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A single aromatic residue in sgp130Fc/olamkicept

allows the discrimination between

interleukin-6 and interleukin-11 trans-signaling

Juliane Lokau,’* Yvonne Garbers,? Joachim Grétzinger,® and Christoph Garbers'#>*

SUMMARY

Blocking the activity of cytokines is an efficient strategy to combat inflammatory
diseases. Interleukin-6 (IL-6) fulfills its pro-inflammatory properties via its soluble
receptor (IL-6 trans-signaling). The selective trans-signaling inhibitor olamkicept
(sgp130Fc) is currently in clinical development. We have previously shown that
sgp130Fc can also efficiently block trans-signaling of the closely related cytokine
IL-11, which elicits the question how selectivity for one of the two cytokines can
be achieved. Using structural information, we show that the interfaces between
IL-6R-gp130 and IL-11R-gp130, respectively, within the so-called site Ill are
different between the two cytokines. Modification of an aromatic cluster around
Q113 of gp130 within these interfaces allows the discrimination between IL-6 and
IL-11 trans-signaling. Using recombinant sgp130Fc variants, we demonstrate that
these differences can indeed be exploited to generate a truly selective IL-6 trans-
signaling inhibitor. Our data highlight how the selectivity of a clinically relevant
designer protein can be further improved.

INTRODUCTION

Blocking the activity of pro-inflammatory cytokines is a well-established therapeutic strategy used to treat
patients with several different inflammatory diseases. Examples are the blockade of tumor necrosis factor
alpha (TNFa) in rheumatoid arthritis and psoriasis (Kalliolias and lvashkiv, 2016) or the inhibition of
interleukin-6 (IL-6) in Castleman disease, giant cell arteritis, systemic juvenile idiopathic arthritis, and
also rheumatoid arthritis (Garbers et al., 2018; Jones and Jenkins, 2018). Selective inhibition of cytokines
can either be achieved by antibodies against the cytokine and their receptors or by designer proteins
based on soluble cytokine receptors (Lokau and Garbers, 2020).

IL-6 is a multifunctional cytokine with distinct pro- and anti-inflammatory properties (Kang et al., 2020). It
can activate its target cells via the membrane-bound IL-6R (termed classic signaling) or via soluble forms
of the IL-6R (sIL-6R, trans-signaling) (Rose-John, 2021). Both modes of signaling function via the formation
of a gp130 homodimer, which is the signal-transducing receptor used by all IL-6 family cytokines (Garbers
etal., 2012). The membrane-bound IL-6R shows an expression pattern that is restricted to hepatocytes and
immune cells and thus limits the number of cells that can be activated by classic signaling, whereas IL-6
trans-signaling can activate in principle all human cells due to the ubiquitous expression of gp130 (Jones
and Jenkins, 2018; Rose-John, 2018). The sIL-6R can be generated by alternative processing of the mRNA
encoding the IL-6R (Lust et al., 1992). However, about 80% of the 20-80 ng/mL sIL-6R found in the human
circulation originates from proteolytic cleavage of the membrane-bound IL-6R (Riethmueller et al., 2017).

Intriguingly, the trans-signaling pathway accounts for the pro-inflammatory properties of IL-6 (Garbers et al.,
2018). To selectively block IL-6 trans-signaling without affecting IL-6 classic signaling, the designer protein
sgp130Fc, later renamed olamkicept, has been constructed (Jostock et al., 2001). sgp130Fc consists of the extra-
cellular part of gp130 fused to the Fc portion of a human IgG antibody. Because neither IL-6 nor the IL-6R alone
have an affinity toward sgp130Fc, only the complex of IL-6/sIL-6R can be bound and thus neutralized by
sgp130Fc (Jostock et al., 2001). The compound is currently undergoing clinical evaluation in patients with inflam-
matory bowel disease (IBD), and positive results from a prospective phase 2a trial comprising 16 patients with
active IBD (Schreiber et al., 2021) and a phase 2 randomized, placebo-controlled trial in moderately to severely
active ulcerative colitis with 91 treated patients (Chen et al., 2021) have recently been reported.
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The cytokine that is most closely related to IL-6 is IL-11 (Garbers and Scheller, 2013). Like IL-6, IL-11 signals
through a homodimer of gp130, but binds first to a unique membrane-bound IL-11R (classic signaling) that
is expressed on several different cell types, e.g., in the lung, heart, intestine, spleen, and bone (Davidson
et al., 1997; Putoczki and Ernst, 2010). In addition to classic signaling, IL-11 can also bind to and signal via
soluble forms of the IL-11R (sIL-11R), a pathway that we have termed IL-11 trans-signaling and that is also
controlled by proteolysis (Koch et al., 2021; Lokau et al., 2016, 2017a, 2017¢; Sammel et al., 2019). Impor-
tantly, we have shown that sgp130Fc not only blocks IL-6 trans-signaling but also is a potent inhibitor of IL-
11 trans-signaling (Lokau et al., 2016). This can be explained by the fact that both cytokines signal via a
gp130 homodimer, whereas all other members of the IL-6 family use heterodimers of gp130 with another
B-receptor for signaling and consequently are either not blocked by sgp130Fc at all or are blocked only at
very high concentrations (Jostock et al., 2001; Scheller et al., 2005). How sgp130Fc could be modified to
selectively only block IL-6 or IL-11 trans-signaling is not known so far.

