580 (p38/MAPK inhibitor, 10 uM) and Bisl (PKC inhibitor, 500 nM)) were added in
duplicates. After a 90 min pre-incubation time with the inhibitors, the cells were stimulated with
the TLR2 agonist HKLM (108 cells/ml) for 24 h at 37°C and 5% CO.. The supernatants were
collected, transferred into 1.5 ml reaction tubes and centrifuged for 10 min at 1,200 g and 4°C to
remove cells and cell debris. Finally, the supernatants were transferred into new 1.5 ml reaction

tubes and stored at -20°C until further analysis.

3.2.2.9.5 Stimulation with phorbol-12-myristate-13-acetate (PMA)

To induce ADAM17-mediated shedding, 4x10¢ HEK293 cells were transfected with pcDNA3.1-IL-
6R and incubated at 37°C and 5% CO.. 48 h after the transfection the cell culture medium was
removed, the cells were carefully washed with PBS and 5 ml serum-free DMEM was added to the
cells. The cells were stimulated with 2 uM PMA (Sigma-Aldrich, St. Louis, USA) for 2 h at 37°C and
5% CO2 to induce ADAM17-mediated cleavage of the IL-6R. Following, the supernatant was
transferred into 1.5 ml reaction tubes and centrifuged for 10 min at 1,200 g and 4°C to remove
cells and cell debris. Finally, the supernatants were transferred into new 1.5 ml reaction tubes and

stored at -20°C until further analysis.

3.2.2.10 Cell lysis

3.2.2.10.1 Lysis of adherent cells

The cell culture medium was removed from transfected cells and/or stimulated cells and 1 ml cold
PBS was added to the cells. The cells were removed from the cell culture dish, transferred into a
1.5 ml reaction tube and centrifuged at 18,000 g for 5 min at 4°C to pellet the cells. The supernatant
was removed, and the pellet was resuspended in 50 pl (6-well plate) or 150 ul (10 cm culture dish)

of lysis buffer. Cells that were used for the analysis of phosphorylation were resuspended in
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pSTAT3 lysis buffer, all other cells were resuspended in mild lysis buffer. The cells were incubated
on ice for at least 30 min before being centrifuged at 18,000 g for 15 min at 4°C to remove cell
debris. The supernatant containing the proteins was transferred into a new 1.5 ml reaction tube

and was stored at -20°C.

3.2.2.10.2 Lysis of suspension cells

The (stimulated) cells were transferred into 1.5 ml reaction tubes, centrifuged at 18,000 g for 5
min at 4°C and the supernatant was discarded. The cell pellet was resuspended in cold PBS,
centrifuged again at 18,000 g for 5 min and 4°C and the supernatant was discarded again. The cell
pellet was resuspended in 50 pl lysis buffer, either pSTAT3 lysis buffer or mild lysis buffer, and
incubated on ice for at least 30 min. Following, the lysed cells were centrifuged at 18,000 g for 15
min at 4°C to remove cell debris. The supernatant containing the proteins was transferred into a

new 1.5 ml reaction tube and was stored at -20°C.
3.2.3 Protein biochemistry methods

3.2.3.1 Determination of protein concentrations by BCA

To determine protein concentrations in cell lysates the BCA protein Assay Kit (Thermo Fisher
Scientific, Life Technologies GmbH, Darmstadt, Germany) was used according to the datasheet.
The generated cell lysates were diluted 1:10 in water and 25 pl of this suspension was transferred
onto a 96-well plate in duplicates. Additionally, the BSA-standard was diluted according to the
datasheet with water and was also transferred onto the plate in duplicates. Reagent A and B were
mixed in a ratio of 50:1 and 200 pl of this mixture was added to every well containing cell lysates
or BSA standard. The plate was incubated for 15 min at 37°C and, finally, the absorption was
measured at 562 nm using the Tecan Spectra Rainbow plate reader (Tecan, Crailsheim, Germany).
The protein concentration in the lysates was determined with the help of the BSA samples of

known concentrations.

3.2.3.2 Protein precipitation using trichloroacetic acid (TCA)

To analyze proteins that are present in cell culture supernatants via SDS-PAGE and Western Blot
the proteins need to be precipitated using TCA. Therefore, 1 ml of the cell culture supernatant was
centrifuged for 10 min at 4°C and 1200 g to remove cells and cell debris. The supernatant was
transferred into a new reaction tube and centrifuged for another 20 min at 4°C and 18,000 g.
Supernatants from which microvesicles should be removed were ultra-centrifuged for 60 min at
4°C and 300,000 g instead. Following, 900 pul of the supernatant was transferred into a 2 ml
reaction tube, mixed with 900 pl 20% TCA and incubated for 20 min on ice. The suspension was
centrifuged for 20 min at 4°C and 18,000 g, the supernatant was discarded, and the pellet was
dried completely before 350 pl ice-cold acetone was added to the pellet and mixed. After
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incubation on ice for 20 min the reaction tube was centrifuged for 20 min at 4°C and 18,000 g, the
supernatant was discarded, and the pellet was dried again. The precipitated proteins were
resuspended by addition of 25 pl 2,5x Laemmli buffer and incubation for 10 min at 95°C and 100

g. The samples were then analyzed further or stored at -20°C.

3.2.3.3 SDS polyacrylamide gel electrophoresis (SDS-PAGE)

In order to separate proteins from cell lysates or precipitated supernatants according to their size,
a SDS-PAGE was performed using the Mini-Protean 3 Cell-System (Bio-Rad Laboratories GmbH,
Munich, Germany). 10% SDS-gels were generated with a thickness of 1.5 mm and 10 or 15 pockets.

Stacking gel and running gel were composed as follows:

Running gel (1 gel) Stacking gel (2 gels)
Water 4.0 ml 3.44 ml
Acrylamide (30%) 3.3ml 1.0 ml
Running gel buffer 2.6 ml -
Stacking gel buffer - 1.5 ml
TEMED 4 pl 6 ul
APS 100 pl 60 ul

30 pg of the cell lysates were mixed with 5x Laemmli buffer and boiled for 10 min at 95°C before
being loaded onto the gel. Precipitated supernatants were prepared as described above (4.2.3.2)
and 10 pl of the samples were loaded. Additionally, 5 pl of the PageRuler Prestained Protein
Ladder (Thermo Fisher Scientific, Life Technologies GmbH, Darmstadt, Germany) were loaded
onto the gel. The gels were connected to a power supply and the proteins were separated at 90-

120 V until the running front left the gel.

3.2.3.4 Western Blot

The transfer of the separated proteins onto a PVDF membrane (Merck Millipore, Darmstadt,
Germany) was performed by semi-dry blotting using the Trans-Blot®-Turbo™ system (Bio-Rad,
Hercules, CA, USA). The PVDF membrane was activated for one minute in methanol and laid onto
five Whatman paper that were soaked with transfer buffer before. The SDS gel was washed in
transfer buffer and put on top of the PVDF membrane followed by another five Whatman paper
also soaked with transfer buffer. Air bubbles were removed, and the proteins were transferred
onto the membrane at 1 A and constant 25 V for 40 min. The membrane with the transferred
proteins was incubated in blocking buffer (5% milk powder in TBS-T) for 1 h at room

temperature, washed in TBS-T and incubated with primary antibody overnight at 4°C. Antibodies
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were diluted 1:1000 in either 5% milk powder in TBS-T (STAT3, ERK, p38, p65) or 5% BSA in
TBS-T (phospho-STAT3, phospho-ERK, phospho-p38, phospho-p65, Actinin, GAPDH). The
following day, the membrane was washed in TBS-T and incubated with HRP-conjugated
secondary antibody (anti-mouse-HRP or anti-rabbit-HRP) diluted 1:20,000 in 5% BSA in TBS-T
for 1 h at room temperature in the dark. The membrane was washed again in TBS-T and proteins
were detected with the ECL Chemocam Imager (Intas Science Imaging, Gottingen, Gemany) using
the EMD Millipore™ Immobilon™ Western Chemiluminescent HRP Substrate (Merck Millipore,
Darmstadt, Germany). To detect more than one protein on one membrane, the bound antibodies
were stripped of the membrane by incubating the membrane for 40 min at room temperature in
the dark in 10 ml Restore Western Blot Stripping Buffer (Thermo Fisher Scientific, Life
Technologies GmbH, Darmstadt, Germany). The membrane was washed with TBS-T and
incubated in 5% milk powder in TBS-T for 1 h at room temperature. After that the membrane was
washed again in TBS-T and incubated with antibodies as described above and stained proteins

were detected.

3.2.3.5 Enzyme-linked immunosorbent assay (ELISA)

Two different ELISA were used to detect either IL-6 or sIL-6R and to determine their amount in
serum samples or cell culture supernatants. The human IL-6 ELISA kit from Immunotools
(Friesoythe, Germany) was used for the detection of IL-6 and was performed according to the
datasheet. Serum samples and cell culture supernatants were used undiluted. The DuoSet Human
IL-6Ra ELISA kit from R&D systems (Minneapolis, USA) was used to measure sIL-6R and was also
performed according to the datasheet although the used volumes were slightly adapted. Only 50
ul of capture antibody, detection antibody and samples were used, and 75 pl of substrate solution
and stop solution. Serum samples were diluted 1:100 in blocking buffer, cell culture supernatants
were used undiluted. Streptavidin-horseradish peroxidase (R&D Systems, Minneapolis, USA) and
the peroxidase substrate BM blue POD (Roche, Mannheim, Germany) were used for the enzymatic
reaction which was stopped by addition of 1.8 M sulfuric acid. The absorbance was read at 450

nm on a Tecan Spectra Rainbow plate reader (Tecan, Crailsheim, Germany).

3.2.3.6 Peptide cleavage assay

A peptide cleavage assay was performed to identify proteases capable of cleaving IL-6R peptides.
For this three different quenched fluorogenic IL-6R peptides were used (synthesized by
Genosphere Biotechnologies, Paris, France): [mca]-ATSLPVQDSS[K-dnp] (IL-6R_PVQD)
containing the P355/V356 cleavage site, [mca]-ATSLPVQASS[K-dnp] (IL-6R_PVQA) containing a
mutated form of the cleavage site preferentially cleaved by ADAM17, and [mca]-ATSLPGQDSS[K-

dnp] (IL-6R_PGQD) containing the normal cleavage site with an additional mutation disrupting
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cleavage of the IL-6R. Additionally, a TNFa peptide (Mca-PLAQAV-Dpa-RSSSR-NH2; R&D Systems,
Minneapolis, USA) was used as positive control for ADAM17 cleavage.

10 uM of the quenched fluorogenic peptides were incubated together with 10 ng or 100 ng of the
different proteases in PBS in a total volume of 100 pl. Duplicates were prepared and transferred
onto a 96-well plate. Peptides and proteases were mixed just before fluorescent measurement at
a Tecan spectrophotometer (Tecan, Crailsheim, Germany) at Aeem = 405 nm and Aex = 320 nm at
37°C every 30 sec for 120 min. Fluorescence indicated cleavage of the quenched fluorogenic
peptides. The increase in relative fluorescence units (RFUs) after 120 min was normalized to

fluorescence at 0 sec.

3.2.3.7 Immunofluorescence staining

3.2.3.7.1 Co-localization assay of gp130 and IL-6R with Rab11 or LAMP-2

4x106 HeLa cells were transfected with either pcDNA3.1-IL-6R or p409-gp130wt plasmid (see
4.2.2.3) and incubated overnight at 37°C and 5% CO:. The next day, the cells were detached from
the cell culture dish and 5x10¢ cells were seeded onto 16 coverslips. The following day, the cells
were washed three times in PBS, incubated for 10 min at room temperature in 0.12% (w/v)
glycine in PBS and washed again three times in PBS before being blocked in 10% FCS/PBS for 30
min at room temperature. Following, two cover slips each were transferred into small cell culture
dishes and the cells were stained with either anti-IL-6R antibody (BAF227; 1:100 in 10%
FCS/PBS) or anti-gp130 antibody (B-P4; 1:100 in 10% FCS/PBS) for one hour at 4°C. Afterwards,
the cells were washed three times in PBS and were stained with secondary antibody anti-goat-
AlexaFlour488 (IL-6R; 1:300 in 10% FCS/PBS) or anti-mouse-AlexaFlour488 (gp130; 1:300 in
10% FCS/PBS) for one hour at 4°C. The cells were washed three times in PBS and incubated in
serum-free DMEM in the presence or absence of 10 ng/ml IL-6 for different time points (15, 30
and 60 min) before being washed again in PBS and fixed with 4% PFA/PBS for 10 min at room
temperature. Following, the cells were washed again three times in PBS, incubated in 0.12%
glycine in PBS for 10 min at room temperature and blocked and permeabilized in 10% FCS/0.2%
saponin in PBS for 30 min at room temperature. The cells were stained either with anti-Rab11
antibody (1:100 in 10% FCS/0.2% saponin/PBS) or anti-LAMP-2 antibody (H4B4 1:300 in 10%
FCS/0.2% saponin/PBS or Thermo antibody 1:100 in 10% FCS/0.2% saponin/PBS) for one hour
at room temperature, washed five times with 0.2% saponin/PBS and stained with secondary
antibody anti-mouse-AlexaFlour594 (for LAMP-2 H4B4 1:300 in 10% FCS/0.2% saponin/PBS) or
anti-rabbit-AlexaFlour594 (for LAMP-2 Thermo or Rab11 1:300 in 10% FCS/0.2% saponin/PBS)
for one hour at room temperature. Finally, the cells were washed five times in 0.2% saponin/PBS
and once in ddH:0, and the cover slips were mounted onto microscopy slides using ProLong™
Gold Antifade Mountant with DAPI (Thermo Fisher Scientific, Waltham, MA, USA) thereby also

staining nuclei. Co-localization was analyzed using the Olympus FV1000 confocal laser scanning
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microscope (Olympus, Hamburg, Germany) and Image] together with the JACoP plugin (NIH,
Bethesda, USA).

3.2.3.7.2 Recycling assay of gp130 and IL-6R

This assay used to determine recycling of gp130 and the IL-6R was performed similarly as
described in Stautz et al. [255]. Therefore, 4x106 HeLa cells were transfected either with the
pcDNA3.1-IL-6R plasmid or the p409-myc-gp130wt plasmid (see 4.2.2.3) and the cells were
incubated at 37°C and 5% CO». The next day, the transfected cells were detached from the culture
dish and 5x10¢ cells were seeded into a new culture dish containing 16 cover slips. The following
day, the cells were washed three times with PBS pH 7.4, incubated for 10 min with 0.12% (w/v)
glycine in PBS pH 7.4 at room temperature, washed once in PBS pH 7.4 and blocked with 10% FCS
in PBS for one hour at room temperature. Following, the cells were stained with either anti-1L-6R
antibody (4-11; 1:100 in 10% FCS/PBS) or anti-gp130 antibody (B-P4; 1:100 in 10% FCS/PBS)
for one hour at 37°C in the presence or absence of 10 ng/ml hIL-6 to allow internalization. Cells
for the strip control and the surface staining control were incubated with primary antibody at 4°C
to disrupt internalization. The cells were washed three times with PBS and remaining antibody
bound to the cell surface was removed by incubation in serum-free DMEM pH 2.0 for 30 min at
4°C. Cells for the surface staining control was incubated in serum-free DMEM pH 7.4 whereas the
cells for the strip control were incubated with serum-free DMEM pH 2.0. After a three-time wash
in PBS, the secondary antibody anti-mouse-AlexFlour488 (1:300 in 10% FCS/PBS) was added to
the cells for one hour at 37°C to allow recycling and staining. The cells for surface staining control
and strip control were incubated with secondary antibody at 4°C. Following, the cells were
washed three times with PBS, fixed in 4% PFA/PBS for 10min at room temperature, washed again
three times in PBS and once in ddH-0. Finally, the cover slips were mounted onto microscopy
slides using ProLong™ Gold Antifade Mountant with DAPI (Thermo Fisher Scientific, Waltham,
MA, USA) thereby also staining nuclei. The cells were analyzed for recycled gp130 and IL-6R using
the Olympus FV1000 confocal laser scanning microscope (Olympus, Hamburg, Germany) and

Image] (NIH, Bethesda, USA).

3.2.3.8 Cell-surface biotinylation to analyze recycling of gp130 and IL-6R

The cell-surface biotinylation assay used to determine recycling of gp130 and the IL-6R was
performed according to Basagiannis and Christoforidis [256] with slight adaptations.

4x10¢ HeLa cells were transiently transfected either with the pcDNA3.1-IL-6R plasmid or with the
p409-myc-gp130wt plasmid (see 3.2.2.3) and were incubated for two days at 37°C and 5% CO..
The cells were washed trice in PBS pH 7.4 and once in PBS pH 8.0 and were labelled with 5 ml 0.25
mg/ml cell-impermeable EZ-Link Sulfo-NHS-SS-Biotin (Perbio Science, Bonn, Germany) in PBS pH
8.0 for 45 min at 4°C. Following, the cells were washed three times in cold PBS pH 8.0
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supplemented with 100 mM glycine and were incubated in 5 ml serum-free DMEM for 90 min at
37°C to allow internalization of cell-surface proteins. The cells were washed with PBS pH 7.4 and
were incubated three times for 10 min at 4°C in 5 ml stripping buffer before being washed again
three times in PBS pH 7.4. To allow recycling of proteins 5 ml serum-free DMEM was added to the
cells and the cells were kept at 37°C for different time-points (0, 30, 60, 90 and 120 min).
Following, the cells were washed once in PBS pH 7.4, incubated again three times in 5 ml stripping
buffer for 10 min at 4°C and washed again three times in PBS pH 7.4. The cells were lysed in 250
ul biotinylation lysis buffer (described in 3.2.2.10), protein concentrations were determined, and
equal protein amounts of every sample were incubated with 40 pl Streptavidin Sepharose™ High
Performance beads (GE Healthcare Bio-Sciences, Uppsala, Sweden) overnight at 4°C on a rotator
for the pull-down of biotinylated proteins. The following day, the beads were washed three times
each at 250 g and 4°C for 2 min in 100 pl lysis buffer or wash buffer before being boiled at 95°C
for 10 min in 70 pl 2,5x Laemmli buffer. Finally, recycling was analyzed by SDS-PAGE and Western
Blot.

As a reduction in biotinylated proteins was a sign for recycling, biotinylated proteins were
excluded from the second round of incubation in stripping buffer to make sure that the observed
reduction was not due to degradation of the biotinylated proteins. For the biotinylation control,
HeLa cells were incubated with biotin and washed as described above. The cells were collected
and kept on ice. For the strip control, the cells were biotinylated, washed, incubated in stripping

buffer and washed as described above. The cells were collected and kept on ice.



Results 54

4 Results

4.1 Cell-surface levels of the Interleukin-6 receptor (IL-6R) and
glycoprotein 130 (gp130) are controlled by proteolysis,

internalization and recycling

Internalization and degradation of membrane-anchored proteins is important for cell-surface
protein level regulation. Internalized proteins can be recycled and transported back to the cell-
surface or they are degraded in the lysosome. Gp130 and the IL-6R were shown to be internalized
[149-151] but the fate of both receptors was unclear. IL-6R was initially thought to be exclusively
degraded in the lysosome but further analysis additionally demonstrated recycling of the IL-6R
[1, 2]. Recycling of gp130 was not demonstrated so far, and in which compartment gp130 is
degraded is still under debate [3, 4]. Although it is clear that IL-6 induces signaling by IL-6R and a
gp130 homodimer [5], it is still unclear whether gp130 and IL-6R internalization, recycling and

degradation are influenced by their ligand.

