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A B S T R A C T

In Interleukin (IL)-6 signalling, IL-6 site I binds to the IL-6 receptor (IL-6R) first, following by IL-6 site II
interaction to domain 2/3 of gp130 to form premature trimeric IL-6:IL–6R:gp130 receptor complexes. Formation
of the mature hexameric receptor complex is then facilitated by the inter-trimeric interaction of IL-6 site III with
domain 1 of the opposing gp130. The two gp130-associated Janus kinases (JAKs) trans-phosphorylate when their
spatiotemporal pairing is correct, which causes the activation of STAT, ERK, and AKT pathways in a balanced
manner. Since the intracellular domain (ICD) of IL-6R is not needed for STAT/ERK/AKT phosphorylation, we
investigated the conditions under which a chimeric IL-6RECD-gp130TMD/ICD receptor protein confers biological
activity. For IL–6RECD–gp130TMD/ICD, the extracellular domain (ECD) of IL-6R was fused to the transmembrane
domain (TMD) and ICD of gp130. Co-expression of IL–6RECD–gp130TMD/ICD with signalling-deficient gp130
variants did not induce IL-6 signalling, suggesting that the assembly of hexameric complexes failed to dimerize
the IL-6R-associated JAKs correctly. By mimicking the premature trimeric receptor complex, IL-6-mediated
dimerization of IL-6RECD-gp130TMD/ICD with the single-cytokine-binding variant gp130ΔD1 induced signalling.
Of note, IL-6 signalling via these synthetic gp130ΔD1:IL-6RECD-gp130TMD/ICD complexes resulted predominantly
in STAT3 phosphorylation. A STAT3-dominated profile was also observed after IL-6-induced signalling mediated
by a JAK-deficient IL–6RECD–gp130TMD/ICDΔJAK variant in complex with the JAK-proficient but STAT/ERK/AKT-
deficient gp130JAKΔICD variant. Our data showed that effective ERK/AKT signalling could not be executed after
intracellular domain swapping from gp130 to the IL-6R. Taken together, the chimeric IL-6R/gp130 receptor may
be helpful in the creation of customized synthetic IL-6 signalling.

1. Introduction

Cytokines are intercellular mediators regulating immunological re-
sponses, hematopoiesis, acute phase reactions, and non-inflammatory
processes, including energy homeostasis or fertility [1]. They trigger
receptor dimerization or oligomerization by binding to particular cell
surface receptors on their intended target cells [2]. The intracellular
signal transduction cascade is started, which involves the phosphory-
lation of signalling proteins and transcription factors and which subse-
quently causes the cytoplasmic portions of the corresponding receptors
to juxtapose [2]. The major immunomodulatory cytokine, Interleukin-6

(IL-6), influences the course of several illnesses, such as cancer, auto-
immune diseases, and chronic inflammatory diseases. The signal trans-
ducing receptor of IL–6 is the β-receptor gp130. The intracellularly
associated tyrosine kinases of the Janus kinase (JAK) family members
JAK1, JAK2, and TYK2 are activated upon gp130 homodimerization.
Subsequently, these kinases phosphorylate tyrosine residues in the
cytoplasmic portion of the signal transducer gp130 [3,4], as a result,
these residues serve as docking sites for signal transducer and activators
of transcription (STAT) factors. Moreover, binding of SHP2 (SHP) ini-
tiates AKT and MAPK signalling pathways [5,6]. Suppressor of cytokine
signalling 3 (SOCS3) is one of the STAT3 target genes that acts as
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negative feedback regulator of IL-6 signalling [7]. In IL-6 trans-signal-
ling, IL-6 in complex with soluble IL-6 receptor α (IL-6R) activate gp130
resulting in signalling that has generally overlapping characteristics
with classic IL-6 signalling, which is mediated by IL-6:membrane-bound
IL-6R:gp130 complexes [8,9]. Of note, the intracellular domain (ICD) of
IL–6R has neither a binding site for JAKs nor binding sites to facilitate
any signalling. Therefore, the IL-6R is considered as non-signal-
transducing and rather IL–6–transforming receptor for interacting
with gp130. The intracellular domain of IL-6R controls, however,
basolateral sorting of the receptor on the cell surface [10,11].

The extracellular part of gp130 comprises the N-terminal Ig-like
domain (domain 1), followed by the cytokine binding module (CBM,
domains 2 and 3) and three fibronectin type three-like (FN3) domains
(domains 4–6). The binding of IL-6 to gp130 depends on prior binding to
the IL-6R, which consists of three extracellular domains, followed by a
flexible stalk region, a transmembrane domain, and an intracellular
domain [12,13]. Like IL-6, the IL-6R alone did not bind to gp130 [10].
IL-6 has three receptor binding sites. Initial recruitment of IL-6R is
mediated by site I, whereas subsequent gp130 complexing is mediated
by binding interfaces site II and site III of IL-6 [14–16]. At least two
different biologically active receptor assemblies are conceivable, and
experimental data suggest the formation of tetrameric IL-6:IL-6R:
(gp130)2 or hexameric (IL-6)2:(IL-6R)2:(gp130)2 receptor complexes
[9]. Accordingly, two different hypotheses explain the sequence
resulting in the formation of the receptor complexes.

First, the IL-6:IL-6R complex recruits one gp130 receptor via site II
interaction and, subsequently, a second gp130 receptor via site III
interaction to form an intermediate tetrameric receptor complex. A
second IL-6:IL-6R complex is later recruited to form the hexameric
complex [17]. The proposed tetrameric IL-6:IL-6R:(gp130)2 receptor
complex is considered biologically active, leading to the hypothesis that
the change from tetrameric to hexameric states may act as a molecular
switch between active and inactive receptor complexes or may cause
different signalling strength and quality [18].

In the alternative and experimentally supported hypothesis, prema-
ture, trimeric IL–6:IL–6R:gp130 complexes form the interaction of IL-6
site II and the CBM of gp130 (domain 2 and 3). This trimeric receptor
complex is not active. Two trimeric complexes form the mature hex-
americ receptor signalling complex via the inter-trimeric binding site III
of IL-6 and gp130 Ig-like domain 1 [14,19–22]. In short, physiologically
inert trimeric receptor complexes are directly transformed into biolog-
ically active hexameric receptor complexes [14] (Supplemental Fig. 1).

Here, we generated a series of chimeric IL-6 type receptors and
deletion variants as tools to understand receptor complex formation and
trans-phosphorylation on living cells. Our data revealed that the
chimeric IL-6RECD-gp130TMD/ICD receptor induced customized synthetic
IL-6 signalling.