A structure of an IL-6 signaling complex has been determined using X-ray crystallography (Boulanger et al.,
2003; Chow et al., 2001), whereas no such complex exists for IL-11. Although it is thought that the two
signaling complexes should be similar, the structures of IL-11 and the IL-11R alone suggest indeed struc-
tural differences from IL-6 (Metcalfe et al., 2020; Putoczki et al., 2014). In this study, we show that the inter-
faces between IL-6R-gp130 and IL-11R-gp 130, within the so-called site Ill of the signaling complexes, are
different between the two cytokines. We further demonstrate that modification of an aromatic cluster
around Q113 of gp130 within this interface allows the discrimination between IL-6 and IL-11 trans-signaling
and the generation of selective sgp130Fc variants.

RESULTS

Modification of T102, Q113, and N114 does not disturb blockade of IL-6 trans-signaling by
sgp130Fc

Olamkicept (sgp130Fc) blocks selectively the pro-inflammatory IL-6 trans-signaling (Figure 1A). To activate
its target cells, IL-6 binds to its receptors via three distinct binding sites. The initial binding to the IL-6R is
mediated through the so-called site I, whereas the subsequent binding to two gp130 molecules occurs via
site Il and site lll (Figure 1B). A previous study showed that gp130 mutations within site Il did not increase
binding to IL-6/IL-6R, whereas certain mutations within site Ill increased affinity toward the cytokine
(Tenhumberg et al., 2008). Based on a structure obtained by X-ray crystallography comprising domains
1-3 of gp130, IL-6 and domains 2-3 of the IL-6R (Boulanger et al., 2003; Chow et al., 2001), the key deter-
minants appear to be two phenylalanine residues of the IL-6R (F153 and F187), which directly participate in
the interface and are in close contact with gp130 residues, most prominently a glutamine residue (Q113,
Figure 1C). Modification of gp130 via the introduction of another aromatic side chain into this cluster
(Q113F) and further adjustment of neighboring residues (N114L and T102Y, Figure 1D) increased affinity
to IL-6/IL-6R, resulting in sgp130Fc variants with increased efficacy (Tenhumberg et al., 2008).

Because further insights into the selective modification of sgp130Fc are lacking, we first verified these pre-
vious results. For this purpose, we used Ba/F3-gp130 cells, a murine pro B cell line that proliferates in the
presence of IL-6/sIL-6R and undergoes apoptosis without cytokine stimulation. We stimulated the cells with
5 nM Hyper-IL-6, which is a designer protein consisting of IL-6 fused to the sIL-6R that is capable of stim-
ulating cells via gp130 and thus mimics IL-6 trans-signaling (Fischer et al., 1997). We then added increasing
amounts (0-10,000 ng/mL) of sgp130Fc variants and determined cell viability 48 h later. In line with previous
observations, sgp130Fc wild-type (WT) reduced proliferation in a dose-dependent manner (Figure 1E), and
the same was true for the variants sgp130Fc T102Y (Figure 1F), sgp130Fc Q113F (Figure 1G), the double
mutant sgp130Fc T102Y/Q113F (Figure 1H), and the triple mutant sgp130Fc T102Y/Q113F/N114L (Fig-
ure 11). Because we already observed a major effect when introducing the Q113F mutation, we did not
perform experiments with the N114L mutation in isolation, and therefore only analyzed N114L in the
context of the triple mutant.

To not only rely on cell viability, we also determined the capacity of sgp130Fc WT and sgp130Fc T102Y/
Q113F/N114L to suppress target gene induction in response to Hyper-IL-6. As shown in Figure STA,
both sgp130Fc variants successfully blocked mRNA expression of the IL-6 target gene SOCS3. In summary,
these data confirm that modification of the site Il interface within gp130 is possible and does not disturb
blockade of IL-6 trans-signaling.