4.1.1 IL-6R cell-surface expression is regulated by proteolytic cleavage and

internalization

Generally, two mechanisms are possible that can control IL-6R cell-surface levels, namely
proteolytic cleavage or internalization. It is already known that the metalloprotease ADAM17 is
able to cleave the cell-surface IL-6R by a process called shedding [96, 97]. In order to verify the
involvement of proteolytic cleavage by ADAM17 in the regulation of IL-6R cell-surface expression
in the monocytic cell-line THP-1, surface-IL-6R was stained with primary antibody. Following, the
cells were incubated with or without PMA (2 pM), a phorbol ester that activates IL-6R cleavage by
ADAM17, for two hours at 37 °C. Remaining surface IL-6R bound with primary antibody was
stained with fluorescently-labelled secondary antibody a-mouse-APC and, finally, IL-6R cell-
surface expression was analyzed via flow cytometry. As seen in Fig. 4.1, the cells treated with PMA
showed lower levels of surface-IL-6R after two hours of incubation indicated by a decrease in the
fluorescence compared to the sample treated with the PMA-solvent DMSO. This confirms that
ADAM17 activation by PMA leads to reduced IL-6R cell-surface levels as compared to untreated
THP-1 cells, indicating that indeed ADAM17-dependent shedding is involved in the regulation of

IL-6R cell-surface levels.
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Figure 4.1: IL-6R surface expression after treatment with or without PMA. THP-1 cells were stained with the o-IL-
6R antibody 4-11 for one hour one ice and were incubated with PMA (2 pM) or without (DMSO) for two hours at 37 °C.
Following, remaining surface IL-6R bound with primary antibody was stained with fluorescently-labelled secondary
antibody a-mouse-APC for one hour on ice in the dark and surface-IL-6R levels were finally analyzed by flow cytometry.
As isotype control, THP-1 cells were only incubated with secondary antibody. The results from one experiment out of
three independently performed experiments is shown.

As proteolytic cleavage of the IL-6R by ADAM17 was confirmed to regulate IL-6R cell-surface
levels the involvement of internalization was additionally analyzed. Therefore, surface-IL-6R on
THP-1 cells was stained with primary antibody and, following, the cells were incubated for
different time points (0, 15, 30, 60, 90, 120 min) at 37°C with IL-6 to allow internalization, and
with or without Marimastat (MM) (10 uM), a broad-spectrum metalloprotease inhibitor, to inhibit
IL-6R proteolysis mediated by ADAM10 or ADAM17. Staining with secondary antibody and flow-

cytometry measurement was performed as described above. The results are shown in Fig. 4.2.
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Figure 4.2: Internalization assay of the IL-6R in the presence or absence of Marimastat: THP-1 cells were stained
with a-IL-6R antibody 4-11 for one hour on ice and transferred into cell culture medium without supplements. The cells
were incubated for different time points (0, 15, 30, 60, 90, 120 min) at 37°C with IL-6 and with or without Marimastat
(10 uM). Following, the remaining surface IL-6R was stained with the fluorescently-labelled secondary antibody o-
mouse-APC and, finally, IL-6R cell-surface expression was analyzed via flow cytometry. As isotype control, cells were

stained with the secondary antibody only. The results from one experiment out of three independently performed
experiments is shown.

A reduction of cell-surface IL-6R over time could be observed in both conditions, i.e. with and
without MM, as indicated by a decrease in APC-fluorescence. As a reduction in cell-surface IL-6R
levels occurred also in the samples treated with MM, which induces inhibition of IL-6R proteolysis
by metalloproteases, a process other than proteolysis by metalloproteases must be additionally

involved in the regulation of IL-6R cell-surface levels. Most likely internalization contributes to IL-
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6R cell-surface regulation in this experiment, but also a process that cannot be blocked by MM
might play a role. In absence of MM the FACS plots showed a second peak indicating that
proteolysis of the IL-6R by metalloproteases in addition to internalization contributes to the
down-regulation of IL-6R cell-surface levels. From this it was concluded that both processes,

shedding and internalization, are involved in the regulation of IL-6R cell-surface levels.

Basagiannis et al. reported previously that shedding of the VEGFR was increased once
internalization was blocked [256]. Therefore, a possible compensatory effect of shedding for
defective internalization in the context of IL-6R cell-surface level regulation was analyzed. To do
so, 1x10¢ IL-6R-overexpressing HeLa cells were incubated with DMSO as negative control, PMA (2
uM) as positive control, Pit-Stop2 (25 pM), an inhibitor of clathrin-dependent internalization, and
Pit-Stop2 (25 uM) together with MM (10 uM) for 0 min or 60 min at 37°C. The supernatants were
collected and centrifuged to remove remaining cells and other debris. Finally, sIL-6R released into

the supernatants was analyzed by ELISA.
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Figure 4.3: sIL-6R ELISA of cell culture supernatants after stimulation of cells with DMSO, PMA, Pit-Stop2 or Pit-
Stop2 together with Marimastat. (A) 1x106 IL-6R-overexpressing HeLa cells were incubated with either DMSO, PMA
(2 uM), Pit-Stop2 (25 uM) or Pit-Stop2 together with Marimastat (MM; 10 pM) for 0 min or 60 min at 37°C before the
supernatants were collected and centrifuged. The supernatants were analyzed for soluble IL-6R (sIL-6R) by ELISA. (B)
The experiment was repeated using THP-1 cells that express the IL-6R endogenously. The results from one experiment
out of two independently performed experiments is shown.

As shown in Fig. 4.3 (A), all samples showed an increase in sIL-6R levels after 60 min of incubation
at 37°C compared to 0 min of incubation. The highest increase could be seen in the samples treated
with PMA in which shedding of the receptor by ADAM17 was induced. A comparable increase
could be achieved when clathrin-dependent internalization was blocked by treatment with the
inhibitor Pit-Stop2 indicating that proteolytic cleavage of the IL-6R is increased in order to
regulate cell-surface levels when internalization cannot take place. To exclude the contribution of
dead cells to the increase in sIL-6R levels in the Pit-Stop2-treated samples and to verify the
involvement of shedding, MM was added together with Pit-Stop2 to the cells. Analysis of these

supernatants also revealed an increase after 60 min of incubation, but this increase was
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comparable to the increase in the DMSO-treated, negative control samples which is most likely
generated by constitutive shedding induced by ADAM10 as described before [96, 97].

To analyze a possible effect on endogenous IL-6R cell-surface expression, the experiment was also
performed using THP-1 cells. The supernatants were also analyzed for soluble IL-6R (sIL-6R) by
ELISA (Fig. 4.3 (B)). As seen in HeLa cells, incubation of THP-1 cells with PMA also led to an
increase in sIL-6R after 60 min upon PMA stimulation in comparison to the DMSO-treated sample.
The same increase could be seen when THP-1 cells were incubated together with Pit-Stop2
indicating that proteolytic cleavage of the IL-6R is increased in order to regulate cell-surface levels
also in cells endogenously expressing the IL-6R. As incubation with Pit-Stop2 together with MM
led to a decrease in sIL-6R it was confirmed that the increase in sIL-6R upon inhibition of
internalization was due to proteolysis also in THP-1 cells.

These results indicate that shedding of the IL-6R was increased when internalization was blocked,
hinting for a possible compensatory effect by shedding in the regulation of IL-6R cell-surface
levels when internalization cannot take place.

As it was found that shedding could compensate for the loss of IL-6R internalization it was of
further interest whether internalization or another process could also compensate for the loss of
metalloprotease-mediated proteolysis by e.g. ADAM10 or ADAM17. To analyze this, cell-surface
IL-6R on THP-1 cells was stained before the cells were incubated for 0 min or 120 min at 37°C in
the presence of IL-6 and with or without MM (10 pM) to block proteolytic cleavage by
metalloproteases like ADAM10 or ADAM17. Remaining surface IL-6R bound with primary
antibody was stained with fluorescently-labelled secondary antibody a-mouse-APC and, finally,

IL-6R cell-surface expression was analyzed via flow cytometry.
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Figure 4.4: Quantification of the FACS analysis of THP-1 cells incubated with or without Marimastat. Cell-surface
IL-6R on THP-1 cells was stained with the primary antibody 4-11 before the cells were incubated for 0 min or 120 min
at 37°C in the presence of IL-6 and with or without MM (10 pM). Remaining surface IL-6R bound with primary antibody
was stained with fluorescently-labelled secondary antibody a-mouse-APC for one hour on ice in the dark and, finally,
IL-6R cell-surface expression was analyzed via flow cytometry. Mean fluorescent intensity of timepoint 0 min was set
to 100% and the percentages for time-point 120 min was calculated therefrom.

Fig. 4.4 shows the quantification of the FACS analyses. A reduction in cell-surface IL-6R could be
observed at 120 min compared to 0 min no matter whether the cells have been incubated with

MM or not indicating that internalization takes place. Comparison of the remaining cell-surface
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IL-6R after 120 min between the both conditions (* MM) revealed no statistically significant
difference. This indicates that, indeed, internalization (or another process different from
proteolysis by metalloproteases) can compensate for the loss of proteolytic cleavage, thereby
regulating IL-6R cell-surface levels. If internalization (or another process) could not compensate
for reduced shedding by ADAM10 or ADAM17, an increase in cell-surface IL-6R after 120 min
would have been expected in the sample incubated with MM in comparison to the sample
incubated without MM.

Therefore, not only shedding can compensate for the loss of internalization but also a loss of
proteolytic cleavage by metalloproteases can be compensated for by internalization or another
process. This indicates that [L-6R cell-surface levels are tightly regulated and a defect in a process

contributing to the regulation of IL-6R cell-surface levels can be replaced by another one.

4.1.2 IL-6R and gp130 are internalized in a clathrin- and dynamin-dependent
manner and independently of the cytokine Interleukin-6 (IL-6)

As we found that most likely IL-6R internalization was important for the regulation of IL-6R cell-
surface levels next to proteolytic cleavage, we focused on the process of internalization of IL-6R
and also gp130 in the following experiments.

IL-6R and gp130 internalization was analyzed before by other groups before but only
contradictory results were obtained regarding the involvement of its ligand IL-6 and the pathway
by which both receptors are internalized [149-151]. Therefore, IL-6R and also gp130
internalization was analyzed on THP-1 cells in more detail by a flow cytometry-based approach.
In order to answer the question whether both receptors are internalized constitutively,
independently of stimulation with the cytokine IL-6, cell-surface IL-6R or gp130 on THP-1 cells
were stained with primary antibody 4-11 or B-P4, respectively. Subsequently, the cells were
resuspended in 10 ml cell culture medium without supplements and MM (10 pM) was added to
block shedding. The cells were incubated with or without IL-6 (10 ng/ml) for different time points
(0,15, 30,60,90,120, 150, 180 min) at 37°C to allow internalization and remaining surface IL-6R
and surface gp130 were stained with the fluorescently-labelled secondary antibody a-mouse-APC.
Finally, IL-6R and gp130 cell-surface expression was analyzed via flow cytometry. A shown in Fig.
4.5, surface expression of both receptors was reduced in a time-dependent matter indicated by a
reduction in APC-fluorescence for the different timepoints. Additionally, IL-6 did not seem to
influence internalization of the IL-6R or gp130 as no apparent differences between the samples
treated with and without IL-6 stimulation could be observed. As shedding was inhibited by
addition of MM, a metalloprotease inhibitor, this decrease was most likely due to internalization

but another process different from proteolysis by metalloproteases could also be involved.
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Figure 4.5 Internalization assay of the IL-6R and gp130 using THP-1 cells in the presence or absence of IL-6. (A)
Cell-surface IL-6R on THP-1 cells was stained with the primary antibody 4-11. The cells were resuspended in 10 ml cell
culture medium without supplements and with addition of Marimastat (MM; 10 uM) and with or without IL-6 (10
ng/ml). The cells were incubated at 37°C for different time points (0, 15, 30, 60, 90, 120, 150, 180 min), stained with
the fluorescently-labelled secondary antibody a-mouse-APC and, finally, IL-6R cell-surface expression was analyzed by
flow-cytometry. As isotype control THP-1 cells were incubated with the secondary antibody only. (B) The experiment
was performed as described above but cell-surface gp130 was stained and analyzed. As isotype control THP-1 cells
were incubated with the secondary antibody only. The results from one experiment out of six independently performed
experiments is shown.

To better analyze the effect of IL-6 on IL-6R and gp130 internalization, a quantification was
generated using the mean fluorescent intensities (MFI) of all time-points and calculating the
percentages of remaining cell-surface IL-6R and gp130 therefrom. When comparing the half-lives
of surface IL-6R of cytokine-stimulated and -unstimulated samples no significant differences
between both conditions could be detected as each displayed half-lives of about 60 min (Fig. 4.6
(A)). In contrast, gp130 showed a slight increase in internalization upon IL-6 stimulation as it
showed half-lives of 15 min for the stimulated and 30 min for the unstimulated conditions. After
180 min, though, the amount of internalized gp130 was the same for both conditions (Fig. 4.6 (B)).
Therefore, it was concluded that internalization of both receptors occurred constitutively, i.e.

independently of the cytokine IL-6.
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Figure 4.6: Quantification of the IL-6R and gp130 internalization assay. Quantification of the experiment shown in
Figure 6.1.2a. The mean fluorescent intensity (MFI) of time-point 0 min was set to 100% of surface IL-6R (A) or surface
gp130 (B). The percentages for the other time-points were calculated therefrom using the corresponding MFIs. Data
from six independent experiments are shown.
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As we could show that the IL-6R and gp130 are internalized constitutively, i.e. independently of
the cytokine IL-6, we focused on the pathway(s) by which both receptors are internalized.
Different pathways are known by which surface receptors can be internalized [131]. The most
prominent pathway depends on the intracellular proteins clathrin and dynamin. The involvement
of these two proteins in IL-6R and gp130 internalization was analyzed by flow cytometry using
two different inhibitors, Pit-Stop2 and Dyngo-4a. Pit-Stop2 is a clathrin-specific inhibitor which
interacts with the clathrin terminal domain (TD) thereby inhibiting its binding to the adaptor
molecule amphiphysin which recruits clathrin molecules to the cell membrane in order to form
clathrin-coated pits [257]. Dyngo-4a on the other hand is a specific inhibitor of dynamin action,
preventing the formation of dynamin helical structures which are necessary for the GTP-
dependent constriction and vesicle fission [258].

To identify the pathway by which the IL-6R and gp130 are internalized, a similar experimental
set-up as before was used. THP-1 cells were washed, pre-incubated with the inhibitors Pit-Stop2
(25 pM), Dyngo-4a (50 uM) or DMSO as control for 40 min at 37°C and, afterwards, were stained
with the primary antibody directed against the D1-domain of the IL-6R or with the primary
antibody directed against the extracellular part of gp130. Following, the cells were resuspended
in serum-free DMEM with addition of MM (10 uM) to avoid shedding, and Pit-Stop2, Dyngo-4a and
DMSO were again added to the same cells as before. Additionally, the cells were stimulated with
or without IL-6. Incubation, sampling and staining of the cells with secondary antibody was
performed as described above. Finally, remaining surface IL-6R and gp130 were analyzed via flow
cytometry. The samples treated with DMSO showed the same picture as before, meaning a
reduction over time of surface IL-6R and gp130 which occurred independently of IL-6 indicating
that DMSO, in which both inhibitors were dissolved, had no impact on internalization (Fig. 4.6).
Analysis of the effect of both inhibitors on IL-6R or gp130 internalization revealed that
internalization of the IL-6R and gp130 was reduced when clathrin-or dynamin was inhibited.
After 3 h of incubation with IL-6 at 37°C, only 31% * 8% of IL-6R and 22% * 3% of gp130 surface
receptors remained at the cell-surface in the DMSO control samples whereas 69% * 20% of
surface IL-6R (Fig. 4.7 (A)) and 53% % 9% of surface gp130 (Fig. 4.7 (C)) were still present at the
cell-surface when treated with Pit-Stop2. Inhibition with Dyngo-4a resulted in even higher levels
of remaining surface receptors (79% * 12% for IL-6R (Fig. 4.7 (B)), 68% * 15% for gp130 (Fig.
4.7 (D)) after 3 h at 37°C. However, internalization of gp130 and IL-6R could not be inhibited by
100% after incubation with both inhibitors. Maybe another pathway different from clathrin and
dynamin is also used to internalize both receptors or the inhibitors are not potent enough to block

all clathrin and dynamin proteins.
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Figure 4.7 Quantification of the IL-6R and gp130 internalization assays in the presence of internalization
inhibitors Dyngo-4a or Pit-Stop2. The quantification of the experiment described above is shown. The mean
fluorescent intensity (MFI) of time-point 0 min was set to 100% of surface IL-6R. The percentages of remaining cell-
surface IL-6R or gp130 were calculated therefrom using the corresponding MFIs. Data from three independent
experiments are shown. (A-D) THP-1 cells were pre-incubated with Dyngo-4a (50 uM) or Pit-Stop2 (25 uM) for 40 min
at 37 °C before being stained for one hour on ice with the a-IL-6R antibody 4-11 or the a-gp130 antibody B-P4. The cells
were resuspended in cell culture medium without supplements and incubated with Marimastat (MM; 2 uM) and either
Pit-Stop2 (25 pM; A, C) or Dyngo-4a (50 uM; B, D) or) Additionally, the cells were stimulated with or without IL-6 (10
ng/ml). The cells were incubated at 37°C and samples were collected at different time points (0, 15, 30, 60,90, 120, 150,
180 min). The cells were stained with the fluorescently-labelled secondary antibody a-mouse-APC and remaining
surface IL-6R or gp130 were analyzed via flow cytometry. As isotype control THP-1 cells were incubated with the
secondary antibody only.

These results lead to the conclusion that IL-6R and gp130 are internalized in a clathrin- and
dynamin-dependent manner. As the obtained results were the same for cells stimulated with IL-6
and unstimulated cells, this indicates that the receptors are internalized equally well in both

conditions.

Recently, the involvement of endophilin in G-protein coupled receptor (GPCR) and IL-2R
internalization was described [259]. Therefore, it was further analyzed whether endophilin also
plays arole in [L-6/IL-6R/gp130 internalization additionally to clathrin and dynamin. As specific
inhibitors for endophilin are still missing the involvement of this pathway was investigated using
an indirect approach. Work by Schmidt-Arras et al. [157] suggested that STAT3 activation was
reduced upon inhibition of internalization. Therefore, changes in STAT3 activation were used as
a readout for the involvement of endophilin in internalization. HeLa cells were transiently co-

transfected with IL-6R together with the different endophilin variants known so far (Al (Fig. 4.8
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(A)), A2 (B), A3 (C)) and as control with GFP. Two days later, the cells were starved for 4 hours in
serum-free DMEM and stimulated with IL-6 for different time-points (0, 15, 30, 60, 90 and 120
min). Immunoblotting of the lysates generated from HelLa cells transfected with GFP showed
normal activation of STAT3 that peaked at 30 min of IL-6 stimulation and decreased over time
again. Transfection with the different endophilin variants did not influence STAT3

phosphorylation as it still peaked at 30 min and decreased over time (Fig. 4.8).
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Figure 4.8: Analysis of STAT3 activation by Western Blot of HeLa cells transfected with different endophilin
variants. HeLa cells were transiently transfected with the different endophilin variants (A1 (A), A2 (B), A3 (C))
together with IL-6R. As positive control, HeLa cells were co-transfected with IL-6R and GFP. The cells were starved for
4 hours in serum-free DMEM and stimulated with IL-6 for different time-points (0, 15, 30, 60, 90, 120 min). STAT3
activation in the different samples was analyzed by immunoblotting using antibodies directed against phosphorylated
STATS3, total STAT3 and GAPDH and their corresponding HRP-coupled secondary antibodies.

These results indicate that endophilin does not play a major role in IL-6R/IL-6/gp130

internalization which is rather regulated by clathrin and dynamin.
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4.1.3 The internalization motifs identified in the IL-6R cytoplasmic domain are
dispensable for internalization

We found that the IL-6R and gp130 are internalized constitutively in a clathrin- and dynamin-
dependent manner. As different internalization motifs are associated with clathrin and dynamin-
dependent internalization, namely tyrosin-based motifs or di-leucine motifs, we wanted to
analyze whether the motifs that have been identified in the cytoplasmic region of the IL-6R,
namely 408-YSLG and 427-LI [152] also play a role in IL-6R internalization.