2. Material and Methods

2.1. Cloning

cDNAs coding for IL-6R and gp130 were described previously [23].
The cDNA coding for C-terminally HA-tagged IL-6RECDgp130TMD,ICD
comprised the amino acids 1–365 of IL-6R and 620–918 of gp130 and
was generated by splicing by overlap extension polymerase chain re-
action (SOE-PCR). gp130GPI cDNA codes for the complete extracellular
domain from amino acids 1 to 619 of gp130 fused to the glyco-
sylphosphatidylinositol (GPI)-anchor sequence from the human alkaline
phosphatase precursor (YTACDLAPPAGTTDAAHPGRSVVPALLPL-
LAGTLLLLE TATAPS) [24] and was generated by PCR. cDNAs coding for
gp130ΔICD containing the amino acids 1 to 651 and gp130ΔD1 lacking
the D1 domain amino acids from 23 to 124 and gp130JAKΔICD containing
the amino acids 1 to 699 were all generated by PCR using Q5 Site-
Directed Mutagenesis Kit (New England Biolabs GmbH). The point
mutations in the cDNAs coding for the receptor variants gp130Y190K/

F191E, IL-6RECDgp130TMD,ICDΔJAK (containing the amino acid exchanges
P399V, P402V, P404V) were generated by site-directed mutagenesis.
The cDNAs coding for the three dimeric VHH6-Linker-Fc variants
[25,26] contained rigid linkers of composed (EAAAK)2, (EAAAK)8 or
(EAAAK)12 [27] and were generated by primer ligation. Primer se-
quences will be provided upon request. All cDNAs were verified by
sequencing and cloned into pcDNA3.1 and/or pMOWS plasmids. For
retroviral transduction of Ba/F3 cells, the plasmids pMOWS-puro with
puromycin resistance gene [28], and pMOWS-hygro with hygromycin B
resistance gene were used for subcloning [29].

2.2. Cells, reagents and recombinant proteins

The generation of Ba/F3-gp130 and Ba/F3-gp130:IL-6R cells was
described elsewhere [23]. The packaging cell line Phoenix-Eco was
received from Ursula Klingmüller (DKFZ, Heidelberg, Germany). All
cells were grown at 37 ◦C with 5 % CO2 in a water-saturated atmosphere
in Dulbecco‘s modified Eagle‘s medium (DMEM) high-glucose culture
medium (GIBCO®, Life Technologies, Darmstadt, Germany) with 10 %
fetal calf serum (GIBCO®, Life Technologies) and 60 mg/l penicillin and
100 mg/l streptomycin (Genaxxon Bioscience GmbH, Ulm, Germany).
Proliferation was maintained in Ba/F3 cells by adding 0.2% conditioned
medium of WEHI-3B cells [IL-3 (10 ng/mL)] (DSMZ ACC-26). Ba/F3-
gp130 cells or variants thereof were maintained in the presence of HIL-6,
a fusion protein of IL-6 and the sIL-6R, which mimics IL-6 trans-signal-
ling [30]. Either recombinant protein (10 ng/mL) or conditioned cell
culture medium from a stable CHO-K1 clone secreting HIL-6 (10 ng/mL)
was used [30]. Expi-293F™ cells (ThermoFisher Scientific) were
cultured in Expi293™ expression medium without antibiotics until they
reached a density of 3–5 × 106 cells/ml in a 37 ◦C incubator with 8 %
CO2 on an orbital shaker at 125 rpm. Cytokines and VHH6Fc fusion
proteins were expressed and purified as described [10,26,31].

2.3. Stimulation assay

Ba/F3 cell lines were washed three times with PBS to remove cyto-
kines and starved in serum-free DMEM for 4 h. Cells were stimulated for
20 min with the indicated cytokines, harvested, frozen in liquid nitrogen
and then lysed at 4 ◦C for 1 h with buffer containing 10 mM Tris-HCl, pH
7.5, 150 mM NaCl, 0.5 mM MgCl2 and a cOmplete, EDTA-free protease
inhibitor mixture tablet (Roche Diagnostics, Mannheim, Germany).
Protein concentration was determined by a BCA protein assay (Thermo
Fisher Scientific) according to the manufacturer‘s instruction.

2.4. Western blottin

For fluorescence-based Western blotting: 50 µg total protein were
loaded on each lane and separated by SDS-PAGE under reducing con-
ditions and transferred to a nitrocellulose membrane (Amersham Pro-
tan; Cytiva; LC, United Kingdom; catalogue no. 10600016). Blocking of
membrane was performed with blocking buffer (Intercept® blocking
buffer; LI–COR; USA; catalogue no. 927–60001) diluted 1:3 in TBS (10
mM Tris-HCl pH 7.6, 150 mM NaCl) for 1 h. Primary antibodies
phospho-STAT3, Tyr-705, catalogue no. 9145; STAT3, catalogue no.
9139; ERK1/2, catalogue no. 4696; phospho-ERK1/2, catalogue no.
4370; AKT, catalogue no. 9272; phospho-AKT, catalogue no. 4060 were
incubated at 4 ◦C overnight. Membranes were washed with TBS-T (0.1 %
Tween-20) and then incubated with secondary fluorophore-conjugated
antibodies 1:10,000 (For IRDye® 800CW donkey anti-rabbit, cata-
logue no. 926–32213 or IRDye® 680RD donkey anti-mouse, catalogue
no. 926–68072; for LI-COR; USA or with IRDye 800CW donkey anti-
goat, catalogue no. 926–32214) for 1 h. Signal detection was achieved
using LI-COR Odyssey (USA; Model 2800). Secondary antibodies were
detected simultaneously on different channels. Data analysis was con-
ducted using Image Studio Lite 5.2.

For chemiluminescence-based Western blotting: 50 µg total protein
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was separated by SDS-PAGE and transferred to polyvinylidene fluoride
(PVDF) membranes. Membranes were blocked in 5 % milk solution
/milk blocking buffer for 2 h (2.5 g milk powder diluted in 50 mL TBS-T
(0.05 % Tween20) and probed with the primary antibodies (JAK1 (6G4)
catalogue no. 3344 and p-JAK1Y1034/1035 catalogue no. 3331 (Cell
Signaling Technology, USA), CIS3/SOCS3, catalogue no.C204 (IBL-
America, USA)). After washing, membranes were incubated with sec-
ondary peroxidase-conjugated antibodies (Pierce (Thermo Fisher Sci-
entific)) in BSA 5 % (2.5 g BSA diluted in 50 mL TBS-T (0.05 %
Tween20) (BSA: Bovin Serum albumin fraction V, IgG-free, US-Origin,
500 g, Carl Roth, CAS NR. 9048–46-8). The Immobilon™ Western Re-
agents (Millipore Corporation, Billerica, MA, USA) and the ChemoCam
Imager (INTAS Science Imaging Instruments GmbH, Göttingen, Ger-
many) were used for signal detection.