2 iScience 24, 103309, November 19, 2021

iScience



iScience ¢? CellPress
OPEN ACCESS

free
sIL-6R
/ c® gp130
[] [\

o Baw sopr30Fc

0l 14

[ | | | trans

classic
IL-6R
gp130/gp130  gp130/gp130

(o4 sgp130Fc D sgp130Fc
WT T102Y/Q113F/N114L

E sgp130Fc F sgp130Fc G sgp130Fc H sgp130Fc | sgp130Fc
WT T102Y Q113F T102Y/ T102Y/
150 150 = 150 = 150 Q113F 150— Q113F/N114L
E - E 9q E E
g 100 S 100 g 100 g 100 g 100
B T E b E T > T > T
= E = - = E = E = E
[ @ [ [ [
£ 1 . E 1 £ 1 £ 1 3 1
S 50 i S 50 S 50 S 50 S 50
g 50 H g 50 . e e e
] i: i 0 | HR ] i, ] I
4 H 4 i H 4 i H 4 i H 4 HE
LI LI LI 1 LI LI LI LILLILI LILLILI LI
OO0 \,\a&:‘:&@ (spggb \.s’st @’;“ & &9%“5 \,\S&?SQ:Q@ (@QQ \.s’s:e?;ﬁ S (@Q@ \,‘e&: Gt:Q &
sgp130Fc [ng/ml] sgp130Fc [ng/ml] sgp130Fc [ng/ml] sgp130Fc [ng/ml] sgp130Fc [ng/ml]

Figure 1. Modification of T102, Q113, and N114 does not disturb blockade of IL-6 trans-signaling by sgp130Fc
(A) Schematic overview of IL-6 classic and trans-signaling. IL-6 can either bind to the membrane-bound IL-6R (classic
signaling) or to soluble forms of the IL-6R (trans-signaling). Both modes of signaling activate a gp130 homodimer on the
target cell. sgp130Fc blocks IL-6 trans-signaling, but has no affinity to IL-6 alone. The individual domains of the receptors
are shown as ellipses.

(B) Schematic overview of the IL-6 signaling complex. IL-6 has three distinct binding sites, designated as sites I, Il, and /Il
(indicated as Roman numerals in the figure panel). IL-6 binds via site | to the cytokine-binding module (CBM) of the IL-6R,
which is located in domains D2 and D3. It further binds to the CBM of one gp130 molecule via site Il and to the Ig-like
domain of the other gp130 molecule via site 1.

(C and D) Close-up of site Ill of (C) the IL-6/sIL-6R/sgp130Fc WT complex and (D) the IL-6/sIL-6R/sgp130Fc T102Y/Q113F/
N114L complex based on the structure of the IL-6 complex (Boulanger et al., 2003; Chow et al., 2001). Amino acid residues
important for the interaction are indicated (see main text for further details).

(E-I) Equal numbers of Ba/F3-gp130 cells were incubated with 5 nM Hyper-IL-6 and increasing amounts

(0-10,000 ng/mL) of recombinant (E) sgp130Fc WT, (F) sgp130Fc T102Y, (G) sgp130Fc Q113F, (H) sgp130Fc T102Y/
Q113F, and (I) sgp130Fc T102Y/Q113F/N114L. Cell viability was measured 48 h later. Each experiment was
conducted with three technical replicates. Shown are the mean + SD (normalized to cells treated only with
Hyper-IL-6) from three independent experiments. RLU: relative light units. Experiments with Ba/F3-gp130 cells
shown in this figure have been performed in parallel and therefore share the same negative control. Statistical
analysis was performed using ordinary one-way ANOVA with Dunnett’s multiple comparisons test (samples treated
with sgp130Fc compared with the sample treated only with cytokine; ****p < 0.0001).