In order to analyze their involvement in IL-6R internalization these motifs were mutated by site-
directed mutagenesis using SOE-PCR. Thereby, the YSLG motif was mutated to ASLG and the LI
motif to AA.
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Figure 4.9: Cloning scheme of the pcDNA3.1-IL-6R-Y/A plasmid. After PCR1, PCR2 and PCR3 a fragment containing
the Y/A-mutation was generated. Enzymatic digestion of the fragment and the pcDNA3.1-IL-6R plasmid using the
enzymes Bsu36l and Notl was performed. Finally, the PCR fragment and the plasmid backbone were ligated resulting
in the pcDNA3.1-IL-6R-Y/A plasmid. Red letters indicate the mutated amino-acid residue. Cloning was performed by
Tina Daunke.
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Figure 4.9 shows the cloning strategy for the 408-Y/A-mutation. The 427-LI/AA mutation was
generated accordingly using different internal primers (described below). For the 408-Y/A-
mutation, PCR1 was performed using the expression plasmid pcDNA3.1-IL-6R as a template, the
5’-primer Bsu36I-Fwd and the 3’-primer Y408A-Rev. For PCR2 the same template was used, the
5’-primer Y408-Fwd and the 3’-primer Notl-Rev. The fragments of both PCR reactions were
isolated and used as templates for the PCR3 reaction together with the 5’-primer Bsu361-Fwd and
the 3’-primer Notl-Rev. The generated fragment and the pcDNA3.1-IL-6R plasmid were digested
using the restriction enzymes Bsu36l and Notl. The fragment and the plasmid backbone were
isolated and ligated resulting in the generation of the pcDNA3.1-IL-6R-Y/A plasmid. The LI/AA
mutation was generated accordingly but the primers carrying the mutations were exchanged by
the 3’-primer L1427 /28AA-Rev and the 5’-primer L1427 /28AA-Fwd.

As Ba/F3 and Ba/F3-gp130 cells were supposed to be transduced with plasmids carrying the
mutations in the IL-6R cytoplasmic domain so these cells can be used to analyze the involvement
of the internalization motifs, the mutated IL-6R was cloned into the pMOWS-puro-IL-6R plasmid
by enzymatic digestion of the pcDNA3.1-IL-6R plasmids containing the mutations in the
internalization motifs and the pMOWS-puro-IL-6R plasmid using the restriction enzymes Agel
and Pmll. For retroviral transduction, Phoenix cells (packaging cell line) were transfected with
pMOWS-puro-IL-6R-Y/A or pMOWS-puro-IL-6R-LI/AA and the supernatants were incubated with
Ba/F3 or Ba/F3-gp130 cells to introduce the YA- or the LIAA-mutations.
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Figure 4.10: Internalization assay to test the involvement of the YSLG and LI internalization motifs on IL-6R
internalization in the presence of gp130. The internalization assay was performed using Ba/F3-gp130-IL-6Rwt (Bg6-
wt) cells, Ba/F3-gp130-IL-6R-delta-ICD (Bg6-delta-ICD) cells, Ba/F3-gp130-IL-6R-Y/A (Bg6-Y/A) cells and Ba/F3-
gp130-IL-6R-LI/AA (Bg6-LI/AA) cells as described in chapter 4.1.2. Data from three independently performed
experiments are shown. The experiment was performed together with Tina Daunke.

As transduction was successful, the involvement of the YSLG and LI motifs on IL-6R internalization
could be analyzed. For this, the flow-cytometry based internalization assay described above was
performed (see chapter 4.1.2). In addition to the newly generated cell lines, Ba/F3-gp130-IL-6Rwt

cells and Ba/F3-gp130-IL-6R-delta-ICD cells, in which the intracellular part of the IL-6R is deleted,
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were used. Internalization was quantified by setting the mean fluorescent intensity (MFI) of time-
point 0 min to 100% surface IL-6R and calculating the percentages of surface IL-6R for the other
time-points therefrom. Fig. 4.10 shows the results obtained with the help of the different Ba/F3-
gp130-IL-6R (Bg6) cell lines. Analysis of IL-6R internalization using the Ba/F3-gp130-IL-6Rwt
cells showed a reduction of cell-surface IL-6R over time which occurred constitutively and was
not increased after stimulation with IL-6 which supports the results obtained from THP-1 cells.
Surprisingly, all other cell lines expressing an IL-6R with mutations in one of the designated
internalization motifs revealed internalization of the IL-6R comparable to internalization of the
wild-type IL-6R. Maybe the loss of one internalization motif can be compensated for by the other
motif. However, IL-6R internalization was also not reduced when the complete cytoplasmic part
of the IL-6R was deleted, although this led to deletion of both internalization motifs, indicating
that the YSLG and the LI motifs do not compensate for one another but rather are not necessary
for IL-6R internalization. It could well be, that gp130 is more important than the internalization

motifs and as long as gp130 is present IL-6R internalization mediated by gp130 can take place.
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Figure 4.11: Internalization assay to test the involvement of the YSLG and LI internalization motifs on IL-6R
internalization in the absence of gp130. The internalization assay was performed using Ba/F3-IL-6Rwt (B6-wt) cells,
Ba/F3-IL-6R-delta-ICD (B6-delta-ICD) cells, Ba/F3-IL-6R-Y/A (B6-Y/A) cells and Ba/F3-IL-6R-LI/AA (B6-LI/AA) cells
as described in chapter 4.1.2. Data from three independently performed experiments are shown. The experiment was
performed together with Tina Daunke.

To test whether the presence of gp130 is more important for IL-6R internalization than the YSLG
or LI internalization motifs, the internalization assay was also performed using the newly
generated Ba/F3-IL-6R-Y/A and Ba/F3-IL-6R-LI/AA cells and, additionally, the Ba/F3-IL-6Rwt
and the Ba/F3-IL-6R-delta-ICD cells. As Ba/F3 cells are the only cells that do not express gp130,
also the generated cells are devoid of gp130 and are therefore perfect to analyze the involvement
of gp130 on IL-6R internalization. The experiment was performed and quantified as before.
Analysis of Ba/F3-IL-6Rwt cells showed IL-6R internalization over time which occurred
constitutively and was not increased by IL-6. Additionally, all the other cell lines showed the same

IL-6R internalization kinetics as in the Ba/F3-IL-6Rwt cells indicating again that the IL-6R
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internalization motifs are not involved in IL-6R internalization (Fig. 4.11). As internalization took
place in the Ba/F3-IL-6Rwt cells although gp130 was not present, it was concluded that IL-6R
internalization also occurs independently of gp130, indicating that IL-6R/gp130 complex
formation might be mainly necessary to induce signal transduction upon IL-6 stimulation. One
should notice, though, that IL-6R internalization seems to be slower in the absence of gp130

indicating that gp130 is needed to some extent for IL-6R internalization.

4.1.4 Internalization of the IL-6/IL-6R/gp130 complex is necessary for STAT3

activation at endosomal structures and not for signaling termination

We found that, additionally to proteolysis, internalization is important for the regulation of IL-6R
and gpl130 cell-surface levels. Internalization was long believed to be solely important for
signaling termination, but studies nowadays indicate that internalization can also be a
prerequisite for signaling initiation [154-156]. In order to analyze the effect of internalization on
IL-6-induced STAT3 signaling, THP-1 cells were starved for 3 hours at 37°C and were pre-
incubated with the internalization inhibitors Pit-Stop2 or Dyngo-4a and DMSO as positive control

for 40 min at 37°C. Following, 10 ng/ml IL-6 was added and the cells were harvested at different
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Figure 4.12: Analysis of STAT3 activation by Western Blot of THP-1 cells treated with DMSO, Dyngo-4a or Pit-
Stop2. THP-1 cells were starved for 4 hours in serum-free DMEM, were pre-treated with DMSO, Dyngo-4a (A) or Pit-
Stop2 (B) for 40 min at 37°C and stimulated with 10 ng/ml IL-6 for different time-points (0, 15, 30, 60, 90, 120 min).
STAT3 activation in these cells was analyzed by Western Blot using antibodies directed against phosphorylated STAT3,
total STAT3 and GAPDH and their corresponding HRP-coupled secondary antibodies.
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time points (0, 15, 30, 60, 90, 120 min) and analyzed by immunoblotting. The results are shown
in Fig. 4.12.

The samples in which the cells were treated with DMSO and stimulated with IL-6 revealed STAT3
phosphorylation with highestlevels after 15min of IL-6 stimulation and a decrease thereafter over
time indicating that IL-6 stimulation worked in THP-1 cells and led to STAT3 activation. In
contrast, almost no STAT3 activation could be detected when cells were treated with Dyngo-4a
(A) and even no phosphorylation at all was detected when treated with Pit-Stop2 (B). As the
GAPDH loading control revealed equal loading between DMSO-treated cells and cells treated with
one of the inhibitors, it was concluded that inhibition of internalization resulted in a decrease in

STAT3 activation.

GFP DN-AP-180
0° 15° 30° 60° 90° 120° | 0* 15 30° 60° 90° 120*
— "2.2"" S W e T pSTAT3

—-—--—--—-_‘——'—"' STAT3

GAPDH

Figure 4.13: Analysis of STAT3 activation by Western Blot analysis of HeLa cells transfected with pN1-eGFP or
pcDNA3.1-DN-AP-180-BFP2. HelLa cells transfected with pN1-eGFP or pcDNA3.1-DN-AP-180-BFP2 were starved for
4 hours in serum-free DMEM and stimulated with IL-6 (10 ng/ml) for different time-points (0, 15, 30, 60, 90, 120 min).
STATS3 activation was analyzed in these cells by Western Blot using antibodies directed against phosphorylated STAT3,
total STAT3 and GAPDH and their corresponding HRP-coupled secondary antibodies.

As the inhibitors can be toxic to the cells to some extent and the diminished STATS3
phosphorylation could be due to a decrease in living cells, a second experiment was conducted
using HelLa cells that were transfected with plasmids encoding eGFP or dominant-negative AP-
180 (DN-AP-180), an adaptor protein that recruits clathrin to the cell-surface. Loss of wild-type
AP-180 at the cell-surface results in a decrease of clathrin recruitment and therefore also a
reduction in internalization. The transfected cells were starved for 4 hours at 37°C in 2 ml serum-
free DMEM before 10 ng/ml IL-6 was added and the cells were harvested at different time points
(0, 15, 30, 60, 90, 120 min) before being analyzed by immunoblotting (Fig. 4.13). Cells that were
transfected with GFP and stimulated with IL-6 showed STAT3 phosphorylation after 30min of
incubation and a decrease thereafter over time although STAT3 signaling was not completely
shut-down after 120 min as it used to be. This indicates that the IL-6 stimulation worked and that
HeLa cells are responsive to IL-6 by activating STAT3. In the samples where the cells have been

transfected with DN-AP-180 STAT3 phosphorylation was markedly reduced although the STAT3
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loading control showed equal loading indicating that inhibition of clathrin recruitment disrupts
efficient STAT3 activation.

Taken together, it seems that internalization is not only important for the regulation of IL-6R and
gp130 cell-surface levels but is also necessary to initiate IL-6 dependent STAT3 signaling. As some
phosphorylation could be detected in the samples treated with Dyngo-4a, it is likely that pit
formation at the cell-surface might be even sufficient to induce signaling to some extent although
the effects seen in the Dyngo-4a treated samples could also be a result of incomplete dynamin

inhibition.

4.1.5 Recycling of the IL-6R and gp130 is influenced by IL-6

After identifying that the IL-6R and gp130 are internalized in a clathrin- and dynamin-dependent
manner the intracellular fate of both receptors was of further interest. Therefore, recycling of both
receptors was analyzed by co-localization of gp130 or IL-6R with Rab11, a protein found on

recycling endosomes [165], via immunofluorescent staining.
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Figure 4.14: Inmunofluorescent staining of IL-6R and Rab11 and analysis of co-localization. (A) HeLa cells were
transfected with pcDNA3.1-IL-6R plasmid and surface IL-6R was stained for 1 h at 4°C using the BAF227 antibody
following incubation with the fluorescently-labelled anti-goat-AlexaFlour488 antibody for 1 h at 4°C. The cells were
incubated in serum-free DMEM for 15, 30 and 60 min at 37°C in the presence or absence of 10 ng/ml IL-6, fixed and
permeabilized. Afterwards, the cells were incubated with primary antibody directed against the recycling endosome
marker Rab11 following incubation with the fluorescently-labelled secondary antibody anti-rabbit-AlexaFlour594 for
1 h at room temperature. Finally, the cells were analyzed by confocal laser scanning microscopy. Arrows indicate co-
localized IL-6R and Rab11. Scale bar: 50 um (B) Co-localization between IL-6R and Rab11 was quantified using Image]
and the JACoP plugin. Mander’s coefficient of 20 cells was calculated.

To analyze co-localization of internalized gp130 or IL-6R with Rab11, Hela cells were transfected
with either pcDNA3.1-IL-6R or p409-gp130wt and cell-surface IL-6R and gp130 were stained with
primary and fluorescently-labelled secondary antibody without prior permeabilization as only
surface IL-6R and gp130 should be stained and not the intracellularly located IL-6R and gp130 to
analyze only co-localization of Rab11 with internalized gp130 or IL-6R. Additionally, staining was
performed at 4°C to inhibit internalization as these cells were used as a control for the cell-surface
staining of the IL-6R and gp130. Following, stained surface-IL-6R and gp130 were shifted to 37°C

for different time-points (15, 30 and 60 min) to induce internalization of both receptors. As the
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involvement of IL-6 in the fate of internalized IL-6R and gp130 should be also analyzed the cells
were incubated in the presence or absence of 10 ng/ml IL-6. To analyze co-localization with the
intracellularly located Rab11 protein, the cells were fixed, permeabilized and stained with
primary antibody directed against the recycling endosome marker Rab11 and afterwards with
fluorescently-labelled secondary antibody anti-rabbit-AlexaFlour594 for one hour at room
temperature. Finally, the cells were analyzed by confocal laser scanning microscopy and co-
localization was quantified using Image] and the JACoP plugin. This plugin calculates the Mander’s
coefficient, a factor representing the co-occurrence of pixels in each channel that should be
analyzed for co-localization.

Figures 4.14 and 4.15 show successful staining of gp130, IL-6R and Rab11. The overlay of IL-6R
and Rab11 revealed co-localization of both proteins (Fig. 4.14 (A)) which was also seen for gp130
and Rab11 (Fig. 4.15 (A)) revealing that both receptors are transported to Rab11-positive
compartments, most likely to recycling endosomes, following internalization. The quantification
of IL-6R and Rab11 co-localization of cells that were not stimulated with IL-6 showed the highest
levels of co-localization after 15 min of internalization which decreased over time indicating that
most of the internalized IL-6R was located at recycling endosomes after 15 min of incubation.
When the cells were incubated with IL-6 no difference in the co-localization between the different
time points could be seen but an increase in recycling was observed when stimulated with IL-6.
These effects might lead to the conclusion that recycling of the IL-6R is enhanced upon stimulation

with IL-6 (Fig. 4.14 (B)).
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Figure 4.15: Inmunofluorescent staining of gp130 and Rab11 and analysis of co-localization. (A) HeLa cells were
transfected with p409-myc-gp130wt plasmid and surface gp130 was stained for 1 h at 4°C using the B-P4 antibody,
following incubation with the fluorescently-labelled anti-mouse-AlexaFlour488 antibody for 1 h at 4°C. The cells were
incubated in serum-free DMEM for 15, 30 and 60 min at 37°C in the presence or absence of 10 ng/ml IL-6, fixed and
permeabilized. Afterwards, the cells were incubated with primary antibody directed against the recycling endosome
marker Rab11 following incubation with the fluorescently-labelled secondary antibody anti-rabbit-AlexaFlour594 for
1 h at room temperature. Finally, the cells were analyzed by confocal laser scanning microscopy. Arrows indicate co-
localized gp130 and Rab11. Scale bar: 50 pm (B) Co-localization between gp130 and Rab11 was quantified using Image]
and the JACoP plugin. Mander’s coefficient of 20 cells from three individual experiments was calculated.

When analyzing co-localization of gp130 and Rab11 in cells that were not stimulated with IL-6 the

same amount of co-localization was seen for the different time-points indicating that gp130 is
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transported to recycling endosomes slower than the IL-6R as all time-points showed equal co-
localization. IL-6 stimulation led to the highest co-localization at 15min of internalization and a
decrease over time. Also for gp130 an increase in co localization with Rab11 was detected when
the cells were stimulated with the cytokine IL-6 (Fig. 4.15 (B)). These results indicate that gp130
is faster recycled upon IL-6 stimulation and most of the receptor is recycled after 15 min of
incubation.

Taken together, these experiments revealed that IL-6R and gp130 are transported to Rab11-
positive recycling endosomes following constitutive internalization. Furthermore, the rate of co-
localization was increased upon IL-6 stimulation.

As we could show that the IL-6R and gp130 co-localize with Rab11 most likely at recycling
endosomes hinting to recycling of both receptors, we wanted to verify these results by visualizing
recycling of both receptors at the cell-surface. Therefore a surface-biotinylation experiment was
conducted that was slightly modified from Basagiannis and Christoforidis [256]. For the
biotinylation experiment HeLa cells were transfected with pcDNA3.1-IL-6R or p409-gp130wt.
Two days later, all proteins located at the cell-surface, including gp130 and the IL-6R, were
labelled with 0.25 mg/ml cell-impermeable, cleavable EZ-Link Sulfo-NHS-SS-Biotin at 4°C for 45
min. To allow internalization of biotinylated surface receptors the cells were incubated in serum-
free DMEM for 90 min at 37°C. As only internalized cell-surface receptors should be analyzed for
recycling, remaining biotin at the cell surface was stripped off by incubation in stripping buffer
that disrupts the SS-bond in the biotin. To allow possible recycling of the biotinylated internalized
proteins, the cells were incubated in serum-free DMEM at 37°C for different time points (0, 30, 60,
90 and 120 min). At this point, biotinylated proteins are present inside the cell as well as at the
cell-surface after they are recycled. Incubation of biotinylated proteins with streptavidin beads
for pull-down would catch all the biotinylated proteins. As only recycling of internalized and
biotinylated proteins should be analyzed and isolation of the cell-membrane for analysis is
difficult, the cells were incubated a second time in the stripping buffer to remove the biotin from
the recycled, cell-surface proteins leaving only the non-recycled proteins to be biotinylated. For
the pull-down of the biotinylated proteins the cell lysates were incubated with Streptavidin beads
over night at 4°C. The pulled-down biotinylated proteins were then analyzed by Western Blot.
Recycling of biotinylated proteins is indicated by a reduction in protein levels as a result of
reduced biotinylated intracellular proteins after recycling of some of the biotinylated surface
proteins. To make sure this reduction is not due to degradation of biotinylated proteins but due
to recycling control samples were treated as above but were excluded from the second round of
incubation in stripping buffer. Incubation with streptavidin beads results in the pull-down of
biotinylated, recycled proteins and intracellular-located, biotinylated proteins.