2.5. Cell viability assay

Ba/F3 cell lines were washed three times with PBS to remove cyto-
kines from the medium. Cells with a density of 5x104 cells/mL were
suspended in DMEM containing 10 % fetal calf serum, 60 mg/l penicillin
and 100 mg/ml streptomycin. Cells were cultured for 3 days in a volume
of 100 µl with the indicated cytokines/proteins. The CellTiter blue
viability assay (Promega, Karlsruhe, Germany) was used to estimate the
approximate number of viable cells by measuring the fluorescence
(λexcitation560 nm/λemission590 nm) using the Infinite M200 Pro plate
reader (Tecan, Crailsheim, Germany). After adding 20 µl/well of Cell-
Titer blue reagent (time point 0), fluorescence was measured every 20
min for up to 2 h. Each condition was determined in triplicates. All
values were normalized by subtracting time point 0 values from the final
measurement.

2.6 Transduction of cells. Ba/F3 cell lines were retrovirally trans-
duced with the pMOWS expression plasmids as described [33]. Trans-
duced cells were grown in DMEM medium as described above
supplemented with IL-3 or HIL-6. Selection of transduced Ba/F3 cells
was performed with puromycin (1.5 μg/ml) or hygromycin B (1 mg/ml)
(Carl Roth, Karlsruhe, Germany) for at least 2 weeks. Afterwards, the
generated Ba/F3 cell lines were analyzed for receptor cell surface
expression via flow cytometry.

2.6. Cell surface detection of cytokine receptors via flow cytometry

Cell surface expression of proteins in stably transfected Ba/F3 cells
was detected flow cytometry. 5 × 105 cells were washed in FACS buffer
(PBS, 1 % BSA) and then incubated in 50 µl of FACS buffer containing
the indicated specific primary antibody (1:50 dilution anti-IL-6R (4–11
[32]) and 1:50 dilution anti-gp130 (B-R3, ab34315, Abcam, Cambridge,
UK). After incubation for 1 h at room temperature, cells were washed
and resuspended in 50 µl of FACS buffer containing secondary antibody
(NothernLights 493–conjugated anti-goat IgG, 1:100) and incubated for
1 h at room temperature. Cells were washed and resuspended in 500 µl
of FACS buffer and analyzed by flow cytometry (BD FACSCanto II flow
cytometer using the FACSDiva software, BD Biosciences). Data analysis
was conducted using FlowJo Version 10 (Tree Star Inc, US).

2.7. RNA-seq analyses

Ba/F3-gp130JAKΔICD:IL-6RECD-gp130TMD,ICD cells were stimulated
with IL-6 for 40 min at 37 ◦C with the indicated cytokines (100 ng/mL).
mRNA was isolated with NucleoSpin RNA (Macherey-Nagel, Düren,
Germany; cat. no. 740955.250) according to vendor’s manual. DNase
digested total RNA samples used for 3́-RNA-Seq analyses were quanti-
fied (Qubit RNA HS Assay, Thermo Fisher Scientific) and quality
measured by capillary electrophoresis using the Fragment Analyzer and
the ‘Total RNA standard Sensitivity Assay’ (Agilent Technologies, Inc.
Santa Clara, USA). All samples in this study showed a very high-quality
RNA Quality Numbers (RQN; mean= 10.0). The library preparation was

performed according to the manufacturer’s protocol using the QuantSeq
3′ mRNA-Seq Library Prep Kit FWD from Lexogen®. Input mount was
100 ng of total RNA. Bead purified libraries were normalized and finally
sequenced on the NextSeq2000 system (Illumina Inc. San Diego, USA)
with a read setup of SR 1x100 bp. The Illumina DRAGEN FASTQ Gen-
eration tool (version 3.8.4) was used to convert the bcl files to fastq files
as well for adapter trimming and demultiplexing. The gene ontology
analysis was performed with the r package clusterprofiler and r version
4.1.3. Data analyses on fastq files were conducted with CLC Genomics
Workbench (version 22.0.2, QIAGEN, Venlo. NL). After UMI (Unique
Molecular Identifier) filtering, all remaining reads of all probes were
adapter trimmed and quality trimmed (using the default parameters:
bases belowQ13were trimmed from the end of the reads. After grouping
of samples (for biological replicates each) according to their respective
experimental condition, the statistical differential expression was
determined using the Differential Expression for RNA-Seq tool (version
2.7). The resulting p values were corrected for multiple testing by FDR
correction. A p value of ≤ 0.05 was considered significant. The Gene Set
Enrichment Test (version 1.2) was done with default parameters. The
lollipop-plot was created by filtering the GO term output for significance
and unique genes, focusing on terms related to ’MAPK, STAT, ERK,
Immunology, Apoptotic Tyrosine Kinase, JAK’.

2.8. Statistical analysis

Data are provided as arithmetic means ± SD using GraphPad Prism,
Version 8. Statistically significant differences between two groups for
quantification of Western blots were determined with a Students’s t-test,
including Welch’s correction if indicated. Statistically analysis for qPCR
between several groups were determined using a two-way ANOVA,
including Tukey or Dunnet’s correction. Significance was calculated as
follows p > 0.05: n.s.; p < 0.05: *; p < 0.01: **; p < 0.001: ***; p <

0.0001: ****.

2.9. Data availability

The authors declare that the data supporting the findings of this
study are available within the manuscript and from the authors on
request. RNA-Seq data are deposited with the accession number:
GSE267270.

3. Results

3.1. Transfer of the intracellular signalling domain of gp130 to IL-6R in
the synthetic receptor IL–6RECDgp130TMD/ICD did not induce signalling
after stimulation with IL-6