See also Figure S1.
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Figure 2. The IL-11R/gp130 interface at site Il differs from the IL-6R/gp130 interface

(A) Schematic overview of IL-6 classic and trans-signaling (left) and IL-11 classic and trans-signaling (right). Both cytokines
can either bind to their membrane-bound receptors (classic signaling) or to soluble forms of the receptors
(trans-signaling). Both mode of signaling activate a gp130 homodimer on the target cell. sgp130Fc blocks IL-6 and IL-11
trans-signaling, but has no affinity to IL-6 or IL-11 alone. The individual domains of the receptors are shown as ellipses.
(B) Schematic overview of the IL-11 signaling complex. Like IL-6, IL-11 has three distinct binding sites, designated as sites
I, 1, and lll (indicated as Roman numerals in the figure panel). IL-11 binds via site | to the cytokine-binding module (CBM) of
the IL-11R, which is located in domains D2 and D3. It further binds to the CBM of one gp130 molecule via site Il and to the
Ig-like domain of the other gp130 molecule via site /Il

(C and D) Close-up of site Ill of (C) the IL-11/sIL-11R/sgp130Fc WT complex and (D) the IL-11/sIL-11R/sgp130Fc T102Y/
Q113F/N114L complex based on the structure of the IL-6 complex (Boulanger et al., 2003; Chow et al., 2001). Amino acid
residues important for the interaction are indicated (see main text for further details).

(E) Overlay of the IL-6/sIL-6R/sgp130Fc WT (shown in gray, see Figure 1C for a colored version) and the IL-11/sIL-11R/
sgp130Fc WT complexes (shown in the same color code as in Figure 2C) with labeling of the three residues in gp130. For
labeling of all other important residues, see Figures 1C and 2C. Further details can be found in the main text and the
methods section.

The IL-11R/gp130 interface at site lll differs from the IL-6R/gp130 interface

We have previously shown that besides IL-6 trans-signaling, sgp130Fc can also efficiently block IL-11 trans-
signaling via the sIL-11R (Lokau et al., 2016) (Figure 2A). Itis therefore desirable to modify sgp130Fcin a way
that allows the selective inhibition of either IL-6 or IL-11 trans-signaling. The IL-11 signaling complex is
similar to the IL-6 complex and also characterized via three distinct bindings sites, with the only exception
that IL-11 binds via site | to a unique, non-signaling IL-11R, whereas sites Il and Il mediate binding to the
two gp130 molecules (Figure 2B). We generated a molecular model of the IL-11/IL-11R/gp130 complex
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based on the X-ray structure of the IL-6/IL-6R/gp130 complex and the structures of IL-11 and the IL-11R and
inspected site Il and especially the interface between IL-11R and gp 130 (Figure 2C). Intriguingly, the IL-11R
has no amino acid residues with aromatic side chains at the respective interface (Figure 2C), which is in
considerable contrast to the IL-6R (Figure 1C). Accordingly, the gp130 mutations Q113F, N114L, and
T102Y, which increase binding of sgp130Fc to the IL-6/IL-6R complex (Figure 1D), should not increase,
but rather weaken the affinity to the respective sgp130Fc mutant (Figure 2D). A direct comparison of the
IL-11/IL-11R and the IL-6/IL-6R complexes illustrates that the interface between gp130 and the cytokine
receptors is strikingly different and might hold the key for the selective inhibition of one of the two
trans-signaling pathways (Figure 2E).

The Q113F mutation in sgp130Fc allows the discrimination between IL-11 and IL-6 trans-
signaling

Based on our structural considerations (Figure 2), we next set out to test experimentally whether the
sgp130Fc variants were indeed able to discriminate between IL-6 and IL-11 trans-signaling. For this, we
used again Ba/F3-gp130 cells, but used sIL-6R + IL-6 and sIL-11R + IL-11 and not a fusion protein, as it
mimics more closely the actual situation in vivo. Viability of Ba/F3-gp130 cells stimulated with 0.5 nM
IL-6 and 5 nM sIL-6R was reduced in a dose-dependent manner by sgp130Fc WT (Figure 3A). Interestingly,
sgp130Fc T102Y was more effective in blocking IL-6 trans-signaling compared with sgp130Fc WT, because
already 100 ng/mL significantly reduced cell proliferation (Figure 3B), which was not seen for sgp130Fc WT
(Figure 3A) and is in good agreement with the initial publication (Tenhumberg et al., 2008). Similarly,
sgp130Fc Q113F (Figure 3C), sgp130Fc T102Y/Q113F (Figure 3D), and sgp130Fc T102Y/Q113F/N114L (Fig-
ure 3E) blocked IL-6-induced proliferation in a dose-dependent manner and were all more effective than
sgp130Fc WT (Figure 3A).