For both, IL-6R (Fig. 4.16 (A)) and gp130 (Fig. 4.16 (B)), surface-biotinylation and also strip off

biotin from receptors was successful as indicated by the surface ctrl and the strip ctrl, respectively.
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The surface ctrl revealed a distinct band for IL-6R or gp130 which hints to effective biotinylation
as only proteins can be observed in the pull-down samples that have been biotinylated. In
contrast, no band or only a faint band could be observed in the strip ctrl sample which proofs that
strip of the biotin from biotinylated proteins worked. As the controls showed efficient
biotinylation and strip of biotin, the other samples could be analyzed for recycling. Both receptors
showed a decrease in protein levels over time indicating that IL-6R and gp130 were either
recycled to the cell-surface or degraded. As described above, a reduction in biotinylated and
pulled-down proteins is most likely due to recycling as biotin was stripped of from the recycled,
biotinylated proteins, but also degradation would lead to a reduction in protein levels. To rule out
the involvement of degradation, also the samples were analyzed that did not undergo the second
strip round and thus contain recycled and intracellularly located biotinylated proteins. As in these
samples protein levels stayed the same at all time-points it was proven that the reduction of
protein levels over time was due to recycling and not due to degradation. Also, the protein levels
in the cell lysates were the same in all samples indicating that over all protein levels were
comparable in all samples.
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Figure 4.16: Western Blot analysis of IL-6R and gp130 recycling using surface-biotinylation. HeLa cells were
transfected with pcDNA3.1-IL-6R (A) or p409-gp130wt (B). Two days later the cells incubated with 0.25 mg/ml cell-
impermeable EZ-Link Sulfo-NHS-SS-Biotin at 4°C for 45 min. Following, the cells were incubated in serum-free DMEM
for 90 min at 37°C and remaining biotin at the cell surface was stripped of by incubation in stripping buffer. The cells
were incubated again in serum-free DMEM at 37°C for different time points (0, 30, 60, 90, 120 min) and stripped again
as described above. The cells were lysed, and biotinylated proteins were pulled down with streptavidin beads over
night at 4°C. Recycling was analyzed via SDS-PAGE and Western Blot. Control samples were treated as above but were
excluded from the second round of incubation in stripping buffer (- 2nd strip). For the biotinylation control (surface)
the cells were only incubated with biotin and then kept on ice. For the strip ctrl cells were incubated with biotin,
stripped and afterwards kept on ice. One from three individually performed experiments is shown.
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This experiment supports the above finding that both, gp130 and the IL-6R, are transported to
recycling endosomes and are recycled to the cell-surface from there.

Using the above experiment, it was difficult to analyze IL-6-induced differences in the rate of
recycling that were observed in the co-localization experiment. To examine the effect of IL-6 on
recycling and to validate the results of the surface-biotinylation, another experiment was
conducted that was adapted from Stautz et al. [255] where recycling is detected via immuno-
fluorescence microscopy. For this, HeLa cells were transfected again either with pcDNA3.1-IL-6R
or p409-gp130wt plasmid and surface IL-6R and surface gp130 were stained with either 4-11
antibody (a-IL-6R) or B-P4 antibody (a-gp130) without fixation and permeabilization of the cells
as the cells have to be alive to internalize and recycle proteins, and only cell-surface receptor
should be analyzed. This staining was performed at 37°C to allow staining of surface receptors
and internalization of the stained receptors at the same time. Cells for surface staining controls
and strip controls were stained with primary antibodies for one hour at 4°C to block
internalization whereas the cells for the isotype control where incubated without any antibody
for one hour at 4°C. Staining with primary antibodies was performed either in presence or absence
of the cytokine IL-6 to analyze the influence of IL-6 stimulation on receptor recycling.
Subsequently, the cells used for the recycling experiment were incubated in serum-free DMEM pH
2.0 for 30 min at 4°C to remove the primary antibody bound to non-internalized surface IL-6R or
surface gp130 as only internalized receptors should be analyzed. To be sure that this strip worked,
cells, that were stained with primary antibody at 4°C, were also incubated in serum-free DMEM
pH 2.0. The remaining controls were incubated in serum-free DMEM pH 7.4. Afterwards, the cells
for the recycling experiment were stained with fluorescently-labelled secondary antibody a-
mouse-AlexaFlour488 for one hour at 37°C. This allows recycling of the receptors that carry the
primary antibody and subsequent binding of the secondary antibody that is only present in the
buffer to the primary antibody once the receptor is recycled back to the cell-surface. Controls were
also incubated with the secondary antibody but incubated at 4°C. Finally, the cells were fixed,
mounted and recycling was analyzed by confocal laser scanning microscopy.

As shown in Fig. 4.17, surface staining of IL-6R (Fig. 4.17 (A)) and gp130 (Fig. 4.17 (C)) was
successful and IL-6 stimulation had no influence on the staining. Stripping of non-internalized
primary-antibody from the cell surface using DMEM pH 2.0 worked as no fluorescence could be
detected in the strip controls. The cells of the actual recycling experiments showed a small number
of fluorescent cells in the absence of IL-6 indicating that in the absence of [L-6 both receptors are
recycled to cell-surface which could already be seen in the co-localization experiment. In contrast,
when the cells were incubated together with the cytokine an increase in fluorescent cells could be
detected for both receptors which hints to an IL-6-dependent increase in recycling of both, gp130
and IL-6R. This increase in recycling upon IL-6 stimulation was also observed in the co-

localization experiment supporting the notion that IL-6 induces recycling of the IL-6R and gp130.
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These differences between unstimulated and IL-6-stimulated conditions were also visible in the
quantifications. About 12% of the IL-6R-overexpressing HeLa cells showed recycling in the
absence of [L-6, which increased significantly to 22% when the cells were incubated together with
IL-6 (Fig. 4.17 (B)). Quantification of gp130 recycling revealed that about 6% of the gp130-
overexpressing cells showed recycling when not stimulated with IL-6 whereas IL-6 stimulation
lead to a significant increase of recycling positive cells to about 10% (Fig. 4.17 (D)).
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Figure 4.17: IL-6R and gp130 recycling assay using immunofluorescent microscopy. (A)+(C) HelLa cells were
transfected with pcDNA3.1-IL-6R (A) or p409-myc-gp130 (C) before being stained with either 4-11 antibody («-IL-6R)
or B-P4 antibody (a-gp130) for 1 h at 37°C in the presence or absence of IL-6 (10 ng/ml). Cells for surface staining
controls and strip controls were stained with primary antibodies for one hour at 4°C whereas the cells for the negative
control where incubated without any antibody for one hour at 4°C. The cells were incubated in serum-free DMEM pH
2.0 for 30 min at 4°C or in serum-free DMEM pH 7.4 (surface and negative ctrls). Afterwards, the cells were stained with
fluorescently-labelled secondary antibody a-mouse-AlexaFlour488 for one hour at 37°C. The control samples were
incubated with secondary antibody at 4°C. Finally, the cells were fixed, mounted and recycling was analyzed by confocal
laser scanning microscopy. Scale bar: 50 pm. (B)+(D) The quantification was done using Image]. All DAPI positive cells
and green-fluorescent cells present in the pictures were counted and the percentage of green-fluorescent cells was
calculated. 11 pictures taken from three individual experiments were analyzed.

Taken together, we could observe that the IL-6R and gp130 are transported to Rab11-positive
recycling endosome which could be increased upon IL-6 stimulation. Additionally, we could show
that both receptors are recycled to the cell-surface although only a small amount of both receptors
is recycled constitutively. Recycling of both receptors, however, could be increased upon IL-6
stimulation indicating IL-6-dependent recycling of the IL-6R and gp130. In humans, the presence
of IL-6 is a sign for inflammation which leads to the activation of different pro-inflammatory

effects. To react to IL-6, IL-6R and gp130 are necessary to bind IL-6 which leads e.g. to the
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activation of different immune cells. Thus, IL-6 might lead to an increase in the recycling of both
receptors so more receptor is present at the cell-surface to react most efficiently to the circulating

IL-6.

4.1.6 Lysosomal degradation of IL-6R and gp130 occurs independently of IL-6 but

the presence of IL-6 leads to an increase in gp130 lysosomal degradation

Following internalization, surface receptors cannot only be recycled back to the cell-surface, but
they can also be degraded in the lysosome. After we identified that the IL-6R and gp130 are
recycled to the cell-surface following internalization we also wanted to analyze the involvement
of lysosomal degradation in the regulation of IL-6R and gp130 protein levels. Therefore, a co-
localization experiment was performed as described for the analysis of the transport of the IL-6R
and gp130 to Rab11-positive recycling endosomes (see chapter 4.1.5). To analyze the transport
of IL-6R and gp130 to lysosomes co-localization of both receptors with the lysosomal marker
LAMP-2 was examined. HeLa cells were transfected with either pcDNA3.1-IL-6R or p409-gp130wt
and cell-surface IL-6R and gp130 were stained as before and surface-IL-6R and gp130 were
allowed to internalize for different time-points (15, 30 and 60 min) by shifting the cells to 37°C.
To analyze the involvement of IL-6 in the fate of internalized IL-6R and gp130 the cells were
incubated in the presence or absence of 10 ng/ml IL-6. To analyze co-localization with the
lysosomal-located LAMP-2 proteins, the cells were fixed, permeabilized and stained with primary
antibody directed against the lysosomal marker LAMP-2 and afterwards with fluorescently-
labelled secondary antibody anti-mouse-AlexaFlour594 for 1 h at room temperature. Finally, the
cells were analyzed by confocal laser scanning microscopy and co-localization was quantified
using Image] and the JACoP plugin.

As shown in Figure 4.18, staining of IL-6R, gp130 and LAMP-2 was successful and could be
visualized via fluorescence microscopy. The overlay of IL-6R and LAMP-2 revealed co-localization
of both proteins (Fig. 4.18 (A)) which was also seen for gp130 and LAMP-2 (Fig. 4.18 (C)). The
quantification of IL-6R and LAMP-2 co-localization revealed an increase over time no matter if
stimulated with IL-6 or not which hints that most of the receptor destined for degradation is
located at the lysosome after 60 min of incubation or even later, which is different from co-
localization with Rab11 which peaked at 15 min of incubation. In contrast to the co-localization of
Rab11 and the IL-6R where IL-6 induced an increase in recycling, IL-6 had no influence on the co-
localization of LAMP-2 and the IL-6R (Fig. 4.18 (B)), indicating that lysosomal degradation of the
IL-6R occurs constitutively and is not influenced by the presence of IL-6. In the quantification of
LAMP-2 and gp130 co-localization an increase could be detected over time with and without IL-6
stimulation, which also peaked at 60 min of incubation or even later, which is different from co-

localization with Rab11, which showed highest levels at 15 min, at least in the IL-6-stimulated
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sample. In contrast to the IL-6R, though, an increase in gp130 co-localization with LAMP-2 could
be observed when incubated with IL-6 (Fig. 4.18 (D)). This leads to the conclusion that gp130 is
also constitutively degraded in the lysosome but upon IL-6 stimulation gp130 degradation via the

lysosome is increased.
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Figure 4.18: Immunofluorescent staining of IL-6R, gp130 and LAMP-2 and analysis of co-localization. (A)+(C)
HeLa cells were transfected with pcDNA3.1-IL-6R (A) or p409-myc-gp130wt (C) and surface IL-6R or gp130 were
stained with BAF227 or B-P4 antibody, respectively, for 1 h at 4°C and with fluorescently-labelled anti-goat-
AlexaFlour488 (IL-6R) or anti-mouse-AlexaFlour488 (gp130) antibody for 1 h at 4°C. Following, the cells were
incubated in serum-free DMEM for 15, 30 and 60 min at 37°C in the presence or absence of 10 ng/ml IL-6. The cells
were fixed, permeabilited and stained with primary antibody directed against the lysosomal marker LAMP-2 for 1 h at
room temperature. and with fluorescently-labelled secondary antibody for 1 h at room temperature. Finally, co-
localization was analyzed by confocal laser scanning microscopy Arrows indicate co-localized IL-6R or gp130 with
LAMP-2. Scale bar: 50 um (B)+(D) Co-localization between IL-6R and LAMP-2 (B) and gp130 and LAMP-2 (D) was
quantified using Image] and the JACoP plugin. Mander’s coefficient of 20 cells was calculated.

Taken together, analysis of IL-6R surface levels revealed that it is not only regulated by proteolytic
cleavage but also by internalization and that both processes can compensate for one another in
the process of IL-6R cell-surface regulation. In flow-cytometry based experiments it was shown
that internalization of gp130 and IL-6R occurred constitutively in a clathrin- and dynamin-
dependent manner. The fate of both receptors following internalization was analyzed and
revealed constitutive recycling of gp130 and the IL-6R by Rab11-positive recycling endosomes
and that recycling could be enhanced upon IL-6 stimulation. Gp130 and IL-6R were also found to

co-localize with the lysosomal marker LAMP-2 indicating lysosomal degradation of both proteins
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which occurred constitutively. IL-6R degradation could not be enhanced upon IL-6 stimulation,

however, lysosomal degradation of gp130 was increased by IL-6 stimulation.

4.2 Activation of Toll-like Receptor 2 (TLR2) induces Interleukin-6

trans-signaling

After we focused on the membrane-bound IL-6R and examined internalization and the fate of this
receptor, we now concentrate on the soluble IL-6R (sIL-6R) and try to identify endogenous stimuli
and the involvement of different Toll-like receptors (TLRs) leading to the release of sIL-6R.

Recently it was shown that the sIL-6R is generated by alternative splicing and proteolysis in vivo,
whereby alternative splicing accounts only for 15% of released sIL-6R [93]. Additionally, the
cleavage site used for the generation of sIL-6R in vivo was identified to lie between proline355
and valine356, a site preferentially cleaved by ADAM10 and ADAM17, supporting findings that
ADAM10 and ADAM17 are the main proteases involved in sIL-6R generation [96, 97, 253]. In mice,
an increase in sIL-6R serum levels was mediated by ADAM17 after injection of LPS indicating an
involvement of TLR4 activation [223]. In humans, endogenous stimuli that lead to sIL-6R release
are only poorly understood and the involvement of TLR4 or other TLRs in sIL-6R release has not

been investigated so far.

4.2.1 TLR4 activation does not induce sIL-6R release from human PBMCs or during

sepsis

As it was found that LPS injection into mice thus activating TLR4 resulted in an increase in sIL-6R
serum levels we wanted to analyze the involvement of TLR4 and LPS on sIL-6R generation by
ADAM17 in humans. Therefore, PBMCs were isolated from plasma-free blood samples by density
gradient centrifugation using Ficoll Histopaque 1077. 5x105 PBMCs in 1 ml serum-free RPMI were
incubated with or without 5 pg/ml LPS K12, an activator of TLR4, for 24 h at 37°C and 5% CO-.
The supernatants were collected, centrifuged to remove remaining cells and cell debris, and the
amount of sIL-6R was analyzed via ELISA. As LPS is known to be a strong activator of IL-6
secretion, determination of IL-6 levels in the samples via ELISA was used as a positive control. A
significant increase in IL-6 secretion could be observed after treatment with LPS (Fig. 4.19 (A)),
which proved the functionality of the used LPS and that the isolated PBMCs were alive and reactive
towards LPS. In contrast to IL-6 secretion, LPS did not alter the generation of sIL-6R from PBMCs
(Fig. 4.19 (B)). This indicates that TLR4 activation via LPS leads to secretion of IL-6 but does not

induce ADAM17-dependent proteolysis of the IL-6R in this in vitro setting.
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Figure 4.19: IL-6 and sIL-6R ELISA of supernatants collected from stimulated PBMCs. PBMCs were isolated from
plasma-free blood by density gradient centrifugation using Ficoll Histopaque 1077. 5x105 cells in 1 ml serum-free RPMI
were incubated with or without 5 pg/ml LPS K12 for 24 h at 37°C and 5% CO2. The supernatants were collected,
centrifuged and IL-6 (A) and sIL-6R (B) levels were measured by ELISA. Three independent experiments (n=8) were
performed, which were analyzed by Mann-Whitney-U test.

We further investigated IL-6 and sIL-6R levels in serum samples of sepsis patients and sex- and
age-matched healthy controls via ELISA. Sepsis is a severe inflammatory condition, which is
characterized by a massive increase in IL-6 often caused by infection with gram-negative bacteria
and therefore activation of TLR4. As expected, a significant increase of IL-6 could be detected in
the samples of sepsis patients within 24 h after diagnosis (day 0) (0.84 + 0.2 ng/ml) in comparison
to healthy control samples (0.06 + 0.04 ng/ml). Five days after diagnosis IL-6 levels decreased
again (0.61 = 0.2 ng/ml) (Fig. 4.20 (A)). Such an effect could not be observed for sIL-6R. Even
during sepsis sIL-6R levels did not increase (Day 0: 61.1 * 5.3 ng/ml; Day 5: 60.2 * 3.7 ng/ml) in
comparison to the healthy control samples (65.5 + 3.8 ng/ml) (Fig. 4.20 (B))).
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Figure 4.20: sIL-6R and IL-6 ELISA using serum samples from healthy controls and sepsis patients. Serum
samples from sepsis patients at the day of sepsis diagnosis (day 0, n=47) and 5 days later (day 5, n=45) were used to
determine IL-6 (A) or sIL-6R (B) levels via ELISA. Serum samples from healthy donors (n=30) were applied as control.
Data were analyzed by one-way ANOVA followed by Bonferroni’s Multiple Comparison test (n.s.: not significant).
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These results show that LPS can induce the release of IL-6 in vitro and in sepsis patients in vivo
most likely by activating TLR4, but LPS does not trigger the generation of sIL-6R. Therefore, the
involvement of TLR4 in the release of sIL-6R was excluded.

As innate immune responses and the release of sIL-6R depend on the recognition of pathogen-
associated microbial peptides (PAMPs) by pattern-recognition receptors (PRRs) like the Toll-like
receptors (TLRs), the involvement of another TLR in the release of sIL-6R in humans seemed to

be likely and was further analyzed.

4.2.2 sIL-6R generation and IL-6 release are increased after TLR2 activation on

human PBMCs

The above results suggest that TLR4 does not play a major role in the generation of sIL-6R in
humans, which is different compared to results obtained in mice [223]. However, the involvement
of other TLRs in sIL-6R generation was likely, which was further supported by findings from Ullah
etal. [260] who discovered that activation of TLR2 led to an increase in sIL-6R release. To further
analyze the role of TLRs in sIL-6R generation, human PBMCs were isolated and 5x105 cells in 1 ml
serum-free RPMI were stimulated with agonists specific for the different TLRs: Pam3CSK4 (an
activator of TLR1/2), HKLM (heat-killed Listeria monocytogenes; TLR2), Poly(1:C)/Poly(I:C) LMW
(both TLR3), LPS K12 (TLR4), flagellin (TLR5), FSL-1 (TLR6/2), imiquimod (TLR7), ssRNA (TLR8)
or the cells were left untreated. Supernatants were collected, centrifuged and amounts of sIL-6R
and IL-6 were determined via specific ELISAs. As shown in Fig. 4.21 stimulation of PBMCs with
the different agonists led to an increase of IL-6 levels in most of the samples except for cells treated
with the TLR3 agonist Poly(I:C) LMW as compared to the untreated controls where no IL-6 could
be detected. A significant increase in IL-6 release could be observed in the samples treated with
the TLR2 agonists Pam3CSK4 (2.4 £ 0.88 ng/ml), HKLM (5.1 * 0.82 ng/ml) or FSL-1 (2.7 + 0.85
ng/ml) (Fig. 4.21 (A)). Analysis of sIL-6R generation after treatment with the different TLR
agonists showed no statistically significant increase compared to the unstimulated control, but
stimulation with the TLR2 agonist HKLM resulted in a three-fold increase of sIL-6R (208 + 77
pg/ml) in comparison to the unstimulated control (73 * 40 pg/ml) (Fig. 4.21 (B)).