The hexameric assembly mode of the (IL-6)2:(sIL-6R)2:(sgp130)2
complex, requires the recruitment of two IL-6R molecules in the final
receptor complex. We questioned whether the intracellular signalling
domain of gp130 could transduce signalling if transferred to the IL-6R as
an intracellular substitute. In the chimeric receptor IL-6RECDgp130TMD/
ICD, the complete extracellular domain (ECD) of IL-6R was fused to the
transmembrane domain (TMD) and intracellular domain of gp130
(Fig. 1A). Ba/F3 cells stably expressing IL-6RECDgp130TMD/ICD were
generated, and expression of IL-6RECDgp130TMD/ICD on the cell surface
was shown by flow cytometry (Supplemental Fig. 2A). Ba/F3-IL-
6RECDgp130TMD/ICD cells were stimulated with increasing concentra-
tions of IL-6 (10–10.000 ng/mL), which did not induce STAT3 and ERK
phosphorylation (Fig. 1B). We expected that the chimeric IL-
6RECDgp130TMD/ICD receptor did not signal after stimulation with IL-6
because the IL-6R harbours only one IL-6 binding site, and IL-6 was
not shown to form dimers, therefore cross-linking of two IL-
6RECDgp130TMD/ICD receptors was not expected. As controls, Ba/F3 and
Ba/F3-gp130:IL-6R cells were stimulated with increasing concentrations
of IL-6 (10–1.000 ng/mL) (Fig. 1C-E). As described previously, Ba/F3-
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gp130:IL-6R but not Ba/F3 cells showed dose-dependent induction of
STAT3 and ERK phosphorylation (Fig. 1D, E). Next, we aimed to induce
IL-6RECDgp130TMD/ICD dimerization on the surface of Ba/F3 cells. We
engineered a dimeric IgG1-Fc-fusion protein with the single domain
antibody VHH6 that specifically interacts with IL-6:IL-6R complexes but
not with IL-6 or IL-6R alone [25,33]. Three dimeric VHH6Fc variants
were generated with various lengths of linker peptides connecting VHH6
and the Fc part. The linker peptide consists of two, eight or twelve re-
peats of the rigid amino acid sequence EAAAK which should allow
different spacings of two IL-6RECDgp130TMD/ICD receptors (Fig. 1F).
Dimeric VHH6Fc variants were expressed in Expi293-FTM cells and pu-
rified via Protein A affinity chromatography (Supplemental Fig. 2B).
VHH6Fc was biologically active because it enhanced IL-6 trans-signal-
ling by forcing IL-6 into IL-6:sIL6R trans-signalling complexes as shown
previously [25,33]. Only VHH6 fusion protein with the (EAAAK)2-
Linker was significantly more active by using 1.56–12.5 ng/mL IL-6
compared to the control without VHH6, indicating the importance of
spacer length for the signal enhancement (Supplemental Fig. 2C).
Accordingly, Ba/F3–IL–6RECDgp130TMD/ICD cells were stimulated with
constant amounts of IL-6 (4 nM, 100 ng/mL) and increasing concen-
trations of the VHH6Fc variants (10–200 nM), which, however, did not
induce STAT3 and ERK phosphorylation (Fig. 1G). We can only hy-
pothesize why IL-6 plus VHH6Fc did not cause IL-6RECDgp130TMD/ICD to
signal. Firstly, it is possible that VHH6Fc does not recruit two IL-
6RECDgp130TMD/ICD proteins at the same time or that the induced re-
ceptor dimerization did not result in the IL-6RECDgp130TMD/ICD proteins
being closely juxtaposed to trigger intracellular signalling.

3.2. Co-expression of the synthetic receptor of IL-6RECDgp130TMD/ICD
with gp130 confers biological activity after stimulation with IL-6

To analyze if IL-6RECDgp130TMD/ICD can still bind and correctly
present IL-6 to gp130, we co–expressed IL-6RECDgp130TMD/ICD with
gp130 in Ba/F3 cells (Fig. 2A, Supplemental Fig. 3A). Stimulation of Ba/
F3-gp130:IL-6RECDgp130TMD/ICD cells with IL-6 induced canonical
STAT3 and ERK phosphorylation starting at concentrations of 10 ng/mL,
demonstrating that IL–6RECDgp130TMD/ICD can bind to IL-6 and form
biologically active complexes with gp130 (Fig. 2B). In this setting,
however, it is not possible to distinguish between signalling initiated
from the ICD of gp130 or IL-6RECDgp130TMD/ICD. Moreover, this exper-
iment did not address the question, whether signalling is initiated from
tetrameric IL-6:IL-6R:(gp130)2 or hexameric (IL-6)2:(IL-6R)2:(gp130)2
complexes. To elucidate if signalling can be initiated from the ICD of IL-
6RECD-gp130TMD/ICD, we generated two signalling-incompetent deletion
variants of gp130, which were co-expressed together with IL-
6RECDgp130TMD/ICD. In other words, the primary goal in this setting was
to define if gp130 and the ECD of IL-6RECDgp130TMD/ICD could form a
signal-transducing complex. Both variants, gp130ΔICD, and gp130GPI,
lacked the complete intracellular domain. In gp130ΔICD, only ten
intracellular amino acids were retained [34], and in gp130GPI, a glyco-
sylphosphatidylinositol (GPI)-attachment signal [35] was placed at the
C-terminal end of the extracellular domains of gp130 (Fig. 2C, D). Both

receptors were expressed on the surface of Ba/F3 cells, as shown by flow
cytometry (Supplemental Fig. 3B, C). Due to the lack of the intracellular
domain in gp130ΔICD and gp130GPI, Hyper IL-6 (HIL-6) stimulation
failed to induce STAT3 phosphorylation in Ba/F3-gp130ΔICD and Ba/F3-
gp130GPI cells (Fig. 2E, F). HIL-6 is a synthetic IL-6 trans-signalling
agonist and was constructed by fusion of IL-6 and the soluble IL-6R
connected by a flexible peptide linker [30]. Co-transduction of the
cDNA coding for IL–6RECDgp130TMD/ICD into Ba/F3-gp130ΔICD and Ba/
F3-gp130GPI cells might render these cells responsive to IL-6, at least if
two IL-6RECDgp130TMD/ICD molecules are recruited into hexameric
complexes (Supplemental Fig. 3D, E). As shown in Fig. 2G, H, STAT3 and
ERK phosphorylation was not detected in Ba/F3-gp130ΔICD:IL-
6RECDgp130TMD/ICD and Ba/F3–gp130GPI:IL-6RECDgp130TMD/ICD cells
after stimulation with increasing amounts of IL-6 from 1 to 10.000 ng/
mL. The absence of phosphorylation on STAT3 and ERK may counteract
the creation of hexameric complexes but it is also possible that dimer-
ization of IL–6RECDgp130TMD/ICD did not lead to the correct juxtaposi-
tion of the receptors to intracellular signalling.

3.3. Limited domain exchange of the intracellular domain of gp130 to the
IL-6R enabled cross-receptor phosphorylation

The failure of gp130GPI:IL-6RECDgp130TMD/ICD and gp130ΔICD:IL-
6RECDgp130TMD/ICD to generate signal transduction in Ba/F3 cells in
response to IL-6 may also indicate the non-functionality of the gp130
intracellular domain fused to the IL-6R. Therefore, we separated JAK
activation from receptor tyrosine phosphorylation and STAT/ERK
phosphorylation in gp130JAKΔICD and IL-6RECDgp130TMD/ICDΔJAK
(Fig. 3A), which were both expressed alone or together on the surface of
Ba/F3 cells (Supplemental Fig. 4A–C). gp130JAKΔICD had a truncation of
the intracellular domain of gp130 after the box 1 and box 2 motifs,
which are crucial for JAK binding and activation [36]. IL-
6RECDgp130TMD/ICDΔJAK deviated from IL to 6RECDgp130TMD/ICD by the
amino acid exchanges P399V, P402V and P404V within the box 1 motif
resulting in a complete inability to bind JAKs [34]. As expected, stim-
ulation of Ba/F3-gp130JAKΔICD cells with HIL-6, and of Ba/F3–IL-
6RECDgp130TMD/ICDΔJAK with IL-6 failed to induce STAT and ERK sig-
nalling (Fig. 3B, C). Stimulation of Ba/F3-gp130JAKΔICD:IL-
6RECDgp130TMD/ICDΔJAK cells with IL-6, however, resulted in phos-
phorylation of STAT3, whereas ERK was not phosphorylated even at
concentrations as high as 1.000 ng/mL of IL-6 (Fig. 3D). Since ERK and
AKT phosphorylation is initiated from the same phosphorylated tyrosine
Y759 in the intracellular domain of gp130, we also showed that AKT was
not phosphorylated (Fig. 3D). A time-dependent stimulation of Ba/F3-
gp130JAKΔICD:IL-6RECDgp130TMD/ICDΔJAK cells with a fixed concentra-
tion of 100 ng/mL IL–6 demonstrated that STAT3 activation pattern of
Ba/F3-gp130JAKΔICD:IL-6RECDgp130TMD/ICDΔJAK cells was comparable to
Ba/F3-gp130:IL-6R cells. ERK phosphorylation was, however, not
induced in Ba/F3-gp130JAKΔICD:IL-6RECDgp130TMD/ICDΔJAK cells during
the complete stimulation time of 8 h (Fig. 3E). We noticed that at any
time point, STAT3 phosphorylation was slightly (albeit not significantly)
lower in Ba/F3-gp130JAKΔICD:IL-6RECDgp130TMD/ICDΔJAK cells compared