To directly compare inhibition of IL-6 and IL-11 trans-signaling by the different sgp130Fc variants, we next
stimulated Ba/F3-gp130 cells with 0.5 nM IL-11 and 5 nM sIL-11R. As shown previously (Lokau et al., 2016),
addition of sgp130Fc WT reduced viability in a dose-dependent manner (Figure 3F). We did not observe
any difference compared with sgp130Fc WT when we used sgp130Fc T102Y (Figure 3G). However, whereas
sgp130Fc Q113F showed enhanced capacity to block IL-6 trans-signaling (Figure 3C), inhibition of IL-11
trans-signaling was less effective (Figure 3H). This difference became even more apparent when the double
mutant sgp130Fc T102Y/Q113F or the triple mutant sgp130Fc T102Y/Q113F/N114L were used, as the latter
one showed no inhibition at all toward IL-11 trans-signaling (Figures 3l and 3J). When directly comparing
the inhibitory capacity of the different sgp130Fc variants at a concentration of 10,000 ng/mL using two-way
ANOVA, we detected no differences between all sgp130Fc variants with regard to IL-6 trans-signaling.
Furthermore, there was no difference for sgp130Fc WT and sgp130Fc T102Y when inhibiting IL-11 trans-
signaling, underlining that both proteins were efficient inhibitors of IL-11 trans-signaling. In contrast, inhi-
bition of IL-11 trans-signaling by sgp130Fc Q113F, sgp130Fc T102Y/Q113F, and the triple mutant sgp130Fc
T102Y/Q113F/N114L was significantly different from the other conditions variants (p < 0.001 for all three
proteins), further confirming our notion that these sgp130Fc variants do not potently inhibit IL-11 trans-
signaling.

We then verified our results on the level of signaling and transcription. For this, we stimulated Ba/F3-gp130
cells with the same amounts of recombinant proteins and determined phosphorylation of the transcription
factor STAT3 via western blot. As shown in Figure S2A, all five sgp130Fc variants were able to block IL-6
trans-signaling-induced STAT3 phosphorylation. In contrast, only sgp130Fc WT and T102Y, but not the
other three sgp130Fc variants, blocked STAT3 phosphorylation induced by IL-11 trans-signaling. Further-
more, whereas both sgp130Fc WT and sgp130Fc T102Y/Q113F/N114L blocked transcription of the STAT3
target gene SOCS3 after stimulation via IL-6 trans-signaling, only sgp130Fc WT but not sgp130Fc T102Y/
Q113F/N114L blocked SOCS3 induction after IL-11 trans-signaling (Figure S2B). In conclusion, our data
reveal that sgp130Fc variants containing the Q113F mutation are efficient inhibitors of IL-6 trans-signaling,
but do not block IL-11 trans-signaling, thus allowing the selective blockade of one of the trans-signaling
pathways.

Soluble receptors generated by proteolytic cleavage are differentially blocked by sgp130Fc
variants

More than 80% of the sIL-6R in humans are generated by proteolytic cleavage, and one of the proteases
capable of cleaving the IL-6R is ADAM10 (Riethmueller et al., 2017). Furthermore, we have previously shown
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Figure 3. The Q113F mutation in sgp130Fc allows the discrimination between IL-11 and IL-6 trans-signaling

(A-E) Equal numbers of Ba/F3-gp130 cells were incubated with 0.5 nM IL-6 and 5 nM sIL-6R and increasing amounts (0-10,000 ng/mL) of recombinant (A)
sgp130Fc WT, (B) sgp130Fc T102Y, (C) sgp130Fc Q113F, (D) sgp130Fc T102Y/Q113F, and (E) sgp130Fc T102Y/Q113F/N114L. Cell viability was measured
48 h later. (F-J) The experiments were performed as described for (A-E), but 0.5 nM IL-11 and 5 nM sIL-11R were used instead. Each experiment was
conducted with three technical replicates. Data shown in all panels are the mean + SD (normalized to cells treated only with cytokine and soluble receptor)
from three independent experiments. RLU: relative light units. Experiments shown in (A-E) and (F-J) have been performed in parallel and therefore share the
same negative control. Statistical analysis was performed using ordinary one-way ANOVA with Dunnett’s multiple comparisons test (samples treated with
sgp130Fc compared with the sample treated only with cytokine; *p < 0.05; **p < 0.01; ***p < 0.001; ****p < 0.0001; ns: not significant).