Unstimulated cells did not release IL-6 whereas sIL-6R was released into the supernatant. This
constitutive release of sIL-6R is most likely due to proteolytic cleavage of the membrane-bound

IL-6R mediated by ADAM10 which was already described [96, 97].
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Figure 4.21: IL-6 and sIL-6R ELISA of supernatants collected from PBMCS stimulated with different TLR
agonists. PBMCs were isolated from plasma-free whole blood by density gradient centrifugation using Histopaque.
5x105 cells in 1 ml serum-free RPMI were stimulated with different TLR agonists (Pam3CSK4 (1 pg/ml), HKLM (108
cells/ml), Poly(I:C) (25 pg/ml), Poly(I:C) LMW (25 pg/ml), LPS K12 (5 pg/ml), Flagellin (1 pg/ml), FSL-1 (1 pg/ml),
Imiquimod (5 pg/ml), ssRNA40 (5 pg/ml)) for 24 h at 37°C and 5% COz2. Supernatants were collected, centrifuged and
of IL-6 (A) and sIL-6R (B) levels were determined via ELISA. Data shown are the mean * SEM from four independent
experiments, which were analyzed by one-way ANOVA followed by Dunnett’s Multiple Comparison test. Statistical
significance compared to the unstimulated cells is indicated with an asterisk.

These results indicate that only activation of TLR2 on PBMCs simultaneously induces the release
of IL-6 and sIL-6R. Therefore, the following experiments focus on TLR2 activation and the
generation of sIL-6R. This connection was not described so far and could demonstrate that TLR2
might be involved in the recognition of endogenous stimuli which leads to the release of sIL-6R in

humans.
4.2.3 sIL-6R and IL-6 are released from monocytes after TLR2 activation

We observed that TLR2 activation resulted in the release of sIL-6R, thus, it was of further interest
which cell-type(s) generated sIL-6R in response to TLR2 activation. As PBMCs are a mixture of
different cell types including monocytes, T cells, B cells, NK cells and immature dendritic cells, we
used a flow-cytometry based approach to identify the cell-type(s) involved in sIL-6R release.
Therefore, isolated PBMCs were stained with different cell surface markers for the individual
subpopulations: CD45, a leukocyte marker, CD14 for monocytes, CD123 for dendritic cells, CD3
for T cells, B220 for B cells and CD56 for NK and T cells. Additionally, the cells were co-stained
with antibodies directed against the IL-6R and TLR2. As the cell population(s) that express the IL-
6R as well as TLR2 at the cell surface simultaneously are most likely to release sIL-6R upon HKLM

stimulation we tried to identify such populations.
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As shown in Fig. 4.22, monocytes, dendritic cells, T cells and to a lesser extent B cells and NK cells
express the IL-6R at the cell-surface. From these, though, only monocytes and dendritic cells co-

expressed TLR2 making these two cell-types the most likely sources for sIL-6R release after

treatment with HKLM.
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Figure 4.22: FACS staining of different cell-types in isolated PBMCs. PBMCs were isolated from plasma-free blood
by density gradient centrifugation using Ficoll Histopaque. The cells were stained with specific antibodies against the
different subsets, analyzed by flow cytometry and gated as follows: CD45+*CD14* monocytes, CD45+B220+ B cells,
CD45+CD3+* T cells and CD45+*CD56* T cells or NKT cells. Additionally, surface IL-6R and surface TLR2 were stained and

FACS plots are shown for each cell subset.
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To further assess the involvement of monocytes and dendritic cells in the release of sIL-6R, both
cell-types were isolated from PBMCs by antibody-based magnetic cell separation. 5x105 cells in 1
ml serum-free RPMI were stimulated with the TLR2 agonist HKLM (108 cells/ml) or left untreated
for 24 h at 37°C and 5% CO.. The supernatants were isolated, centrifuged to remove remaining
cells and cell debris and IL-6 and sIL-6R levels were determined via specific ELISAs. Unstimulated
dendritic cells and monocytes released no IL-6 into the supernatant whereas stimulation with
HKLM led to secretion of IL-6 indicating that stimulation of TLR2 was an effective IL-6-inducer in
both cell-types (Fig. 4.23 (A)). Analysis of sIL-6R in the same supernatants revealed a release of
sIL-6R already in unstimulated conditions, indicating constitutive shedding of the IL-6R, although
higher sIL-6R levels could be detected in the supernatant of unstimulated monocytes compared
to unstimulated dendritic cells. Stimulation with HKLM had no effect on sIL-6R release from
dendritic cells making these cells an unlikely source of sIL-6R upon TLR2 activation. In contrast,
supernatants from HKLM-stimulated monocytes displayed higher amounts of sIL-6R (98.9 + 29.7
pg/ml) in comparison to supernatants from unstimulated monocytes (47.5 * 12.7 pg/ml)

although this increase was not statistically significant (Fig. 4.23 (B)).
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Figure 4.23: IL-6 and sIL-6R ELISA from supernatants collected from HKLM-stimulated dendritic cells or
monocytes. Monocytes and dendritic cells were isolated from PBMCs by antibody-based magnetic cell separation.
5x105 cells in 1 ml serum-free RPMI were stimulated with the TLR2 agonist HKLM (108 cells/ml) or left untreated for
24 h at 37°C and 5% CO:z. The supernatants were isolated, centrifuged and IL-6 (A) and sIL-6R (B) levels were
determined via specific ELISAs. Data of three independent experiments (n=6) + SEM are shown.

These findings lead to the conclusion that monocytes and to a lesser extent also dendritic cells are
able to release IL-6, but only monocytes release sIL-6R upon HKLM-stimulation making these cells

most likely the major source of sIL-6R after TLR2 activation upon HKLM-treatment.
4.2.4 Activation of TLR2 induces IL-6R proteolysis by ADAM10 and ADAM17

After we identified that monocytes are the major source of sIL-6R secretion after TLR2 activation,
it was of further interest how this sIL-6R is generated. It is already known, that surface IL-6R can
be cleaved by the metalloproteases ADAM10 and ADAM17 resulting in sIL-6R release, but also
alternative splicing can contribute to sIL-6R levels [93, 96, 97] To determine whether proteases

play a role in sIL-6R generation from PBMCs, PBMCs were again isolated from plasma-free blood.
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5x105 cells in 1 ml serum-free RPMI were pre-incubated with the different metalloprotease
inhibitors GI (ADAM10 inhibitor), GW (ADAM10 and ADAM17 inhibitor) or Marimastat (broad-
spectrum metalloprotease inhibitor) or left untreated for 30 min at 37°C. Afterwards, HKLM (108
cells/ml) was added and the cells were stimulated for 24 h at 37°C and 5% CO.. The supernatants
were collected and centrifuged to remove remaining cells and cell debris.

Analysis of sIL-6R levels in the supernatants by ELISA revealed again low levels in the
unstimulated sample but neither GI, nor GW or MM affected the basal sIL-6R levels. This hinted to
alternative splicing as the responsible mechanism for the release of the basal sIL-6R from PBMCs.
Treatment with HKLM resulted in an increase of sIL-6R, which was reduced again when PBMCs
were incubated with HKLM together with one of the inhibitors. This pointed to ADAM10 as the
responsible protease for sIL-6R proteolysis after TLR2 activation. As GI and MM treatment
inhibited sIL-6R release even more effectively, ADAM17 seems to be involved here, too (Fig. 4.24
(A)). Therefore, it was concluded that sIL-6R is released from PBMCs by ADAM10 and ADAM17

upon TLR2-activation and that alternative splicing is rather not involved.
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Figure 4.24: sIL-6R ELISA of supernatants collected from PBMCs or THP-1 cells after stimulation with different
protease inhibitors. (A) PBMCs were isolated from plasma-free blood and 5x105 PBMCs in 1 ml serum-free RPMI were
pre-incubated with the different metalloprotease inhibitors GI, GW or Marimastat (MM) for 30 min at 37°C. Following,
cells were stimulated with HKLM (108 cells/ml) or left untreated for 24 h at 37°C and 5% COz2. The supernatants were
collected, centrifuged and sIL-6R levels in the supernatants were determined by ELISA. Data shown are the mean + SD
from two independent experiments (n=3). “#” indicates a statistically significant difference (p < 0.05, one sample t-test)
between unstimulated and HKLM-treated cells and “*” a statistically significant difference (p < 0.01, one-way ANOVA
with Dunnett’'s Multiple Comparison Test) between HKLM-treated cells and HKLM-treated cells additionally pre-
incubated with the three different metalloprotease inhibitors. (B) The above experiment was repeated using THP-1
cells resuspended in serum-free DMEM. Data shown are the mean * SD from three independent experiments. “#”
indicates a statistically significant difference (p < 0.05, one sample t-test) between unstimulated and HKLM-treated cells
and “*” a statistically significant difference (p < 0.01, one-way ANOVA with Dunnett’'s Multiple Comparison Test)
between either untreated or HKLM-treated cells and the respective cells additionally pre-incubated with the three
different metalloprotease inhibitors.

To verify the obtained results, the above experiment was repeated using THP-1 cells, which is a

monocytic cell line. In contrast to unstimulated PBMCs, the release of sIL-6R contributing to the
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basal sIL-6R levels could be reduced by addition of the inhibitors GI, GW and MM in unstimulated
THP-1 cells. This confirmed the involvement of ADAM10 in the release of basal sIL-6R which was
described before [96, 97]. GW and MM, but not GI, inhibited sIL-6R release after TLR2 activation
by HKLM stimulation which indicates that ADAM17 is the responsible protease in THP-1 cells (Fig.
4.24 (B)). In both settings, ADAM17 was identified to be involved in the generation of sIL-6R upon
HKLM-treatment. The role of ADAM10, however, was inconsistent in both cell types which might
be a result of the origin of both cell-types. Whereas PBMCs were freshly isolated and contain
primary cells, THP-1 cells are an established, immortalized cell-line. This might contribute to the
different findings regarding ADAM10 in PBMCs and THP-1 cells. The same might account for the
generation of the constitutively released sIL-6R.

To verify that proteolysis and not differential splicing is the major mechanism in sIL-6R
generation after HKLM-treatment, a flow-cytometry based approach using THP-1 cells was
conducted. The cells were pre-incubated for 30 min at 37°C with GI, GW, MM or DMSO as control
in serum-free DMEM before cell-surface IL-6R was stained for 1 h at 4°C. Following, the cells were
resuspended in serum-free DMEM and GI, GW, MM and DMSO were added again. Additionally, the
cells were stimulated with HKLM (108 cells/ml) or not. After incubation for 24 h at 37°C, the cells
were washed and remaining cell-surface IL-6R was stained with an APC-conjugated a-mouse-

antibody for 1 h at 4°C in the dark. Finally, the cells were analyzed by flow cytometry.
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Figure 4.25: Flow cytometry analysis of THP-1 cells after incubation with different metalloprotease inhibitors
and stimulation with the TLR2 agonist. THP-1 cells were pre-incubated for 30 min at 37°C with GI, GW, MM or DMSO
as control in serum-free DMEM. The cells were stained for 1 h at 4°C using the IL-6R specific 4-11 antibody before being
incubated in serum-free DMEM together with GI, GW, MM or DMSO. Additionally, HKLM (108 cells/ml) was added or
not. After incubation for 24 h at 37°C, the cells were washed and stained with an APC-conjugated a-mouse-antibody for
1 h at 4°C in the dark. Finally, the cells were analyzed by flow cytometry.

In comparison to the unstimulated cells, stimulation of THP-1 cells with HKLM led to a reduction
of surface IL-6R indicating that treatment with HKLM led to release of sIL-6R from the cell-surface.
This release could be reduced by treatment with the metalloprotease inhibitors together with

HKLM as seen by increased APC-fluorescence compared to the HKLM-treated sample. This leads
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to the conclusion that, indeed, sIL-6R is generated by proteolytic cleavage by ADAM10 and
ADAM17 and not by alternative splicing. Additionally, treatment with MM alone showed the
highest amount of surface IL-6R confirming that the basal sIL-6R levels are caused by a

metalloprotease that can be inhibited by MM and also not by alternative splicing (Fig. 4.25).

4.2.5 The Extracellular-signal Regulated Kinase (ERK) cascade differentially

regulates IL-6 and sIL-6R release from PBMCs and monocytes

Stimulation of TLR2 leads to the activation of different downstream signaling pathways, especially
NF-xB [239], p38/MAPK [261] and ERK [262]. It was of further interest whether one of these
pathways is also involved in ADAM17-induced sIL-6R generation and IL-6 release from PBMCs
and monocytes upon HKLM-stimulation. Therefore, PBMCs were isolated from serum-free blood,
resuspended in serum-free RPMI and starved for 2 h at 37°C and 5% CO_ before HKLM was added
to the cells for different time points (0, 15, 30, 60 min). Finally, the cells were harvested and
analyzed by immunoblotting using antibodies specific for phosphorylated ERK, phosphorylated
p38 or phosphorylated p65, a subunit of NF-kB. As loading controls, antibodies directed against
pan-ERK, pan-p38, pan-p65, Actinin and GAPDH were used. Analysis of ERK activation revealed
an increase in phosphorylation at 15 min of incubation which declined over time again. As the
loading controls showed equal loading for all samples this increase in ERK phosphorylation seems
to be a result of the activation of TLR2 (Fig. 4.26 (A)). In contrast, no phosphorylation of p38 could
be detected although the loading controls revealed that protein was loaded onto the gel (Fig. 4.26
(B)). Therefore, it was concluded that p38 is not activated upon TLR2 stimulation. Analysis of p65
activation showed a small increase in phosphorylation after 60 min, although it should be noticed
that also in the GAPDH loading control a little more protein was detected at 60 min, which

indicates that the increase in p65 phosphorylation might be due to unequal loading. (Fig. 4.26 (C)).
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Figure 4.26: Western Blot analysis of PBMCs after stimulation with the TLR2 agonist. PBMCs were isolated from
plasma-free blood, resuspended in serum-free RPMI and were starved for 2 h. The cells were stimulated with the TLR2
agonist HKLM (108 cells/ml) for 0, 15, 30 and 60 min and lysed afterwards. The indicated proteins were analyzed after
incubation with specific antibodies. One experiment of three independently performed experiments is shown.

From this it was concluded that ERK signaling upon TLR2 activation could play a role in sIL-6R
and IL-6 release whereas the p38/MAPK and NF-«kB pathways seem not to be involved.
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Another approach was used to verify the involvement of intracellular signaling cascades in sIL-6R
and IL-6 release. PBMCs were isolated from plasma-free blood, resuspended in serum-free RPMI
and pre-incubated with different signaling cascade inhibitors including Src-1 (targeting the kinase
Src: 10 uM), Ly294 (PI3K; 4 uM), tofacitinib (Jak1/2; 3 uM), U0126 (ERK; 10 uM), rapamycin
(mTOR; 500 ng/ml), SB203580 (p38/MAPK; 10 uM) and BisI (targeting PKC; 500 nM) for 90 min
at 37°C. Following, HKLM (108 cells/ml) was added and the cells were stimulated for 24 hours at
37°Cand 5% COz. The supernatants were collected, centrifuged and sIL-6R and IL-6 amounts were
determined by ELISA. Addition of HKLM led to an increase in sIL-6R as compared to unstimulated
cells but this increase was not influenced by most of the inhibitors. As before, p38/MAPK and also
PKC signaling are not involved in the sIL-6R release upon HKLM-treatment although PKC and
p38/MAPK are two well-described pathways for ADAM17 activation [11, 12]. Inhibition of the
ERK signaling cascade by application of U0126, in contrast, even increased sIL-6R generation from
PBMCs (Fig. 4.27 (A)) confirming the involvement of ERK signaling in the release of sIL-6R after

TLR2 activation.
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Figure 4.27: sIL-6R and IL-6 ELISA of supernatants from PBMCs after stimulation with different signaling
pathway inhibitors. PBMCs were isolated from plasma-free blood and were pre-incubated with the signaling pathway
inhibitors Src-I (targeting the kinase Src; 10 uM), Ly294 (PI3K; 4 uM), tofacitinib (Jak1/2; 3 uM), U0126 (ERK; 10 uM),
rapamycin (mTOR; 500 ng/ml), SB203580 (p38/MAPK; 10 puM) and Bisl (targeting PKC; 500 nM) for 90 min.
Afterwards, TLR2 agonist HKLM (108 cells/ml) was added and the cells were incubated for further 24 h. The
supernatants were collected and the amounts of sIL-6R (A) and IL-6 (B) were determined via ELISA. Data shown are
the mean * SEM from four independent experiments (n=8). Data were analyzed by one-way ANOVA followed by
Dunnett’s Multiple Comparison test. Statistical significance compared to the HKLM-treated cells is indicated.

IL-6 secretion was also analyzed using the same supernatants as above. As before, no IL-6 could
be detected in the supernatant collected from unstimulated cells, while treatment with HKLM lead
to the secretion of IL-6 from PBMCs. Addition of inhibitors for Src, mTOR and PKC signaling
cascades did not influence IL-6 secretion whereas PI3K inhibition rather enhanced IL-6 secretion.
Incubation with inhibitors for JAK1/2, p38/MAPK and ERK, in contrast, lead to a reduction of IL-
6 secretion but only ERK inhibition showed statistically significant decreased IL-6 levels (Fig. 4.27
(B)) again hinting for an involvement of ERK signaling in sIL-6R and IL-6 release following TLR2

activation.
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To confirm our results obtained from PBMCs, we performed the same experiment with isolated
primary human monocytes. For the sIL-6R generation, the same results were seen in monocytes
as for PBMCs, including the increase in sIL-6R levels upon ERK inhibition (Fig. 4.28 (A)). The
influence of the different inhibitors on IL-6 secretion differed a little in both cell types. While Src
and PKC inhibition did not influence IL-6 secretion from PBMCs, Src inhibition rather decreased
secretion from monocytes and PKC inhibition increased IL-6 levels. As before in PBMCs, mTOR
inhibition did not alter IL-6 release whereas PI3K inhibition lead to an increase in IL-6 levels in
monocytes. Additionally, the decrease in IL-6 secretion resulting from JAK1/2, p38/MAPK and
ERK inhibition were the same for PBMCs and monocytes (Fig. 4.28 (B)).
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Figure 4.28: sIL-6R and IL-6 ELISA of supernatants from monocytes after stimulation with different signaling
pathway inhibitors. Monocytes were isolated from PBMCs and were pre incubated with the signaling pathway
inhibitors Src-I (targeting the kinase Src; 10 uM), Ly294 (PI3K; 4 pM), tofacitinib (Jak1/2; 3 uM), U0126 (ERK; 10 pM),
rapamycin (mTOR; 500 ng/ml), SB203580 (p38/MAPK; 10 puM) and Bisl (targeting PKC; 500 nM) for 90 min.
Afterwards, TLR2 agonist HKLM (108 cells/ml) was added and the cells were incubated for further 24 h. The
supernatants were collected and the amounts of sIL-6R (A) and IL-6 (B) were determined via ELISA. Data shown are
the mean + SEM from four independent experiments (n=8). Data were analyzed by one-way ANOVA followed by
Dunnett’s Multiple Comparison test. Statistical significance compared to the HKLM-treated cells is indicated.

These results confirm the involvement of the ERK signaling cascade in ADAM17-induced sIL-6R
release and IL-6 secretion after TLR2 activation upon HKLM stimulation. It was shown, though,
that ERK differentially regulates both processes as inhibition of the ERK signaling cascade resulted
in a decrease of IL-6 secretion whereas sIL-6R generation was increased.

Analysis of endogenous stimuli for sIL-6R in humans and the involvement of TLR4 or other TLRs
revealed that TLR4 does not contribute to the release of sIL-6R from PBMCs but rather activation
of TLR2 is involved. Furthermore, it was revealed that monocytes, which simultaneously express
the IL-6R and TLR2 at the cell-surface, are the major source of sIL-6R upon TLR2 activation. The
sIL-6R generation upon HKLM stimulation was induced by the metalloproteases ADAM10 and
ADAM17 and not by alternative splicing. Finally, analysis of down-stream signaling cascades
activated upon TLR2-activation revealed phosphorylation of ERK and to a lesser extent p65 but

not p38. Incubation of monocytes with different pathway inhibitors revealed again an
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involvement of the ERK signaling cascade which seems to regulate the release of IL-6 and sIL-6R

differentially.