Fig. 1. Transfer of the intracellular signalling domain of gp130 to IL-6R in the synthetic receptor IL–6RECDgp130TMD/ICD did not induce signalling after stimulation
with IL-6. (A) Schematic illustration of the receptor complex of IL-6 and IL–6RECDgp130TMD/ICD. Signalling was not expected because IL-6 interacts with IL-6R via site
I and does not form dimers. (B) STAT3 and ERK phosphorylation in Ba/F3-IL–6RECDgp130TMD/ICD cells without cytokine (− ), and with 10, 100, 1.000, 10.000 ng/mL
IL-6. Equal amounts of proteins (50 µg/lane) were analyzed via specific antibodies detecting phospho-STAT3, STAT3, phospho-ERK and ERK. Western blot data
shows one representative experiment out of three. (C) Schematic illustration of the receptor complex of IL-6, IL-6R and gp130. Signalling was initiated by IL-6. (D)
STAT3 and ERK phosphorylation in Ba/F3 cells without cytokine (− ), and with 10, 100 and 1.000 ng/mL IL-6. Equal amounts of proteins (50 µg/lane) were analyzed
via specific antibodies detecting phospho-STAT3, STAT3, phospho-ERK and ERK. Western blot data shows one representative experiment out of three. (E) STAT3 and
ERK phosphorylation in Ba/F3-gp130:IL-6R cells without cytokine (− ), and with 10, 100 and 1.000 ng/mL IL-6. Equal amounts of proteins (50 µg/lane) were
analyzed via specific antibodies detecting phospho-STAT3, STAT3, phospho-ERK and ERK. Western blot data shows one representative experiment out of three. (F)
Schematic illustration of the receptor complex of IL-6 and IL–6RECDgp130TMD/ICD in the presence of VHH6-Linker-Fc variants. (G) STAT3 and ERK phosphorylation in
Ba/F3-IL–6RECDgp130TMD/ICD cells with 100 ng/mL (4 nM) IL-6 and 200, 50, 10 nM VHH6-Linker2Fc, VHH6-Linker8Fc and VHH6-Linker12Fc. Equal amounts of
proteins (50 µg/lane) were analyzed via specific antibodies detecting phospho-STAT3, STAT3, phospho-ERK and ERK. Western blot data shows one representative
experiment out of three.
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to Ba/F3-gp130:IL-6R cells (Fig. 3E, Supplemental Fig. 5A-C, 6A). This
was accompanied by a less intense (and partly significantly reduced)
JAK1 phosphorylation in cells expressing gp130JAKΔICD/IL-
6RECDgp130TMD/ICDΔJAK compared to gp130:IL-6R at all time points
(Fig. 3E, Supplemental Fig. 5A-C, 6B), which might at least in part
explain the overall reduced STAT3 phosphorylation and absent ERK
phosphorylation. Using RNA-sequencing, we compared the tran-
scriptomic regulation of Ba/F3 cells expressing gp130:IL-6R and
gp130JAKΔICD:IL-6RECDgp130TMD/ICDΔJAK after IL-6 stimulation. As ex-
pected from the reduced signalling intensity, IL-6 stimulation resulted in
overall reduced gene transcription in cells expressing gp130JAKΔICD/IL-
6RECDgp130TMD/ICDΔJAK compared to cells expressing gp130:IL-6R, with
107 vs. 534 genes from which the amounts of mRNA were at least 2fold
up or down-regulated (Fig. 3F). Among the regulated genes, mRNA
levels from only 35 genes were comparably up- or down-regulated in
both cell lines, suggesting that the altered intensity of signal trans-
duction both had quantitative and qualitative consequences. For
example, SOCS3, a STAT3 target gene, was up-regulated in both cell
lines. SOCS3 was independently analyzed by quantitative PCR and
Western blotting, which showed SOCS3 mRNA and protein were
significantly less strongly induced after IL-6 stimulation of Ba/F3-
gp130JAKΔICD/IL-6RECDgp130TMD/ICDΔJAK cells compared to Ba/F3-
gp130:IL-6R cells (Fig. 3G, H, Supplemental Fig. 5A-C, 6C). Addition-
ally, the number of unique genes implicated in the GO terms associated
with the keywords “immune response, apoptotic, MAPK, tyrosine ki-
nase, ERK, STAT, and Jak“ that were up-or-down-regulated by at least
1.5fold were examined and shown in a Lollipop-plot (Fig. 3I). This data
showed cross-receptor phosphorylation from JAK1, activated at the
gp130JAKΔICD receptor chain, and STAT signalling initiated from the IL-
6RECDgp130TMD/ICDΔJAK receptor chain. However, the comparably
reduced IL-6-induced JAK1 activation likely led to overall reduced STAT
signalling intensity and qualitatively different functional outcomes, as
shown by lacking ERK/AKT signalling and transcriptomic regulation. It
is, however, unclear why JAK1 phosphorylation was lower after IL-6
stimulation of gp130JAKΔICD compared to wild-type gp130.