See also Figure S2.

that ADAM10-mediated cleavage of the IL-11R initiated IL-11 trans-signaling (Lokau et al., 2016). Therefore,
we analyzed whether the observed differences in trans-signaling inhibition would also hold true for soluble
receptors generated by proteolytic cleavage. For this, we transiently transfected HEK293 cells with expres-
sion plasmids encoding either IL-6R or IL-11R, activated ADAM10, and monitored proteolytic cleavage and
thus release of sIL-6R and sIL-11R into the cell culture supernatant (Figures 4A and 4B). Afterward, we
addedIL-6 or IL-11 and the different sgp130Fc variants to the supernatant and incubated Ba/F3-gp 130 cells
with the mixture for 48 h. In agreement with our previous results, all sgp130Fc variants were able to block
IL-6 trans-signaling (Figure 4C). Likewise, whereas sgp130Fc WT blocked IL-11 trans-signaling also, all
sgp130Fc variants containing Q113F were not able to fully suppress IL-11 trans-signaling, and especially
the triple mutant sgp130Fc T102Y/Q113F/N114L did not block IL-11 trans-signaling induced by a
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Figure 4. Soluble receptors generated by proteolytic cleavage are differentially blocked by sgp130Fc variants
(A and B) HEK293 cells were transiently transfected with expression plasmids encoding either myc-tagged IL-6R or IL-11R
or mock control. 48 h post-transfection, medium was replaced by new serum-free medium and cells were stimulated for
60 min with 1 uM of the ionophore ionomycin. Proteins in the cell supernatant were precipitated by trichloracetic acid and
visualized by western blot. Cells were lysed and expressed receptors as well as GAPDH as loading control detected via
western blot. One experiment out of three performed is shown.

(C) Equal numbers of Ba/F3-gp130 cells were incubated with conditioned supernatant derived from the experiment
shown in (A) and with 5 nM IL-6. 10 ng/mL of the different recombinant sgp130Fc variants was added as indicated. Cell
viability was measured 48 h later.

(D) The experiment was performed as described in (C), but conditioned supernatant derived from the experiment shown
n(B)and 5nM IL-11 were used. The experiments using Ba/F3-gp 130 cells were conducted with three technical replicates.
Shown in (C) and (D) are the mean + SD (normalized to cells treated only with cytokine and soluble receptor) from three
independent experiments. RLU: relative light units. Statistical analysis was performed using ordinary one-way ANOVA
with Dunnett’s multiple comparisons test (samples treated with sgp130Fc compared with the sample treated only with
cytokine; *p < 0.05; ***p < 0.001; ****p < 0.0001; ns: not significant).

proteolysis-derived sIL-11R (Figure 4D). Thus, the identified selectivity of the sgp130Fc triple mutant also
holds true for proteolysis-dependent trans-signaling events.

DISCUSSION

The inhibition of pro-inflammatory cytokines is a well-established therapeutic strategy to combat inflam-
matory diseases, including rheumatoid arthritis and IBD. Consequently, antibodies and designer proteins
targeting these cytokines are among the top-selling biopharmaceutical products (Walsh, 2018). Of note,
further improvement of therapeutics is warranted, not only to reduce adverse effects but also to move
further in the direction of precision medicine (Dugger et al., 2018).
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IL-6 has been identified more than three decades ago, and the monoclonal antibody tocilizumab that
blocks the IL-6R is approved in more than 100 countries worldwide (Kishimoto, 2010). The notion that
the activities of IL-6 can be divided into classic and trans-signaling and that IL-6 trans-signaling is respon-
sible for its pro-inflammatory properties led to the development of sgp130Fc/olamkicept, which selectively
blocks trans-signaling (Jones et al., 2011). This is believed to be superior compared with the global
blockade of IL-6, which compromises the hepatic acute-phase response and results in bacterial infections
in patients treated with tocilizumab (Lang et al., 2012), whereas treatment with sgp130Fc does not influence
the innate immune response against pathogens (Hoge et al., 2013). Indeed, first clinical trials in patients
with IBD reported encouraging results (Chen et al., 2021; Schreiber et al., 2021).