4.3 Identification of Cathepsin S as a novel protease capable of cleaving

the membrane-bound Interleukin-6 receptor

In the above described project, we focused on the identification of bacterial or viral stimuli leading
to the release of ADAM17 in humans, the therein involved Toll-like receptor and the proteases
leading to the generation of sIL-6R. In the following, we will not focus on the release of sIL-6R
upon bacterial or viral stimuli, but we try to identify a protease involved in the generation of basal
sIL-6R levels.

Previous work showed that the majority of sIL-6R in the human circulation is released via
proteolysis, and only about 15% are generated by differential splicing [93]. The cleavage site
leading to the generation of sIL-6R was identified to lie between proline355 and valine356, a
cleavage site at which ADAM17 preferentially cleaves [102], leading to the conclusion that
ADAM17 must be the main protease involved in sIL-6R generation in humans. Analysis of samples
taken from an ADAM17-deficient patient demonstrated that this was only partially true. Isolated
PBMCs from the patient, his unaffected mother and healthy controls were treated with PMA and
ionomycin, which activates ADAM17-mediated shedding, and sIL-6R was measured. As expected,
an increase in sIL-6R could be seen for the mother’s sample and the healthy control samples after
PMA stimulation, but no sIL-6R generation was induced in the patient sample. This confirms a
major role of ADAM17 in induced IL-6R shedding. Surprisingly, however, analysis of the sIL-6R
levels in the serum of the ADAM17-deficient person revealed no difference in comparison to the
healthy controls (unpublished data). sIL-6R levels were also unaffected in ADAM17-deficient mice
[97, 100]. From this it was concluded that ADAM17 must play a role in the generation of sIL-6R
after stimulation, but it seems not be involved in the constitutive release of sIL-6R. As also
ADAM10, a protease using the same cleavage site as ADAM17, was excluded to contribute to the
basal sIL-6R levels [100], a yet unidentified protease must be responsible for the constitutive

release of sIL-6R.
4.3.1 Cathepsin S cleaves IL-6R peptides in an IL-6R cleavage assay

To identify the protease(s) that are responsible for the generation of the basal sIL-6R levels in
humans, a MEROPS database search for proteases, known to cleave between a proline and a valine
residue, was run which gave a list of 14 possible proteases, also including ADAM17 and ADAM10
(Table 1).
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Table 1: A list of possible candidate proteases. The MEROPS database was searched for proteases that preferentially
cleave proteins between the amino-acids proline and valine. The names and the chromosomal localization are depicted

in the table.

Chromosome Gene Start End

1 CTSS 150730196 150765957
2 ADAM17 9488486 9555792

2 DPP4 161992241 162074542
3 MME (& MMP-12) 155024124 155183729
8 CPA6 67422125 67746345
11 MMP-3 102835801 102843803
11 MMP-7 102520508 102530753
11 MMP-13 102942995 102955734
11 PRCP 82823502 82970584
14 MMP-14 22836557 22849027
15 ADAM10 58588807 58749978
15 DPP8 65442463 65517704
16 MMP-2 55389700 55506691
20 MMP-9 46008908 46016561

These proteases as recombinant proteins were used in a peptide cleavage assay to determine their
ability to cleave a peptide corresponding to a part of the IL-6R stalk containing the
proline355/valine356 cleavage site. Three different quenched fluorogenic peptides were used
that contain either the proline/valine cleavage site ([mca]-ATSLPVQDSS[K-dnp] (IL-6R_PVQD)),
the proline/valine cleavage site together with the Asp358Ala SNP rs2228145 which leads to
enhanced IL-6R cleavage ([mca]-ATSLPVQASS[K-dnp] (IL-6R_PVQA)) [95] or a mutated cleavage
site which blocks IL-6R cleavage ([mca]-ATSLPGQDSS[K-dnp] (IL-6R_PGQD)) [253].

10 puM of the peptides were incubated together with 10 ng or 100 ng of the candidate proteases in
a total volume of 100 ul in PBS. Cleavage of the peptides by the protease was determined by
measurement of the fluorescence at Aem = 405 nm and Aex = 320 nm at 37°C with a
spectrophotometer every 30 sec for 120 min. As a control, the experiment was also performed
with the protease ADAM17 together with a peptide for its known substrate TNF-a.

As shown in Fig. 4.29 (A), TNF-a was efficiently cleaved by ADAM17, indicated by an increase in
fluorescence. Analysis of the cleavage capacity of the IL-6R peptides by the candidate proteases
revealed that only ADAM17 and cathepsin S could cleave the IL-6R_PVQD and IL-6R_PVQA
peptides whereas the latter one was cleaved more efficiently. As expected, none of the proteases
was able to cleave the IL-6R_PGQD peptide (Fig. 4.29 (B)). This indicates that cathepsin S could be

a protease which is responsible for the generation of the basal sIL-6R levels.
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Figure 4.29: Protease cleavage assay of different peptides by the possible candidate proteases. 10 uM of the three
different quenched fluorogenic peptides [mca]-ATSLPVQDSS[K-dnp], [mca]-ATSLPVQASS[K-dnp] or [mca]-
ATSLPGQDSS[K-dnp] were incubated together with 10 ng or 100 ng of the different candidate proteases in a total
volume of 100 pl PBS (B). As a control, the experiment was also performed with the protease ADAM17 together with a
peptide for its known substrate TNF-a (A). Fluorescence was measured at Aem = 405 nm and Aex = 320 nm at 37°C with
a spectrophotometer (Tecan) every 30 sec for 120 min. Relative fluorescence units (RFU) were calculated by
subtracting the measured fluorescence from time-point Omin from the other time-points.

4.3.2 Cathepsin S cleaves the IL-6R in vitro

To verify the above results that cathepsin S can cleave the IL-6R, HEK293 wt cells were transfected
with pN1-eGFP, pcDNA3.1-IL-6R, pcDNA3.1-IL-6R and pN1-eGFP, pcDNA3.1-mCTSS and pN1-
eGFP or pcDNA3.1-IL-6R and pcDNA3.1-mCTSS. Two days after transfection the medium was
replaced by fresh serum-free DMEM and the cells were incubated for 24 h at 37°C. The sample
transfected with pcDNA3.1-IL-6R only was used as positive control and was therefore treated
with PMA (2 uM) for 2 h at 37°C to induce ADAM17-mediated shedding of the IL-6R. The collected
supernatants were centrifuged and 1 ml per sample was used for protein precipitation by

trichloroacetic acid (TCA). Additionally, the cells were collected and lysed. The precipitated
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proteins and the cell lysates were loaded onto SDS gels and analyzed by immunoblotting using an
anti-IL-6R antibody and anti-GAPDH antibody as loading control. In all the samples where the cells
were transfected with IL-6R, IL-6R could be detected in the lysates. In contrast, sIL-6R could only
be detected in the supernatant of the PMA-treated positive control and in the lane where cells
transfected with pcDNA3.1-IL-6R together with pcDNA3.1-mCTSS was loaded. Surprisingly, the
sIL-6R generated by CTSS showed a reduced molecular weight (about 55 kDa) when compared to
the PMA-induced sIL-6R (about 70 kDa) (Fig. 4.30 lanes 1-5) indicating that a different cleavage

site is used by cathepsin S.
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Figure 4.30: Western Blot analysis of lysates and TCA-precipitated supernatants from HEK293 wt and HEK293
A10/17-/- cells. HEK293 wt and HEK293 A10/17-/- cells were transfected with plasmids coding for GFP, GFP and CTSS,
GFP and IL-6R or IL-6R and CTSS. Two days after the transfection, the medium was exchanged with 5 ml fresh serum-
free DMEM and the cells were incubated for 24 h at 37°C before supernatants and cells were collected. The supernatants
were used for protein precipitation by TCA and the cells were lysed. Additionally, HEK wt cells were transfected with
IL-6R alone and stimulated with PMA (2 uM) for 2 h at 37°C. Cells and supernatants were treated as above. Precipitated
supernatants and lysates were analyzed by immunoblotting using antibodies against (s)IL-6R (4-11) or GAPDH.

As the HEK293 wt cells express ADAM10 and ADAM17 endogenously it was possible that the sIL-
6R present in the supernatants arose by ADAM-mediated cleavage and not by CTSS-mediated
cleavage. To rule out this possibility, HEK293 cells were used where ADAM10 and ADAM17 have
been knocked-out by CRISPR/Cas (HEK293 A10/17-/-) [253]. The experiment was performed as
described above. Analysis of the samples collected from HEK293 A10/17-/- cells revealed the same
results as with the HEK293 wt cells (Fig. 4.30 lanes 6-9). This demonstrated that the sIL-6R found
in the samples collected from cells overexpressing the IL-6R and CTSS was generated by CTSS-
mediated cleavage and not by ADAM10 or ADAM17.This indicates that the IL-6R can be cleaved
by cathepsin S. As the sIL-6R generated by CTSS is smaller than the one generated by ADAM17 it
is quite unlikely, though, that CTSS is the searched protease which cleaves the IL-6R between
proline355 and valine356 and thereby contributes to the basal sIL-6R levels.
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In both experiments an additional band of about 100 kDa could be observed in the precipitates
generated from supernatants of HEK293 cells transfected with IL-6R which might resemble full-
length IL-6R possibly located on microvesicles that have been released into the supernatant. To
confirm this, HEK293 A10/17-/- cells were co-transfected with either pcDNA3.1-IL-6R and pN1-
eGFP or pcDNA3.1-IL-6R and pcDNA3.1-mCTSS. Two days after transfection, the medium was
replaced by serum-free DMEM and the cells were incubated for an additional period of 24 h at
37°C. The supernatant was collected and 1 ml from each transfection was ultra-centrifuged for 1
hat 300,000 gand 4°C to remove possible microvesicles from the supernatant. Following, proteins
from the ultra-centrifuged and not ultra-centrifuged samples were precipitated by TCA and
analyzed by immunoblotting. Detection of the IL-6R in the not ultra-centrifuged supernatant from
eGFP and IL-6R co-transfected cells revealed a band at about 100 kDa possibly resembling full-
length IL-6R on microvesicles. The same band plus an additional band at about 55 kDa (sIL-6R)
were detected in the not ultra-centrifuged supernatant from IL-6R and CTSS overexpressing cells.
Lanes that were loaded with precipitated supernatants that have been ultra-centrifuged showed
a loss of the 100 kDa band (Fig. 4.31) indicating that this band, indeed, resulted from full-length

IL-6R possibly located on microvesicles and can be removed by ultra-centrifugation.
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Figure 4.31: Western blot analysis of lysates and TCA-precipitated supernatants of HEK293 A10/17-/- cells.
HEK293 A10/17-/- cells were transfected with IL-6R and GFP or IL-6R and CTSS. Two days after the transfection, the
medium was exchanged with 5 ml fresh serum-free DMEM and the cells were incubated for another 24 h at 37°C before
supernatants and cells were collected. One supernatant sample of each transfection was ultra-centrifuged for 1 h at
300,000 g and 4°C. The supernatants were used for protein precipitation by TCA and the cells were lysed. Cells and
supernatants were treated as above. Precipitated supernatants and lysates were analyzed by Western blotting using
antibodies against (s)IL-6R (4-11) or GAPDH.

To avoid any influence on the following experiments that may be caused by the IL-6R located on
microvesicles, collected supernatants were always ultra-centrifuged prior to TCA precipitation,

ELISA analysis or proliferation assays if not declared otherwise.

4.3.3 The sIL-6R generated by cathepsin S is biologically active

Following the identification of cathepsin S as a protease capable of cleaving the IL-6R, the
biological activity of the generated sIL-6R was assessed. Therefore, HEK293 wt cells were

transfected with pN1-eGFP or pcDNA3.1-IL-6R and HEK293 A10/17-/- cells were transfected as
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before. Two days after transfection the medium was replaced by fresh serum-free DMEM and the
cells were incubated for 24 h at 37°C. One sample of IL-6R transfected HEK293 wt cells was
incubated with PMA for 2 h at 37°C to induce ADAM17-mediated IL-6R cleavage. For each
transfection supernatants were collected and ultra-centrifuged for 1 h at 4°C and 300,000 g to
remove microvesicles. The presence of sIL-6R in the supernatants was analyzed by ELISA (Fig.

4.32 (A)).
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Figure 4.32: sIL-6R ELISA and proliferation assay using supernatants collected from HEK293 wt or HEK293
A10/17-/- cells. (A) (B) HEK293 wt cells were transfected with plasmids encoding GFP or IL-6R whereas HEK293
A10/17-/- cells were transfected with plasmids coding for GFP, GFP and CTSS, GFP and IL-6R or IL-6R and CTSS. Two
days after the transfection, the medium was replaced by 5 ml fresh serum-free DMEM and the cells were incubated for
24 h at 37°C before supernatants were collected. Additionally, HEK293 wt cells were transfected with IL-6R alone and
stimulated with PMA (2 pM) for 2 h at 37°C and supernatants were also collected. (A) sIL-6R levels in the supernatants
were determined by ELISA. (B) A cell viability assay (proliferation assay) was performed using Ba/F3-gp130 cells and
the collected supernatants. 5000 Ba/F3-gp130 cells were stimulated with 50 pl conditioned medium from the
transfected HEK293 wt and HEK293 A10/17-/- cells together with IL-6 (25 ng/ml) or Hyper-IL-6 (10 ng/ml). DMEM+/+
was added to a total volume of 100 pl and the cells were incubated for 48 h at 37°C. 20 pl of Cell Titer Blue Viability
Assay solution was added and fluorescence was measured at Aem = 590 nm for one hour every 20 min.

One experiment from three independently performed experiments is shown.

As expected, sIL-6R could be detected in HEK293 wt cells transfected with the IL-6R and treated
with PMA which induces ADAM17-mediated cleavage. sIL-6R could also be detected in the DMSO-
treated sample which was probably generated by ADAM10-mediated constitutive shedding as this
protease was identified to be involved in constitutive sIL-6R release before [96,97]. DMSO-treated
samples and PMA-treated samples did not differ much in their amount of sIL-6R found in the
supernatant, which might be due to the 24 h incubation of the DMSO-treated cells. During this
time constitutive shedding mediated by ADAM10 seems to be as efficient as PMA-induced
shedding for two hours. Additionally to the sIL-6R detected in the supernatants collected from the
HEK293 wt cells, sIL-6R could also be observed in HEK293 A10/17-/- cells that were transfected
with IL-6R and CTSS but not in the supernatants collected from HEK293 A10/17-/- cells
transfected with GFP and CTSS and only little amounts were detected when the cells were
transfected with GFP and IL-6R which was probably released by constitutive shedding induced by
a protease different than ADAM10 or ADAM17 as these are knocked-out in the used cells, or the
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sIL-6R was generated by alternative splicing. These findings in the HEK293 A10/17-/- cells verified
the ability of cathepsin S to cleave the IL-6R.

In order to analyze whether the sIL-6R generated by cathepsin S was biologically active the same
supernatants as above were used in a cell viability assay which was performed using Ba/F3-gp130
cells. These cells overexpress the gp130 receptor and can only proliferate via trans-signaling
meaning in the presence of sIL-6R and IL-6. 5000 Ba/F3-gp130 cells in 50 pl DMEM were
stimulated with 50 pl conditioned medium from the transfected HEK293 wt and HEK293 A10/17-
/- cells together with IL-6 (25 ng/ml) in a total volume of 100 pl. As controls, Ba/F3-gp130 cells in
100 pul DMEM were incubated either with IL-6 (25 ng/ml) or Hyper-IL-6 (10 ng/ml), a designer
protein consisting of sIL-6R linked to IL-6 via a flexible linker [251], or were left unstimulated.
The cells were incubated for 48 h at 37°C and proliferation of the Ba/F3-gp130 cells was
determined by addition of 20 pl of Cell Titer Blue Viability Assay solution and fluorescence
measurement at Aem = 590 nm for one hour every 20 min. An increase in fluorescence indicated
cell proliferation mediated by sIL-6R present in the supernatant. As shown in Fig. 4.32 (B), Ba/F3-
gp130 cells were able to proliferate when stimulated with Hyper-IL-6 as this designer protein can
induce trans-signaling via gp130. In contrast, cells that were incubated only with IL-6 did not
proliferate as the cytokine needs to bind either the membrane-bound IL-6R or the sIL-6R to induce
proliferation via binding to gp130 but in this setting neither the membrane-bound IL-6R nor sIL-
6R was present. As expected, also incubation with supernatants from PMA-stimulated HEK293 wt
cells induced proliferation. sIL-6R present in these samples is generated by ADAM17 and is known
to induce proliferation of Ba/F3-gp130 cells by binding IL-6 and inducing homodimerization of
gp130. As sIL-6R could also be detected via ELISA in the supernatants from DMSO-treated
HEK293 wt cells, Ba/F3-gp130 cells incubated with these supernatants were also able to
proliferate. Analysis of the supernatants collected from HEK293 A10/17-/- cells revealed
proliferation of Ba/F3-gp130 cells only when the cells have been transfected with IL-6R and CTSS
as only in these supernatants sIL-6R was present. This demonstrates that the sIL-6R generated by
CTSS-mediated cleavage is indeed biologically active indicating that it must be able to bind IL-6
and together induce homodimerization of gp130 and subsequent activation of different signaling

cascades leading to proliferation of the Ba/F3-gp130 cells.

4.3.4 Cleavage of the IL-6R by Cathepsin S in vitro occurs upstream of the

previously identified proline/valine cleavage site in humans

We found that cathepsin S can cleave the IL-6R and that the generated sIL-6R is also biologically
active. However, the sIL-6R generated by cathepsin S was observed to be smaller than the sIL-6R

generated by ADAM17 indicating that cathepsin S might use a different cleavage site which lies
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upstream of the N350 glycosylation site. In the following, we aim to identify the region in which
cathepsin S cleaves the IL-6R.

In a previous work, sera from different healthy individuals was collected, sIL-6R was isolated and
the cleavage site was determined via mass spectrometry. This approach revealed that the IL-6R is
cleaved between proline355 and valine356 [93], which was further analyzed by using plasmids
with different deletions in the IL-6R stalk region [263]. The candidate protease(s) involved in the
generation of the basal sIL-6R levels should, therefore, also cleave the IL-6R between proline355
and valine356. As we already observed that cathepsin S very likely uses a different cleavage site
we used the IL-6R deletion variants to identify the region that contains the cleavage site used by

cathepsin S. Figure 4.33 gives an overview of the IL-6R stalk deletion variants used in the following

experiment.
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Figure 4.33: Schematic overview of the IL-6R stalk deletion variants. (A) Depicted is the IL-6R stalk region showing
the amino-acid sequence from T316 to F367. Additionally, the last amino-acid residues belonging to the D3 domain and
the first amino-acid residues belonging to the transmembrane domain (TM) are shown. Numbers above the stalk region
indicate amino-acids where deletions start or end. Numbers in read highlight glycosylation sites. The ADAM17 cleavage
site between P355/V356 is marked by an arrow. (B) The three extracellular domains D1, D2 and D3, the stalk region,
the transmembrane domain (TM) and the intracellular domain (ICD) are shown. The arrow marks the ADAM17 cleavage
site. Kinks highlight the deletions introduced into the IL-6R stalk. Written in front of each deletion variant is the range
of the deleted amino-acid residues. This figure is adapted from Baran et al., JBC, 2013.
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In order to determine the cleavage site of the IL-6R used by cathepsin S, HEK293 A10/17-/- cells
were co-transfected with cathepsin S or GFP together with the different IL-6R variants containing
deletions in the stalk region. The cells were incubated for 24 h at 37°C, two 1 ml aliquots of
supernatant were collected from each transfection and one sample was ultra-centrifuged.
Following, both samples were TCA precipitated and analyzed by immunoblotting using an «-IL-

6R antibody to detect sIL-6R, and an antibody against GAPDH which was used as loading control.
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Figure 4.34: Western Blot analysis of lysates and TCA-precipitated supernatants from HEK293 A10/17-/- cells
transfected with IL-6R deletion variants. HEK293 A10/17-/- cells were co-transfected with cathepsin S or GFP
together with the different IL-6R deletion variants depicted above. Two days after transfection the medium was
exchanged with fresh serum-free DMEM and the cells were incubated for 24 h at 37°C. Two 1 ml aliquots were collected
from each transfection and one sample was ultra-centrifuged. Following, both supernatant samples were used for TCA
protein precipitation before immunoblotting of lysates and precipitates using IL-6R- and GAPDH-specific antibodies.
One experiment from three individually performed experiments is shown.