3.4. Co-expression of gp130ΔD1 and gp130Y190K/F191 fail to induce cross-
receptor complex signalling via HIL-6

Since we were interested in combining single-binding site gp130
receptor mutants with IL-6RECDgp130TMD/ICDΔJAK, we attempted to
verify and expand the knowledge about the biological activity of a
tetrameric IL-6 trans-signalling gp130 receptor complex using HIL-6 and
the two single-binding site gp130 receptor mutants. The IL-6 binding
site III was deleted by eliminating the complete domain 1 of gp130
resulting in in gp130ΔD1 (Fig. 4A). Stimulation of Ba/F3-gp130ΔD1 cells
(FACS in Supplemental Fig. 7A) with the IL-6:sIL-6R fusion protein
HIL–6 failed to induce STAT3 and ERK phosphorylation (Fig. 4B). The
deletion of the IL-6 binding site II was achieved by the introduction of
the two amino acid substitutions Y190K, and F191E in gp130Y190K/F191
[37] (Fig. 4C, left image), which was also expressed on the surface of Ba/

F3 cells (Supplemental Fig. 7C). Unexpectedly, stimulation with 1000
ng/mL HIL-6 caused STAT3 phosphorylation, and minimal ERK phos-
phorylation (Fig. 4D), suggesting that these mutations still allow resid-
ual site II binding of HIL-6 to gp130 at high concentrations (Fig. 4C,
right image). Next, gp130ΔD1:gp130Y190K/F191 were co-expressed in Ba/
F3 cells (Supplemental Fig. 7C), which was previously shown to confer
biological activity by forming tetrameric IL-6:IL-6R:(gp130)2 receptor
complexes (Fig. 4E) [37]. Of note, stimulation of Ba/F3-gp130ΔD1:
gp130Y190K/F191 cells with increasing concentrations of HIL-6 induced
some JAK1, STAT1/3 and but almost no ERK phosphorylation (Fig. 4F,
right). As direct control, Ba/F3 gp130 cells were simultaneously stim-
ulated with HIL-6. Stimulation of Ba/F3-gp130 cells with at least 100
ng/ml HIL-6 resulted in JAK1, STAT1/3 and ERK phosphorylation
(Fig. 4F, left) which was clearly different from HIL-6 stimulation of Ba/
F3-gp130ΔD1:gp130Y190K/F191 cells.

3.5. Signalling of a synthetic trimeric IL-6:IL-6R:gp130 receptor complex
decouples STAT3 and ERK/AKT signalling

Next, we evaluated the signalling capacity of the synthetic IL-
6RECDgp130TMD/ICD receptor chain in combination with gp130ΔD1 or
gp130Y190K/F191E. Combining IL-6RECDgp130TMD/ICD with gp130ΔD1
would mimic the proposed first step of receptor trimerization
(Supplemental Fig. 1) because IL-6 could interact with IL-6R via site I
but only via site II with the binding interface located in domain 2 and 3
of gp130 (Fig. 5A, Supplemental Fig. 8A (FACS)). Prominent STAT3
phosphorylation was induced in Ba/F3-gp130ΔD1:IL-6RECDgp130TMD/
ICD cells after stimulated with increasing amounts of IL-6 (1–1.000 ng/
mL), with STAT3 phosphorylation already detectable at 1 ng/mL IL-6
(Fig. 5B). Interestingly, phosphorylation of AKT and ERK was, howev-
er, barely undetectable, which was again likely caused by reduced
activation of JAK1 (Fig. 5B). We also generated Ba/F3 cells co-
expressing gp130Y190K/F191E and IL-6RECDgp130TMD/ICD (Supplemental
Fig. 8B (FACS)). Using these receptors, IL-6 should initially interact with
IL-6R via site I and after that predominantly with gp130Y190K/F191E via
site III (Fig. 5C, left image). IL-6 induced, however, only very limited
STAT3 and absent JAK1 phosphorylation at concentrations of at least
100–1.000 ng/mL IL-6 (Fig. 5D), which is reminiscent of signalling in
Ba/F3-gp130Y190K/F191 cells stimulated with HIL-6. Again, this suggests
that the residual binding capacity of site II in gp130Y190K/F191E is still
caused by signalling via the formation of small amounts of hexameric
receptor complexes (Fig. 5C, right image), which were still unable to
induce ERK or AKT signalling.

4. Discussion

Hypothetically, tetrameric and hexameric complexes are formed on
the cell membrane by IL-6, IL-6R, and gp130 assembly [18]. To date, the
stoichiometry of IL-6:IL-6R:gp130 receptor signalling complexes bio-
logically active contexts were not shown on the cellular plasma mem-
brane. Instead, using comparable high, mostly micromolar

Fig. 2. Co-expression of the synthetic receptor of IL-6RECDgp130TMD/ICD with gp130 confers biological activity after stimulation with IL-6. (A) Schematic illustration
of the receptor complex of IL-6, IL–6RECDgp130TMD/ICD and gp130. Signalling was expected because IL-6 interacts with IL-6R via site I and via site II/III with gp130.
(B) STAT3 and ERK phosphorylation in Ba/F3-gp130:IL–6RECDgp130TMD/ICD cells without cytokine (− ), and with 10, 100, and 1.000 ng/mL IL-6. Equal amounts of
proteins (50 µg/lane) were analyzed via specific antibodies detecting phospho-STAT3, STAT3, phospho-ERK and ERK. Western blot data shows one representative
experiment out of three. (C) Schematic illustration of the receptor complex of IL-6, IL–6RECDgp130TMD/ICD and gp130ΔICD. (D) Schematic illustration of the receptor
complex of IL-6, IL–6RECDgp130TMD/ICD and gp130GPI. (E) STAT3 and ERK phosphorylation in Ba/F3-gp130ΔICD cells without cytokine (− ), and with 1, 10, 100, and
1.000 ng/mL IL-6. Equal amounts of proteins (50 µg/lane) were analyzed via specific antibodies detecting phospho-STAT3, STAT3, phospho-ERK and ERK. Western
blot data shows one representative experiment out of three. (F) STAT3 and ERK phosphorylation in Ba/F3-gp130GPI cells without cytokine (− ), and with 10, 100, and
1.000 ng/mL IL-6. Equal amounts of proteins (50 µg/lane) were analyzed via specific antibodies detecting phospho-STAT3, STAT3, phospho-ERK and ERK. Western
blot data shows one representative experiment out of three. (G) STAT3 and ERK phosphorylation in Ba/F3-gp130ΔICD:IL–6RECDgp130TMD/ICD cells without cytokine
(− ), and with 1, 10, 100, and 1.000 ng/mL IL-6. Equal amounts of proteins (50 µg/lane) were analyzed via specific antibodies detecting phospho-STAT3, STAT3,
phospho-ERK and ERK. Western blot data shows one representative experiment out of three. (H) STAT3 and ERK phosphorylation in Ba/F3-gp130GPI:
IL–6RECDgp130TMD/ICD cells without cytokine (− ), and with 100, 1.000 and 10.000 ng/mL IL-6. Equal amounts of proteins (50 µg/lane) were analyzed via specific
antibodies detecting phospho-STAT3, STAT3, phospho-ERK and ERK. Western blot data shows one representative experiment out of three.
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concentrations of soluble proteins, a set of approaches, among them gel
filtration, ultracentrifugation, co-immunoprecipitation, and solution of
3D receptor complex structures showed mainly the existence of hex-
americ complexes [16,19–22]. Regardless, the hypothesis of
concentration-dependent complex formation was emphasized over the
years, eventually leading to a “self-inhibiting effect” depending on re-
ceptor composition. In this scenario, low concentrations of IL-6 favored
the formation of biologically active tetramers, which convert into bio-
logically inactive hexamers at higher concentrations [17,18].