IL-11 is the only other cytokine that signals through a homodimer of gp130, and consequently we have
shown that IL-11 trans-signaling via the IL-11/sIL-11R complex is also blocked by sgp130Fc (Lokau et al.,
2016). Although the exact roles of IL-11 trans-signaling in vivo have not been elucidated so far, it is without
doubt that injection of sgp130Fc in human patients and in mice blocks them, and that some of the reported
beneficial activities of sgp130Fc might be due to reduced IL-11 trans-signaling. In this study, we identify a
region within the interfaces of the cytokine/receptor complexes that is different between IL-6 and IL-11. We
find that an aromatic cluster around Q113 of gp130 holds the key to discriminate between IL-6 and IL-11
trans-signaling and that this knowledge can indeed be used to modify sgp130Fc in a way that it does
not interfere with IL-11 trans-signaling. Our results are in good agreement with a very recent study that
also analyzed the T102Y/Q113F/N114L mutations (Heise et al., 2021). Importantly, the mutation Q113F
has a stronger effect than the T102Y mutation in isolation, whereas the combination of both already largely
prevents the inhibition of IL-11 trans-signaling. The best discrimination between IL-6 and IL-11 trans-
signaling, however, was achieved with the triple mutant T102Y/Q113F/N114L. We did not analyze the
N114L mutation in isolation, because its localization at the border of the interface suggests that it would
not play a major role in this context. Indeed, the difference between sgp130Fc T102Y/Q113F and sgp130Fc
T102Y/Q113F/N114L was rather mild, showing that the major amino acid residue that is responsible for the
discriminatory effect is Q113. However, we cannot rule out that N114L in isolation would also show a
discriminatory effect with regard to the inhibition of IL-11 trans-signaling. Interestingly, the gp130 mutation
R281Q mutation in a patient with craniosynostosis has been described, which leads to a selective loss of
IL-11 signaling (Schwerd et al., 2020). It is tempting to speculate that the introduction of the mutations
described in this study into membrane-bound gp130 would result in a similar effect.

The identification of a truly selective IL-6 trans-signaling inhibitor that has no affinity toward IL-11/sIL-11R
will not only help to uncover the physiological and pathophysiological roles of IL-11 trans-signaling in vivo
but also will pave the way to design selective IL-11 trans-signaling inhibitors that do not block IL-6 trans-
signaling. These insights can also be used to generate designer proteins that selectively and with high
affinity bind and block other pro-inflammatory cytokines, which represent potent next-generation
therapeutics to treat inflammatory diseases.

Limitations of the study
Our results show how the selectivity of the therapeutically relevant designer protein sgp130Fc can be
further improved. Although our in vitro data conclusively demonstrate that IL-6 trans-signaling, but not
IL-11 trans-signaling, is blocked by the mutated sgp130Fc proteins, a confirmation in vivo has to be
achieved in further studies.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Anti-myc Cell Signaling Clone 71D10, Cat #2278
Anti-GAPDH Cell Signaling Clone 14C10, Cat #2118
Anti-pSTAT3 (pTyr705) Cell Signaling Clone D3A7, Cat#9145
Anti-STAT3 Cell Signaling Clone 124H6, Cat#9139
Mouse-POD Cell Signaling Cat#7076

Rabbit-POD Cell Signaling Cat#7074

Bacterial and virus strains

E. coli DH5a Invitrogen Cat#18265-017

Chemicals, peptides, and recombinant proteins

HyperlL-6 (Fischer et al., 1997) N/A

IL-6 (Mackiewicz et al., 1992) N/A

IL-11 (Lokau et al., 2017b) N/A
sgp130Fc WT (Jostock et al., 2001) N/A
sgp130Fc T102Y Conaris Research AG N/A
sgp130Fc Q113F Conaris Research AG N/A
sgp130Fc T102Y/Q113F Conaris Research AG N/A
sgp130Fc T102Y/Q113F/N114L Conaris Research AG N/A

sIL-6R R&D Systems Cat# 227-SR-025/CF
sIL-11R R&D Systems Cat# 8895-MR-050
Turbofect Thermo Fisher Scientific Cat# R0532
lonomycin Thermo Fisher Scientific Cat# 124222
Tris-HCI Carl Roth Cat# 9090.3
Tris Base Carl Roth Cat# AE15.1
NaCl Carl Roth Cat# 9357.2
Methanol Carl Roth Cat# 4627.5
Tween-20 Carl Roth Cat# 9127.1
TEMED Carl Roth Cat# 2367.1
Protease Inhibitor Cocktail Sigma Aldrich Cat# P8340
Acrylamide (Rotiphorese Gel 30) Carl Roth Cat# 3029.1
bovine serum albumin Carl Roth Cat# T844.3
Trichloracetic acid Carl Roth Cat# 8789.1
SDS Carl Roth Cat# 2326.2
B-mercaptoethanol Carl Roth Cat# 4227.3
EDTA Carl Roth Cat# 8043.2
Glycin Carl Roth Cat# 3908.3

Critical commercial assays
Cell Titer Blue Cell Viability Assay Promega Cat# G8080
SYBR Green Mastermix Thermo Fisher Scientific Cat# 4309155