As shown in Fig. 4.34, transfection with IL-6Rwt and cathepsin S led to the generation of sIL-6R as
indicated by the band at around 55 kDa. This band did not appear when CTSS was co-transfected
with GFP which verified our previous finding that cathepsin S is able to clave the IL-6R.

Additionally, the band at around 100 kDa appeared again in the samples where the cells were
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transfected with IL-6R or its deletion mutants and disappeared after ultra-centrifugation. The
same results were obtained when the cells were transfected with CTSS or GFP together with IL-
6RAS353_V362,IL-6RAA333_N342, IL-6RAS353_F367 or IL-6RAA333_V362, indicating that these
regions do not contain the cleavage site used by cathepsin S. Surprisingly, deletion of the amino
acid residues between S353_V362 did not alter the generation of sIL-6R although this deletion
does not contain the proline/valine cleavage site that was identified to be used to generate sIL-6R
in humans again hinting to another cleavage site used by cathepsin S to generate sIL-6R. In
contrast, the IL-6R deletion mutants IL-6RAI343_T352, IL-6RAE317_T352, IL-6RAA323_V362, IL-
6RAA323_F367, IL-6RAE317_V362 and IL-6RAE317_F367 abrogated cleavage by cathepsin S
leading to the conclusion that the cleavage site used by cathepsin S is located in the region
1343_T352 which is upstream of the determined proline355/valine356 cleavage site in the IL-6R
stalk as all the deletion variants that were not cleaved showed a loss of at least the 1343_T352
region. As the size of the sIL-6R generated by cathepsin S is smaller than the sIL-6R generated by
ADAM17, the cleavage site used by cathepsin S must lie upstream of the N350 glycosylation sites.
From this we can narrow down the region containing the cathepsin S cleavage site to [343_A349.
The actual cleavage site in the IL-6R stalk used by cathepsin S must, of course, be determined by
further experiments like mass-spectrometry or additional deletion or substitution variants.

The above results regarding the identification of the region in which cathepsin S cleaves the IL-6R
were verified by ELISA (Fig. 4.35 (A)) and a Ba/F3-gp130 cell viability assay (Fig. 4.35 (B)) using
the same supernatants as in the above experiment. sIL-6R could be measured by ELISA in the
samples obtained from the cells transfected with cathepsin S and IL-6R wt or IL-6R deletion
variants IL-6RAS353_V362, IL-6RAA333_N342, IL-6RAS353_F367 or IL-6RAA333_V362. These
samples also led to cell proliferation of Ba/F3-gp130 cells when incubated together with IL-6. In
contrast, samples from cells transfected with CTSS and the IL-6R deletion mutants IL-
6RAI343_T352,IL-6RAE317_T352, IL-6RAA323_V362, IL-6RAA323_F367, IL-6RAE317_V362 and
IL-6RAE317_F367 did only contain low levels or even no sIL-6R as determined by ELISA.
Incubation of Ba/F3-gp130 cells together with IL-6 and conditioned supernatant from these cells
showed reduced or even abrogated Ba/F3-gp130 cell proliferation.

These data indicate that cathepsin S uses a cleavage site that is different from the
proline355/valine356 cleavage site that was identified to be used for the generation of sIL-6R in
humans. It is most likely that cathepsin S cleaves the IL-6R in the stalk region 1343_A349 but the
actual cleavage site needs to be determined by mass spectrometry. Taken together, these results

indicate that cathepsin S is not the protease involved in the generation of basal sIL-6R levels.
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Figure 4.35: sIL-6R ELISA and proliferation assay using supernatants collected from HEK293 A10/17-/- cells
transfected with IL-6R deletion variants. Supernatants collected from the above experiment were used to determine
sIL-6R levels by ELISA (A). Additionally, a cell viability assay (proliferation assay) was performed using Ba/F3-gp130
cells that were incubated with these supernatants and stimulated with IL-6 (10 ng/ml). As a control, Ba/F3-gp130 cells
were incubated without cytokine, with IL-6 alone or with Hyper-IL-6 (10 ng/ml) (B). One experiment from three
individually performed experiments is shown.

4.3.5 Cathepsin S does not contribute to the constitutively generated sIL-6R in

mice

The above experiments indicate that cathepsin S is most likely not involved in the generation of
the basal sIL-6R levels. To verify this finding in a more in vivo setting, blood sera from cathepsin S
knockout mice (Ctss-/-) and control wildtype mice were used and the sIL-6R levels were
determined by ELISA (Fig. 4.36). The cathepsin S knockout did not significantly alter the
generation of basal sIL-6R when compared to wt mice, supporting the conclusion from the above
experiments that cathepsin S most likely does not contribute to the constitutively released sIL-6R.
However, it could well be that loss of cathepsin S is compensated for by another protease leading

to unchanged sIL-6R levels in mice sera.
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Figure 4.36: Determination of sIL-6R levels in serum collected from wt mice or Ctss knockout mice. Blood was
collected from wt and Ctss-knockout mice and sera were isolated. The sIL-6R levels in these sera were analyzed by a
murine (s)IL-6R ELISA. Blood sera were kindly provided by Dr. Bernd Schréder.

Taken together, we could show that cathepsin S can cleave the membrane-bound IL-6R leading to
the generation of sIL-6R which was found to be biologically active. However, the size of the
released sIL-6R was smaller than the sIL-6R released by ADAM17 indicating that cathepsin S
cleaves the IL-6R at a site different from the identified proline355/valine356 cleavage site.
Analysis of the region containing the cleavage site used by cathepsin S revealed that it must lie in
the region between 1343-A349. Therefore, cathepsin S is most likely not involved in the generation

of the basal sIL-6R levels.
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5 Discussion

5.1 Cell-surface levels of the IL-6R and gp130 are controlled by proteolysis,

internalization and recycling
Different mechanisms are known that can contribute to the regulation of cell-surface levels of
receptors. Cell-surface levels are reduced upon internalization of the receptors which can then be
further sorted to recycling endosomes leading to recycling of the receptors back to the cell-
surface, or the receptors can be sorted to lysosomes where they are degraded. Furthermore, the
extracellular part of receptors can be released from the cell-surface by proteolysis which also
leads to the down-regulation of cell-surface levels. To maintain receptor levels at the cell-surface
constant, new receptors are synthesized which are then transported to the plasma membrane.
How exactly gp130 and IL-6R cell-surface levels are regulated is still unclear, especially regarding
the influence of their ligand IL-6. Elucidating the regulation of both receptors, however, would be
important as IL-6-mediated signaling is involved in many different inflammatory conditions like
e.g. rheumatoid arthritis [59] which is e.g. treated by tocilizumab, a monoclonal antibody against
the IL-6R [65]. Knowing more about the regulatory mechanisms involved in maintaining the
receptors’ cell-surface levels would help to determine the necessary amount of antibody for the
treatment of inflammatory diseases.
IL-6R and gp130 cell-surface levels were shown to be regulated by internalization and proteolysis
but whether its ligand IL-6 influences both processes is still unclear [149-152]. Furthermore, the
fate of the internalized receptors and the influence of IL-6 is still under debate.
Here, we show that gp130 and IL-6R are internalized independently of their ligand IL-6 and
stimulation with IL-6 does not influence the rate of internalization. We further analyzed the
pathway by which both receptors are internalized and found that clathrin and dynamin regulate
internalization of both, gp130 and the IL-6R. A complete block of internalization could, however,
not be reached, indicating that either another pathway is involved, or that another mechanism can
compensate for the loss of clathrin and dynamin, or inhibition with both inhibitors was not
efficient enough to completely block internalization. The involvement of other pathways like the
caveolin-mediated pathway should, therefore, be also analyzed in the future.
As cell-surface protein levels are regulated by different mechanisms, it was no surprise that
Basagiannis et al. found that the loss of VEGFR internalization and therefore the loss of a
regulatory mechanism in cell-surface levels of VEGFR could be compensated for by shedding
[256]. They observed that once internalization was blocked higher amounts of soluble VEGFR
could be detected. We, therefore, also investigated whether proteolytic cleavage could

compensate for the loss of IL-6R internalization and observed an increase in proteolytic cleavage
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of the IL-6R when internalization could not take place. Additionally, we analyzed whether
internalization could compensate for the loss of proteolytic cleavage and we could, indeed, detect
such compensatory effect. It seems that cell-surface levels of the IL-6R are strictly regulated by
proteolysis and internalization and that both mechanisms can compensate for one another to
maintain normal IL-6R cell-surface levels.

For the internalization of cell-surface proteins via clathrin and dynamin different internalization
motifs have been identified which are necessary for clathrin- and dynamin-dependent
internalization. Such motifs were also identified in the cytoplasmic region of the IL-6R, namely
408-YSLG and 427-LI [152]. Although these motifs were identified to be similar to motifs that are
associated to clathrin-dependent endocytosis, the involvement of both motifs in IL-6R
internalization is still under debate. Dittrich et al. [264] showed that the motifs are dispensable
for IL-6R internalization whereas Fujimoto et al. [152] described that both motifs are necessary
for IL-6R internalization and furthermore for targeting of the IL-6R to the lysosome. Therefore,
we also analyzed the involvement of the YSLG and the LI motif in IL-6R endocytosis. We generated
cell lines that express the IL-6R with mutated internalization motifs or an IL-6R with a complete
deletion of the ICD. These cells were used in a flow-cytometry based internalization assay and
compared internalization of the mutated IL-6R variants with internalization of wild-type IL-6R.
We could observe no difference in IL-6R internalization, indicating that the YSLG and the LI motifs
in the IL-6R-ICD are dispensable for internalization when gp130 is present which is in line with
studies by Dittrich et al. [264]. The contradictory results published by Fujimoto et al. [152] might
be due to differences in their experimental setting. They analyzed internalization of the IL-6R in
an indirect approach by analyzing internalization of the antibody tocilizumab bound to IL-6R
using immunofluorescence (IF) microscopy. Additionally, we observed reduced cell-surface levels
of the mutated IL-6R variants which might be the case also in the cells used by Fujimoto et al.. This
would lead to reduced binding sites for tocilizumab resulting in diminished intracellular
tocilizumab levels.

However, we favored the conclusion that IL-6R internalization must be regulated otherwise,
maybe by complex formation with gp130 and internalization of both receptors in complex which
was also suggested by Dittrich et al. [153, 264]. They identified a di-leucine motif 145LL in the
gp130-ICD and showed that this motif is important for IL-6R internalization. To verify the
involvement of gp130 in IL-6R internalization, we used cells that are devoid of gp130 and again
performed the flow-cytometry based internalization assay with these cells. Interestingly, we could
observe reduced internalization of the IL-6R in the absence of gp130, indicating that gp130 is
indeed important for IL-6R internalization maybe by forming a complex with the IL-6R which is
then internalized in a clathrin- and dynamin-dependent manner. However, the IL-6R was also

internalized in the absence of gp130, indicating that IL-6R internalization also occurs
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independently of gp130. The mechanism involved in the gp130-independent internalization of the
IL-6R is so far unclear and should be addressed in future experiments.

Receptors present at the cell-surface are important for the activation of different signaling
pathways upon binding of their respective ligand. Activated receptors are often internalized and
degraded, a mechanism that is important for signaling termination. Internalization was long
believed to be solely important for signaling termination, but studies nowadays indicate that
internalization can also be a prerequisite for signaling initiation. A study focusing on IL-13 and
its receptor revealed that endocytosis of the IL-13/IL-13R complex was important for the
induction of STAT6 signaling, a connection that has been also suggested for IL-6-mediated
signaling [154-157, 265]. After we found that cell-surface gp130 and IL-6R levels are regulated by
internalization, we were therefore also interested whether this is important for signal initiation
and transduction upon IL-6 binding. Our analysis revealed that inhibition of IL-6R/gp130
internalization leads to reduced STAT3 activation, supporting the notion that internalization is
not important for signaling termination but rather for STAT3 activation at endosomal structures.
We therefore concluded that signal transduction is initiated by binding of the ligand IL-6 to its a-
receptor, which leads to homodimerization of gp130. This complex is internalized which leads to
signal transduction at endosomal structures. Following, signaling is terminated by e.g. SOCS3, and
the receptors are sorted to lysosomes where they are degraded by lysosomal proteases.

IL-6R was initially thought to be exclusively degraded in the lysosome but further analysis
additionally suggested recycling of the IL-6R. However, this was only analyzed using an indirect
approach by following recycling of the cytokine IL-6 which might also occur independently of the
IL-6R [1, 2]. Recycling of gp130 was not demonstrated so far, and in which compartment gp130 is
degraded is still under debate [3, 4]. We therefore sought to analyze the fate of both receptors and
demonstrated for the first time that the IL-6R is, indeed, recycled back to the cell-surface via
Rab11-positive recycling endosomes. Additionally, we found that the IL-6R is sorted to lysosomes
where it is degraded. The same results were obtained regarding the fate of gp130. We showed for
the first time that also gp130 is recycled via Rab11-positive recycling endosomes back to the cell-
surface but is also sorted to lysosomes for degradation. We further analyzed whether IL-6
influenced the sorting of the receptors and observed an increase in recycling of both receptors
upon IL-6 stimulation. In humans, the presence of IL-6 is a sign for inflammation which leads to
the activation of different pro- and anti-inflammatory functions. To execute these effects, [L-6R
and gp130 are necessary to bind IL-6 which leads e.g. to the activation of different immune cells.
Thus, IL-6 might lead to an increase in the recycling of both receptors so that more receptor is
present at the cell-surface to react most efficiently to the circulating IL-6.

As stated above, we also observed that both receptors are transported to lysosomes for
degradation. We also analyzed the influence of IL-6 on the sorting of both receptors to lysosomes

and could demonstrate an increase in lysosomal sorting of gp130 whereas the IL-6R levels in
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lysosomes was not influenced by IL-6. As signal transduction is initiated at the intracellular
domain of gp130, degradation of gp130 is maybe needed to stop signaling and therefore lysosomal
degradation of gp130 is increased upon IL-6 stimulation. In contrast, IL-6R degradation is not
increased although IL-6, IL-6R and gp130 form a complex to induce signal transduction and are
internalized together. We expected that also IL-6R degradation in the lysosome would be
increased. As this is not the case one could speculate that the IL-6/IL-6R/gp130 complex falls
apart after arriving at endosomal structures, however this has not been demonstrated so far and
warrants further investigation. A possibility to analyze complex formation and decay of the
complex could be done by using the proximity ligation assay and additional staining of different
cellular compartments. Thereby, one could detect when the IL-6R/gp130 complex is formed and
in which compartment the complex disassembles again. Following transport to endosomal
structures, the IL-6R is recycled to the cell-surface whereas gp130 is transported to the lysosome
and degraded there. Whether the ligand IL-6 is recycled to the cell-surface or is also degraded still

needs to be investigated.
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Figure 5.1: Interleukin-6 influences the intracellular fate of gp130 and IL-6R but not their internalization. In the
absence of IL-6 both receptors are internalized constitutively, are transported to the early endosome and are sorted
from there to lysosomes or recycling endosomes. In the presence of IL-6, gp130 and IL-6R are internalized but the rate
of internalization is not changed. Following internalization, both receptors are transported to early endosomes from
where STAT3 signaling is activated. Upon IL-6 stimulation, gp130 and IL-6R recycling is increased and, additionally,
more gp130 is transported to the lysosome whereas lysosomal transport of the IL-6R is unaffected.

In summary, we could show that both, gp130 and IL-6R are internalized constitutively in a
clathrin- and dynamin-dependent manner, and, following, are recycled to the cell-surface or are
degraded in the lysosome. We could also demonstrate that the ligand IL-6 does not influence
internalization of both receptors but rather influences the fate of both receptors. Upon IL-6
stimulation both receptors are recycled to the cell-surface in higher amounts and, additionally,
more gp130 is transported to lysosomes (Fig. 5.1). Therefore, IL-6 bound to the IL-6R and gp130

could maybe serve as a sorting signal for gp130 and IL-6R.
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5.2 Activation of Toll-like receptor 2 (TLR2) induces Interleukin-6 trans-
signaling
IL-6 can not only induce signaling via the membrane-bound surface IL-6R and gp130 but also by
using a soluble form of the IL-6R (sIL-6R) which is generated mainly by proteolytic cleavage by
the metalloproteases ADAM17 and ADAM10 [96, 97, 253]. Signaling via the sIL-6R is termed
trans-signaling and was attributed to the pro-inflammatory properties of IL-6 including the
recruitment of mononuclear cells, inhibition of T cell apoptosis or inhibition of Treg
differentiation [68, 112, 266]. Although a lot is known about the function of the sIL-6R only a little
is known about endogenous stimuli that lead to the release of sIL-6R in humans. Studies in mice
revealed that sIL-6R was released upon injection with LPS by activating TLR4 which in turn leads
to the activation of ADAM17 [223]. As ADAM17 was identified to cleave the IL-6R also in vivo, an
involvement of LPS and TLR4 activation in the release of sIL-6R could be imagined in humans, too.
To analyze a possible involvement of TLR4 in the release of sIL-6R in humans, PBMCs were
isolated and stimulated with LPS, a ligand of TLR4. We used PBMCs as the IL-6R is not only
expressed on the cell-surface of hepatocytes but also on monocytes, T cells, B cells and dendritic
cells, cell types that are present in the isolated PBMCs and are involved in fighting pathogens. We
determined sIL-6R levels in the supernatants and observed no increase in sIL-6R release upon
LPS-treatment when compared to healthy controls. In contrast, IL-6 levels were increased,
indicating that the LPS was functional and the cells reactive to the used LPS. These results suggest,
that activation of TLR4 is not so much involved in the release of sIL-6R in humans as it is in mice.
To verify our findings, we furthermore, analyzed sIL-6R serum levels in sepsis patients. Sepsis is
a severe inflammatory condition which is characterized by a massive increase in IL-6 often caused
by infection with LPS-bearing bacteria and therefore activation of TLR4. We would expect to
observe an increase in sIL-6R levels in the sepsis samples if activation of TLR4 would be involved
in the release of sIL-6R. However, sIL-6R levels were not significantly elevated in the sepsis
samples compared to healthy control samples although IL-6 levels were increased. This supported
our above findings that activation of TLR4 does not contribute to the release of sIL-6R in humans.
As innate immune responses and therefore the release of sIL-6R depend on the recognition of
pathogen-associated microbial peptides (PAMPs) by pattern-recognitions receptors (PRRs) like
the Toll-like receptors (TLRs), the possible involvement of another TLR in the release of sIL-6R in
humans seemed to be likely. To analyze this further, we isolated PBMCs and stimulated these cells
with different TLR agonists. Only incubation with TLR2 agonists led to an increase in sIL-6R levels
although this did not reach statistical significance. However, we could still observe a three-fold
increase in sIL-6R levels upon TLR2 activation. That the increase in sIL-6R levels did not show
statistical significance might be due to the fact, that PBMCs were isolated from different donors

and the differing total IL-6R levels between human individuals. It could also well be that some cell
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samples were more reactive to TLR2 activation than others. From this we concluded that TLR2
activation is involved in the release of sIL-6R in humans and not TLR4, a connection not described
so far.