To investigate the existence of tetrameric/hexameric receptor com-
plexes on cellular surfaces, we designed a series of IL-6-type receptor
deletion variants to enable the activation of the novel chimeric IL-6
receptor IL-6RECDgp130TMD/ICD. This chimeric receptor consists of the
complete extracellular part of the human IL-6R fused to the trans-
membrane and intracellular domain of human gp130. It turned out that
IL-6RECDgp130TMD/ICD conferred pSTAT3-dominated biological activity
specifically in combination with gp130ΔD1, which lacks the corre-
sponding binding site III for IL-6 and was, therefore, only able to bind
one IL-6 molecule via the corresponding site II. Albeit, we could
reproduce previously published results on tetrameric receptor activation
[37,38], we now show that signalling from this synthetic tetrameric
receptor complex clearly deviates fromwild-type gp130 trans-signalling.
When seen collectively, these experiments showed that the site II
interaction is preferred over site III interaction during initial trimeric
receptor complex formation and supported the current view of hex-
americ IL-6 receptor complex formation [9].

Unfortunately, the chimeric IL-6RECDgp130TMD/ICD could not achieve
functional evidence for hexameric receptor complexes on the plasma
membrane. In detail, co-expression of IL-6RECDgp130TMD/ICD with
intracellular deletion variants gp130GPI or gp130ΔICD and stimulation
with IL-6 did not result in induction of signal transduction which would
support the hypothesis of hexameric receptor complexes. However, the
lack of biological activity of IL-6RECDgp130TMD/ICD was not due to
defective binding to IL-6 since co-expression of gp130 with IL-
6RECDgp130TMD/ICD induced IL-6 signalling, indicating that the extra-
cellular part of IL-6RECDgp130TMD/ICD can still bind and present IL-6
correctly to gp130. The addition of the IL-6:IL-6R nanobody-dimer
VHH6Fc should have forced homo-dimerization of IL-6RECDgp130TMD/
ICD receptors in the absence of gp130. However, this strategy has also not
been successful to date. One possible explanation could be that the
flexible 52 amino acid long stalk region of the IL-6R in IL-
6RECDgp130TMD/ICD, which connects the extracellular cytokine domains
of IL-6R with the trans-membrane domain of gp130, is problematic [39].
We assume that despite dimerization of IL-6RECDgp130TMD/ICD by
VHH6-Linker-Fc variants or in potential IL-6-induced hexameric com-
plexes with gp130GPI or gp130ΔICD the spatial proximity of the

intracellular JAKs in IL-6RECDgp130TMD/ICD was not sufficient to achieve
JAK transactivation and signal transduction [40,41].

Despite the extracellular fibronectin type III (FN3) domains 4–6 of
gp130 are not involved in cytokine binding, but play a crucial function
in correctly aligning the transmembrane and intracellular domains to
achieve JAK-activation during complex formation [42,43]. Therefore, a
substitution of the IL-6R stalk region by the FN3 domains (D4-D6) of
gp130 in IL-6RECDgp130TMD/ICD might confer biological activity. It is
conceivable, that this chimeric FN3 receptor would also require addi-
tional fine-tuning by optional introduction of alanine directly C-terminal
of the gp130 transmembrane domain. It was previously demonstrated
that by insertion of alanine at this position, the α-helical orientation of
the receptor-associated Janus kinases was changed and, as a result, the
activity of the Janus kinases and the phosphorylation pattern of the
STAT proteins was altered [44]. Whereas insertion of one alanine in the
wild-type gp130 reduced STAT1 and STAT3 phosphorylation, the
addition of three alanine improved STAT phosphorylation [44]. We will
consider this approach in the future but believe that it will go far beyond
the current study, because it is not guaranteed that these adaptations
will result in synthetic hexameric receptor activation. It cannot be
excluded that the overall extracellular three-dimensional arrangement
of IL-6:IL-6R:gp130 [19,20] simply does not allow the effective dimer-
ization of JAKs, which are transferred to the extracellular IL-6R.

Using slight modifications in our chimeric receptor design, we
showed that the JAK-only carrying gp130 receptor variant gp130JAKΔICD
can trans-phosphorylate the tyrosine motifs of a JAK-deficient intracel-
lular domain of gp130 located in the chimera IL-6RECDgp130TMD/
ICDΔJAK. Trans-phosphorylation is defined as the phosphorylation of
tyrosine motifs present on another receptor chain than the kinase
[3,45–48], which has previously not been demonstrated for IL-6 sig-
nalling. Of note, both the intensity and quality of signal transduction
from this synthetic receptor complex was limited to STAT3 activation,
thereby generating a tailored signalling cascade. However, reduced
JAK1 activation compared to wild-type IL-6R:gp130 receptor complexes
was most likely the cause. This was exemplified by strongly reduced
SOCS3 expression, a direct target gene of STAT3, and a major negative
feedback regulatory protein of IL-6 signalling [49].

The two signalling pathways STAT and SHP2/ERK are closely related
to gp130 activation but have different effects on physiological cell re-
sponses and pathophysiological events. Whereas STAT3 triggers cell
differentiation, ERK signalling induces cell growth [50]. The counteract
of these cascades was investigated by several groups using gp130 vari-
ants in mice that are either incompetent for STAT or ERK signalling by
deleting respective phosphorylation sites. Depletion of STAT signalling
led to a reduced life span and a dramatically impaired activation of the
immune system. Mutation of the SHP2 and SOCS3 binding site in F759

Fig. 3. Limited domain exchange of the intracellular domain of gp130 to the IL-6R enabled cross-receptor phosphorylation. (A) Schematic illustration of the receptor
complex of IL-6, IL–6RECDgp130TMD/ICDΔJAK and gp130JAKΔICD. (B) STAT3, AKT and ERK phosphorylation in Ba/F3-gp130JAKΔICD cells without cytokine (− ), and with
1,10, 100, and 1.000 ng/mL HIL-6. Equal amounts of proteins (50 µg/lane) were analyzed via specific antibodies detecting phospho-STAT3, STAT3, phospho-AKT,
AKT, phospho-ERK and ERK. Western blot data shows one representative experiment out of three. (C) STAT3, AKT and ERK phosphorylation in Ba/F3-
IL–6RECDgp130TMD/ICDΔJAK cells without cytokine (− ), and with 1, 10, 100, and 1.000 ng/mL IL-6. Equal amounts of proteins (50 µg/lane) were analyzed via specific
antibodies detecting phospho-STAT3, STAT3, phospho-AKT, AKT, phospho-ERK and ERK. Western blot data shows one representative experiment out of three. (D)
STAT3, AKT and ERK phosphorylation in Ba/F3-gp130JAKΔICD:IL–6RECDgp130TMD/ICDΔJAK cells without cytokine (− ), and with 1, 10, 100, and 1.000 ng/mL IL-6.
Equal amounts of proteins (50 µg/lane) were analyzed via specific antibodies detecting phospho-STAT3, STAT3, phospho-AKT, AKT, phospho-ERK and ERK.
Western blot data shows one representative experiment out of three. (E) Time-dependent signalling of Ba/F3-gp130JAKΔICD:IL–6RECDgp130TMD/ICDΔJAK cells with IL-6
(100 ng/mL) for the indicated time points. Equal amounts of proteins (50 µg/lane) were analyzed via specific antibodies detecting phospho-JAK1, JAK1, phospho-
STAT3, STAT3, phospho-ERK and ERK. (F) Venn Diagram shows overlap of genes that are 2fold up- or down-regulated following IL-6 (40 min, 100 ng/mL) stim-
ulation of Ba/F3-IL-6R:gp130 and Ba/F3-gp130JAKΔICD:IL–6RECDgp130TMD/ICDΔJAK cells. Filter: adjusted p < 0.05 including false discovery rate correction; |FC| >=2.
Heat map shows genes that are changed by IL-6. Scale bar shows log fold change. Filter: adjusted p < 0.05 including false discovery rate correction; |FC| >=2. (G)
Time-dependent presence of SOCS3 mRNA-level in Ba/F3-gp130JAKΔICD:IL–6RECDgp130TMD/ICDΔJAK and Ba/F3-gp130-IL-6-R cells stimulated with IL-6 (100 ng/mL)
for the indicated time points. Total RNA was extracted from the cells and mRNA level of SOCS3 were determined by quantitative PCR (n = 3). Statistically analysis for
qPCR between several groups were determined using a two-way ANOVA, including Tukey or Dunnet’s correction. (H) Time-dependent signalling of Ba/F3-
gp130JAKΔICD:IL–6RECDgp130TMD/ICDΔJAK cells with IL-6 (100 ng/mL) for the indicated time points. Equal amounts of proteins (50 µg/lane) were analyzed via specific
antibodies detecting SOCS3. (I) The number of genes that are down-regulated (blue) or up-regulated (red) by a factor of 1.5 during stimulation is displayed in the
Lolli-diagram. Here, particular attention was paid to genes that were involved in relation to the terms “immune response, apoptotic, MAPK, tyrosine kinase, ERK,
STAT and Jak”. Created with Clusterprofiler.
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Fig. 4. Co-expression of gp130ΔD1 and gp130Y190K/F191 fail to induce cross-receptor complex signalling via HIL-6. (A) Schematic illustration of the trimeric receptor
complex of IL-6, sIL-6R and gp130ΔD1. (B) STAT3 and ERK phosphorylation in Ba/F3-gp130ΔD1 cells without cytokine (− ), and with 1, 10, 100, and 1.000 ng/mL
HIL-6. Equal amounts of proteins (50 µg/lane) were analyzed via specific antibodies detecting phospho-STAT3, STAT3, phospho-ERK and ERK. Western blot data
shows one representative experiment out of two. (C) Schematic illustration of the trimeric (left) or hexameric (right) receptor complex of IL-6, sIL-6R and gp130Y190K/
F191E. (D) JAK1, STAT1, 3 and ERK phosphorylation in Ba/F3-gp130Y190K/F191E cells without cytokine (− ), and with 10, 100, and 1.000 ng/mL HIL-6. Equal amounts
of proteins (50 µg/lane) were analyzed via specific antibodies detecting phospho-JAK1, JAK1, phospho-STAT3, STAT3, phospho-ERK and ERK. Western blot data
shows one representative experiment out of two. (E) Schematic illustration of the tetrameric receptor complex of IL-6, sIL-6R, gp130ΔD1 and gp130Y190K/F191E. (F)
JAK1, STAT1, 3 and ERK phosphorylation in Ba/F3-gp130 (left) and Ba/F3-gp130ΔD1:gp130Y190K/F191E (right) cells without cytokine (− ), and with 1, 10, 100, and
1.000 ng/mL HIL-6. Equal amounts of proteins (50 µg/lane) were analyzed via specific antibodies detecting phospho-JAK1, JAK1, phospho-STAT1, 3, STAT1, 3,
phospho-ERK and ERK. Western blot data shows one representative experiment out of three.
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[51,52] or Y757F [53] on the other hand led to splenomegaly and
enhanced immune responses. This phenotype is most likely due to the
overactivation of STAT signalling in response to the impairment of
negative feedback via SOCS3. Our data showed a reduced SOCS3
response for the chimeric IL-6RECDgp130TMD/ICDΔJAK: gp130JAKΔICD cells
as well, but did not display a hyperactive STAT3 activation profile,
simultaneously being ERK and AKT largely abrogated. Same decoupled
STAT3 competent (but not overactive) and ERK/AKT incompetent sig-
nalling was achieved by cells expressing IL-6RECDgp130TMD/ICD:
gp130ΔD1. These synthetic engineered receptors provide a platform to
study the effects of signalling cascade-specific actions upon gp130
activation, which is not mediated by downstream negative feedback
loops.

As the threshold and balance of STAT and ERK signalling is of great
importance for the regulation of physiological and pathological cellular
processes, our receptor system will be used in future projects to answer
further questions on how gp130 signalling is regulated and how the
active signalling complex is formed, and to tailor and engineer synthetic

IL-6 signalling.
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Investigation. Doreen M. Floss: Project administration. Jürgen Schel-
ler: Writing – review & editing, Writing – original draft, Visualization,
Supervision, Project administration, Conceptualization.

Declaration of competing interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Fig. 5. Signalling of a synthetic trimeric IL-6:IL-6R:gp130 receptor complex points to a hexameric receptor assembly. (A) Schematic illustration of the trimeric
receptor complex of IL-6, IL–6RECDgp130TMD/ICD and gp130ΔD1. (B) JAK1, STAT3, AKT, and ERK phosphorylation in Ba/F3-gp130ΔD1:IL6RECDgp130TMD,ICD cells
without cytokine (− ), and with 1, 10, 100, and 1.000 ng/mL IL-6. Equal amounts of proteins (50 µg/lane) were analyzed via specific antibodies detecting phospho-
JAK1, JAK1, phospho-STAT3, STAT3, phospho-AKT, AKT, phospho-ERK and ERK. Western blot data shows one representative experiment out of three. (C) Schematic
illustration of the trimeric (left) or hexameric (right) receptor complex of IL-6, IL–6RECDgp130TMD/ICD and gp130Y190K/F191E. (D) JAK1, STAT3, AKT and ERK
phosphorylation in Ba/F3-gp130Y190K/F191E:IL6RECDgp130TMD,ICD cells without cytokine (− ), and with 1, 10, 100, and 1.000 ng/mL IL-6. Equal amounts of proteins
(50 µg/lane) were analyzed via specific antibodies detecting phospho-JAK1, JAK1 phospho-STAT3, STAT3, phospho-AKT, AKT, phospho-ERK and ERK. Western blot
data shows one representative experiment out of three.
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