The above experiments were conducted with PBMCs which consist of different cell types, namely
monocytes, T cells, B cells, NK cells and immature dendritic cells. We were therefore interested
from which cellular subset sIL-6R was released upon TLR2 activation. To analyze this, we stained
the different cell-types with specific antibodies and additionally with antibodies directed against
TLR2 and IL-6R. Cells that co-express TLR2 and IL-6R at the cell-surface are most likely to be the
source of sIL-6R. Flow-cytometry analysis revealed such co-expression only on monocytes and
dendritic cells suggesting that these cells are involved in the release of sIL-6R. To further
investigate their potential in releasing sIL-6R upon TLR2 activation, we isolated dendritic cells
and monocytes, incubated them with and without the TLR2 agonist and examined sIL-6R levels.
Only stimulation of monocytes resulted in an increase of sIL-6R compared to the unstimulated
samples although both cell-types released sIL-6R constitutively, indicating that monocytes are the
source of sIL-6R upon TLR2 activation. The reason why dendritic cells express both receptors but
do not release sIL-6R upon TLR2 activation is not clear and needs to be further investigated.
Surprisingly, T cells did not express TLR2 at the cell-surface in our experimental setting although
they were described to express TLR2 at the cell-surface. Furthermore, T cells were described to
release sIL-6R by ADAM17 [267, 268]. Therefore, T cells were a quite good candidate for the
release of sIL-6R upon TLR2 activation. However, in our experimental setting, T cells were
negative for TLR2 cell-surface expression and therefore unlikely to be involved in TLR2-mediated
sIL-6R release. It must be noted, however, that in the above-mentioned publication activated T
cells were analyzed but, in this approach, T cells were not activated which might be the reason for
the absence of surface TLR2.

In mice, it was shown that activation of TLR4 lead to activation of ADAM17 which resulted in the
cleavage of the membrane-bound IL-6R and subsequent release of sIL-6R [223]. Additionally, it
was described before in humans that the membrane-bound IL-6R is proteolytically cleaved by
ADAM10 and ADAM17 leading to the release of sIL-6R [96, 97, 253]. Whether metalloproteases,
especially ADAM10 and ADAM17, are also involved in the release of sIL-6R upon TLR2 activation
in humans was of further interest. We, therefore, isolated PBMCs and incubated them with the
broad-spectrum metalloprotease inhibitor Marimastat, or with the ADAM10- and ADAM17-
specific inhibitors, GI and GW, in the presence or absence of the TLR2 agonist. Determination of
sIL-6R levels in the supernatants revealed that, indeed, ADAM10 and ADAM17 are involved in the
release of sIL-6R upon TLR2 activation, as inhibition of both proteases led to reduced sIL-6R
levels.

Stimulation of TLR2 was shown to activate different downstream signaling pathways, especially

NF-xB [239], p38/MAPK [261] and ERK [262]. It was of further interest which of these pathways
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is involved in ADAM17-induced sIL-6R generation upon TLR2 activation. To analyze this, we
isolated PBMCs, stimulated them with the TLR2 agonist for different time-points and analyzed
phosphorylation of NF-kB, p38 and ERK by Western Blot. We thereby revealed that only ERK
signaling was activated upon stimulation with the TLR2 agonist whereas NF-kB and p38/MAPK
signaling pathways were not activated. This indicates that TLR2 stimulation leads to the activation
of ERK signaling but whether and how this in turn regulates sIL-6R release was of further interest.
To answer this question, we isolated PBMCs and incubated these with different signaling pathway
inhibitors in the presence of the TLR2 agonist. Determination of sIL-6R levels upon signaling
inhibition revealed that inhibition of ERK signaling led to an increase in sIL-6R release. This was
quite surprising, as a study demonstrated that ERK signaling leads to the activation of ADAM17
[269]. Thus, inhibition of ERK would rather result in a decrease of sIL-6R levels. The reason for
this difference and the underlying mechanism need to be investigated further in the future. In
contrast to the increase in sIL-6R levels upon ERK inhibition, inhibition resulted in a decrease in
IL-6 release. ERK signaling, therefore, seems to differentially regulate the production of both
proteins upon TLR2 activation.

In summary, it was found that TLR2 activation of monocytes leads to the release of IL-6 and the
generation of sIL-6R by ADAM10 and ADAM17. HKLM-induced TLR2 activation results in ERK

phosphorylation which seems to differentially regulate IL-6 and sIL-6R release.

5.3 Identification of Cathepsin S as a novel protease capable of cleaving the

membrane-bound Interleukin-6 receptor

In healthy humans sIL-6R is present in the blood at concentrations ranging from 30-80 ng/ml [94,
95]. Analysis of sIL-6R levels in the sera from healthy humans revealed that about 85% of the sIL-
6R is generated by proteolytic cleavage whereas the remaining 15% come from differential
splicing [93]. Furthermore, MS analysis of the sIL-6R isolated from human sera revealed that it is
cleaved between P355 and V356, amino-acid residues preferentially cleaved by ADAM17 and also
ADAM10, suggesting that the human IL-6R is proteolytically cleaved by ADAM17 and/or ADAM10
[93, 102]. It was of interest whether the IL-6R can be still cleaved from the cell-surface when
ADAM17 is not present and so PBMCs and sera isolated from an ADAM17-deficient patient were
analyzed. The PBMCs from this patient were stimulated with PMA and ionomycin to induce
ADAM17-mediated cleavage, but this did not lead to an increase in sIL-6R levels as compared to
healthy controls. The basal sIL-6R level in the serum of this patient, however, was unaffected by
the absence of ADAM17 and showed same levels as compared to the healthy controls
(unpublished results). These effects could also be observed in ADAM17-deficient mice [97, 100].
From this it was concluded that ADAM17 indeed plays a role in the generation of sIL-6R during
inflammation in humans but its involvement in the release of constitutively cleaved IL-6R is

unclear. Two theories arose that might explain these unexpected results in the ADAM17-deficient
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patient and also in mice: 1) different proteases are responsible for the generation of basal sIL-6R
levels and sIL-6R released during inflammatory conditions or 2) ADAM17 is responsible for the
basal sIL-6R levels but, once ADAM17 is lost, other proteases can compensate for the loss and
induce constitutive sIL-6R release.

We therefore tried to identify novel proteases capable of cleaving the IL-6R and which would
contribute to the generation of basal sIL-6R levels. For this, a MEROPS database search was
conducted to find possible candidate proteases that can cleave proteins between a proline and a
valine residue, the cleavage site identified to be used for the generation of sIL-6R in humans. This
search revealed a total of 14 candidate proteases, also including ADAM10 and ADAM17. In a
peptide cleavage assay, these recombinant proteases were tested for their capability of cleaving
IL-6R peptides that contain the proline/valine cleavage site. Along with ADAM17 only cathepsin
S was able to cleave the IL-6R peptides and was therefore analyzed further. Although no other
tested protease was able to cleave the IL-6R peptide, it can, however, not be excluded that one of
the other proteases is also able to cleave the IL-6R peptides.

Cathepsin S is a lysosomal protease and is involved in the degradation of proteins that have been
directed to the lysosome. In contrast to the other lysosomal proteases that are only active at acidic
pH, cathepsin S was found to be also active at neutral or even basic pH [203, 204]. Furthermore,
it can not only cleave proteases present in the lysosome but was also identified to cleave proteins
belonging to the extracellular matrix as it is not only located in lysosomes but also in the
extracellular space [205, 206]. These special features of cathepsin S further support the possible
involvement of this protease in the generation of sIL-6R. Western blot analysis of supernatants
collected from ADAM10/ADAM17-deficient HEK293 cells (HEK293 A10/A17-/-) that were co-
transfected with IL-6R- and cathepsin S-encoding plasmids revealed a band at about 55 kDa after
incubation with an anti-IL-6R antibody. This indicates that cathepsin S is able to cleave the IL-6R
in vitro. However, the sIL-6R generated by cathepsin S was smaller compared to the sIL-6R
released upon PMA-stimulation. In a recently published paper glycosylation of the IL-6R was
analyzed and five N-linked glycosylation sites and one O-linked glycosylation site were identified
in the extracellular part of the IL-6R [93]. The sIL-6R cleaved by ADAM17 contains all the
glycosylation sites. As the sIL-6R generated by cathepsin S is smaller than the ADAM17-induced
sIL-6R it is therefore likely that cathepsin S cleaves the IL-6R at a different position than ADAM17,
probably upstream of the N350 glycosylation site. From this it was concluded that cathepsin S
might not be involved in the generation of the basal sIL-6R levels as the responsible protease has
to cleave the IL-6R between P355 and V356.

Although cathepsin S could cleave the IL-6R peptide which contained the P355/V356 cleavage site
in the cleavage assay, it was quite surprising that it seems to use a different cleavage site when

the whole IL-6R protein is present. Cathepsin S was found to be able to cleave proteins between
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proline and valine, which it also did in the cleavage assay, but it maybe prefers a different cleavage
site when the total IL-6R protein is present.

To further determine the cleavage site of cathepsin S in the IL-6R protein HEK293 A10/17-/- cells
were transfected with plasmids encoding the IL-6R with different deletions in the stalk region
ranging from 10 amino-acid deletions to a complete deletion of the stalk region. Analysis of the
supernatants by Western blot revealed that the cleavage site used by cathepsin S is situated in the
region 1343-T352 as no sIL-6R could be detected in the supernatants when cells were transfected
with the IL-6R constructs where this region was deleted. Due to the reduced size of the cathepsin
S-generated sIL-6R compared to the sIL-6R generated by ADAM17, cathepsin S cleavage must
occur upstream of the P355/V356 cleavage site, most likely even upstream of the N350
glycosylation site. Therefore, cathepsin S probably cleaves the IL-6R in the region 1343-A349.
Closer analysis of this region and comparison with cleavage sites identified for other proteins
cleaved by cathepsin S using the MEROPS database revealed three potential cleavage sites in the
IL-6R that could be used by cathepsin S: 1) R346/D347,2) D347 /S348 or 3) S348/A349. Whether
one of these sites is really cleaved by cathepsin S needs to be evaluated by MS analysis or further
deletion or substitution variants.

As cathepsin S cleaves the IL-6R in the region 1343-T352 which does not contain the P355/V356
cleavage site identified by MS analysis, this is a further hint that cathepsin S might not be the
protease involved in the constitutive release of sIL-6R. However, all experiments regarding the
identification of the cleavage site and the molecular weight of the generated sIL-6R were
performed with serum isolated from healthy ADAM17-expressing donors and not with serum
isolated from the ADAM17-deficient patient [253]. It could well be that analysis of the sIL-6R
isolated from the patient’s serum would reveal a different cleavage site and therefore also a shift
in the molecular weight of the generated sIL-6R.

To further evaluate a compensatory effect of cathepsin S in the generation of sIL-6R a mouse strain
could be generated that is not only deficient for ADAM17 but also for cathepsin S. A decrease in
basal sIL-6R levels in these mice compared to cathepsin S knockout mice or ADAM17-deficient
mice would hint to a compensatory effect of cathepsin S. That the loss of ADAM17 is compensated
for by other proteases is not very unlikely as sIL-6R and sgp130 are proposed to form a buffer
system to neutralize IL-6 and prevent systemic effects that might be induced by IL-6. Missing sIL-
6R would disrupt this protective buffer system and IL-6, which can be found even in healthy
humans at concentrations of 2-6 pg/ml, could induce classic signaling via IL-6R and gp130
although no inflammation is present [266]. It would be therefore important that the loss of
ADAM17 is compensated for by other proteases to sustain this buffer.

In contrast to the ADAM17- or ADAM10-knockout mice, that showed no alterations in the release
of sIL-6R, knockout of TIMP3 (tissue inhibitor of metalloproteinases 3), an inhibitor of different
matrix-metalloproteases (MMPs), ADAM and ADAMTS proteases [270], led to an increase of sIL-
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6R generation [271], indicating that the candidate protease involved in the constitutive release of
sIL-6R must be inhibited by TIMP3. Therefore, proteases regulated by TIMP3 should be tested for
their potential of cleaving the membrane-bound IL-6R by performing the cleavage assay used in
this work, and the candidate protease(s) should be analyzed further.

In summary, we could show that in addition to ADAM17, cathepsin S is able to cleave the IL-6R in
vitro. However, the generated sIL-6R was smaller in size indicating that cathepsin S cleaves the
IL-6R at a different site than ADAM17. Western blot analysis of different IL-6R variants revealed
that cathepsin S cleaves the IL-6R most likely in the region 1343-T352 and, therefore, might not
contribute to the generation of basal sIL-6R levels in humans. However, one should keep in mind
that the cleavage site localization and size determination of sIL-6R were only done with material

from healthy humans and not with material from the ADAM17-deficient patient.
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Abbreviations

A ampere

aa amino-acid

AAK1 adaptor-associated kinase 1
ADAM a disintegrin and metalloprotease
ANTH AP180 N-terminal homology

AP alkaline phosphatase

AP-2 adaptor protein 2

AP180 adaptor protein 180

APC allophycocyanin

Arf6é ADP-ribosylation factor 6

BCA bicinchoninic acid

bp base pair

Btk Bruton’s tyrosine kinase

BSA bovine serum albumin

CALM clathrin assembly lymphoid myeloid leukemia protein
CBM cytokine binding module

CLC cardiotrophin-1 like cytokine
CLIC/GEEC clathrin-independent carriers/GPI-enriched endocytic compartment
CNTF ciliary neurotrophic factor

CT-1 cardiotrophin-1

ctrl control

CTSS cathepsin S

DAPI 4',6-diamidino-2-phenylindole
DC dendritic cell

DMEM Dulbecco’s modified Eagle’s Medium
DMSO dimethyl sulfoxide

DNA deoxyribonucleic acid

dnp 2,4-dinitrophenyl

ECD extracellular domain

ECL enhanced chemiluminescence
ECM extracellular matrix

EDTA ethylenediaminetetraacetic acid

EGF epidermal growth factor
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ELISA
em
EPSIN15
ER

ERK
FACS
FCHO
FCS

Gab1l
GAK
GAPDH
GFP

GI
gp130
GPL
Grb2
GTP
GW

HGMB1
HKLM
HRP
HSC70
ICD

Ig

IL
IL-6R

JAK

kb

kDa
LAMP-2
LB

LIF
LIMP-2
LPS

enzyme-linked immunosorbent assay
emission

EGFR pathway substrate 15

endoplasmic reticulum

extracellular signal regulated kinase
fluorescence-activated cell sorting

FCH domain only protein

fetal calf serum

acceleration of gravity

Grb2-associated binding protein 1
cyclin-G associated kinase

glyceraldehyde 3-phosphate dehydrogenase
green fluorescent protein

GI1254023X (ADAM10 Inhibitor)
glycoprotein 130

gp130-like

growth factor receptor-bound protein 2
guanosine triphosphate

GW280264X (ADAM10- und ADAM17 Inhibitor)
hour

high-mobility group box 1

heat-killed Listeria monocytogenes
horse-radish peroxidase

heat shock cognate 70

intracellular domain

immunoglobulin

interleukin

interleukin-6 receptor

interleukin-1 receptor associated kinase
Janus kinase

kilobases

kilo Dalton

Lysosome-associated membrane protein 2
lysogeny broth

leukemia inhibitory factor

lysosomal integral membrane protein type 2

lipopolysaccharide
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LRR
M
M6P
MACS
MAPK
MBP
mca
MFI
Hg
mg
MHC
min
ul

ml

uM
mM
MM
MMP
mRNA
MyD88
Myo Vb
NF-xB
ng

NK
nm
OSM
PAGE
PAMP
PBMC
PBS
PCR
PFA
pg
PI3K
PIAS
PIP2

leucine-rich repeats

molar

mannose-6-phosphate

magnetic activated cell sorting
mitogen-activated protein kinase
myelin basic protein
7-methyloxycoumarin-4-yl

mean fluorescent intensity
microgram

milligram

major histocompatibility complex
minute

microlitre

millilitre

millimeter

micromolar

millimolar

Marimastat
matrix-metalloprotease
messenger ribonucleic acid
Myeloid differentiation primary response 88
Myosin Vb

nuclear factor kappa B

nanogram

natural killer cell

nanometer

oncostatin M

polyacrylamide gel electrophoresis
pathogen-associated microbial peptide
peripheral blood mononuclear cell
phosphate buffered saline
polymerase chain reaction
paraformaldehyde

picogram
phosphoinositide-3-kinase

protein inhibitor of activated STAT

phosphatidylinositol-4,5-bisphosphate



Appendix

132

PMA
POD
PRR
PVDF
RA
Rab11-FIP2
Ras
RBP
RFU
RLU
rpm
RPMI
SDS
Sec
SEM
sgpl130
SHP-2
sIL-6R
SNP
SOCS3
SOE-PCR
SOS
STAT
TBS
TCA

Tf

TfR
TIR domain
TIRAP
TLR
™
TNF-a
TRAM
TRIF
Tyk2

phorbol-12-myristate-13-acetate

peroxidase

pattern-recognition receptors
polyvinylidene difluoride
rheumatoid arthritis

Rab11-family interacting protein 2

rat sarcoma

RNA-binding protein

relative fluorescence unit
relative light units

rounds per minute

Roswell Park Memorial Institute

sodium dodecylsulfate

second

standard error of means

soluble glycoprotein 130

Src homology-2 domain containing phosphatase 2
soluble interleukin-6 receptor

single nucleotide polymorphism

suppressor of cytokine signaling 3

splicing by overlap extension PCR

son of sevenless

transducer and activator of transcription
Tris-buffered saline

trichloroacetic acid

transferrin

transferrin receptor

Toll IL-1 receptor domain

TIR domain containing adaptor protein

Toll-like receptor

transmembrane

tumor necrosis factor alpha

TRIF-related adaptor molecule
TIR-domain-containing adapter-inducing interferon-f3

tyrosine kinase 2

unit

volts
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wt wild-type

YAP yes-associated protein
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Plasmids

Bsu36I- 2166 - CC'TnA_GG

Y/A - [2532-2533)
NotI - 2719 - GC'GGCC_GC

/A - [3135-3136]
Agel 3203 _A'CCGG T

Figure 7.1: Maps of the generated plasmids pcDNA3.1-hIL-6R-Y/A and pMOWS-(puro)-hIL-6R-Y/A. Depicted are
the maps of (A) the pcDNA3.1-hIL-6R-Y/A plasmid and (B) the pMOWS-(puro)-hIL-6R-Y/A plasmid. The DNA sequence
coding for the hIL-6R is highlighted in orange, the DNA sequence coding for ampicillin is highlighted in green and the
DNA sequence coding for puromycin is highlighted in light green. The restriction sites used for the enzymatic digestions
are marked in blue, the site of the Y/A-mutation is marked in black.

N

Iy

@
\
pcDNA3.1-hIL6R-LI/AA] 1
7168 bp /
N

LI/AA - [2589-2394]
Nofl-2719 - GC'GGCC_GC

Bsu36I -2166 - CC'TnA_GG

LUAA - [3192.3197]
AgeT 3203 A'CCGG. T

Figure 7.2: Maps of the generated plasmids pcDNA3.1-hIL-6R-LI/AA and pMOWS-(puro)-hIL-6R-LI/AA. Depicted
are the maps of (A) the pcDNA3.1-hIL-6R-LI/AA plasmid and (B) the pMOWS-(puro)-hIL-6R-LI/AA plasmid. The DNA
sequence coding for the hIL-6R is highlighted in orange, the DNA sequence coding for ampicillin is highlighted in green
and the DNA sequence coding for puromycin is highlighted in light green. The restriction sites used for the enzymatic
digestions are marked in blue, the site of the LI/AA-mutation is marked in black.

pMOWS-(puro)-hIL6R<delta-ICD

7272 bp

Figure 7.3: Map of the generated plasmids pMOWS-(puro)-hIL-6R-delta-ICD. Depicted is the map of the pMOWS-
(puro)-hIL-6R-delta-ICD plasmid. The DNA sequence coding for the hIL-6R-delta-ICD is highlighted in orange, the DNA
sequence coding for ampicillin is highlighted in green and the DNA sequence coding for puromycin is highlighted in
light green.
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