Experimental models: Cell lines

Ba/F3-gp130 (Gearing et al., 1994) N/A

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

HEK293 ATCC RRID:CVCL_0045

Oligonucleotides

mSOCS3 F Sigma-Aldrich N/A

GCTCCAAAAGCGAGTACCAGC

mSOCS3 R Sigma-Aldrich N/A

AGTAGAATCCGCTCTCCTGCAG

mGAPDH F Sigma-Aldrich N/A

AAGGTCATCCCAGAGCTGAA

mGAPDH R Sigma-Aldrich N/A

CTGCTTCACCACCTTCTTGA

Recombinant DNA

pcDNA3.1 ThermoFisher Scientific N/A

pcDNA3.1-Myc-hlL-6R (Lokau et al., 2017¢) NA

pcDNA3.1-Myc-hlL-11R (Lokau et al., 2017¢) N/A

Software and algorithms

UCSF Chimera 1.13.1
Image Studio Lite Ver 5.2
GraphPad Prism 8

(Pettersen et al., 2004)
Li-COR Biosciences

GraphPad Software Inc

RRID:SCR_004097
RRID:SCR_013715
RRID:SCR_002798

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by
the Lead Contact, Christoph Garbers (christoph.garbers@med.ovgu.de).

Materials availability

This study did not generate new unique reagents.

Data and code availability
@ All data reported in this paper will be shared by the lead contact upon request.

® This paper does not report original code.

® Any additional information required to reanalyze the data reported in this paper is available from the
lead contact upon request.

EXPERIMENTAL MODEL AND SUBJECT DETAILS
Cultivation of Ba/F3-gp130 and HEK293 cells

The cells were cultured in DMEM supplemented with 10% FCS, 60 mg/L penicillin, 100 mg/mL streptomycin
in a standard incubator at 37°C with 5% CO; and a water-saturated atmosphere. Ba/F3-gp130 cells were
additionally cultured with 10 ng/mL Hyper-IL-6. The sex of HEK293 cells is female, the sex of Ba/F3 cells
is unknown. The cell lines were obtained from official repositories, and therefore no additional cell authen-
tication was performed.

METHOD DETAILS
Production of recombinant proteins

Hyper-IL-6, a fusion protein consisting of IL-6 and the sIL-6R, IL-6, and IL-11 have been produced in house as
described previously (Fischer et al., 1997; Lokau et al., 2017b; Schroers et al., 2005).
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Molecular modeling of the cytokine/cytokine receptor complexes

The crystal structure of the IL-6/IL-6R/gp130 complex (pdb: 1P9M) (Boulanger et al., 2003) served as tem-
plate for the model of the IL-11/IL-11R/gp 130 complex. The crystal structures of IL-11 and IL-11R (Metcalfe
et al., 2020) were superimposed by a least squares fit algorithm onto the IL-6 and IL-6R structure in the IL-6/
IL-6R/gp 130 complex, respectively. Only regular secondary structure elements were considered for the su-
perposition by the fitting algorithm. Please see also the procedure described in (Tenhumberg et al., 2008).
Visualization of the structures and in silico point mutations were performed with UCSF chimera (Pettersen
et al., 2004).

All amino acids residues in this manuscript are numbered according to the full length proteins including
their signal peptides. In contrast, the sequences in the pdb files which form the basis of the molecular
models of the cytokine complexes do not include the signal peptides and thus have a different numbering.
These numbers correspond to the structures as follows:

gp130: T102 = T80, Q113 = Q91, N114 = N92; IL-6R: F153 = F134, F187 = F168; IL-6: W184 = W157; IL-11R:
L154 = L1132, D209 = D187; IL-11: W168 = W168. Please note that L154 of the IL-11R is not resolved in the
respective structure (pdb: 604P).

Viability of Ba/F3-gp130 cells and detection of STAT3 phosphorylation

To analyze the response of Ba/F3-gp130 cells to the different trans-signaling pathways, 5000 cells per well were
seeded into 96 well plates. The cells were treated with 5nM Hyper-IL-6, 0.5 nM IL-6 and 5 nM sIL-6R, or 0.5 nM
IL-11 and 5 nM sIL-11R in the presence of increasing amounts of the sgp130Fc variants (0-10,000 ng/mL) for 48 h.
Alternatively, cells were treated with 50% conditioned supernatant from ionomycin treated HEK cells and 5 nM
IL-6 or IL-11 for 48 h. The Viability of the cells was assessed using the CellTiter Blue Cell Viability Assay (Promega,
Karlsruhe, Germany) according to manufacturers’ instructions. Fluorescence intensity was measured on a CLAR-
|Ostar plate reader (BMG Labtech, Ortenberg, Germany) and normalized to the value measured at the starting
point. Furthermore, data were normalized to the viability without addition of sgp130Fc in order to be able to
compare different trans-signaling inducers. All measurements were performed in triplicates.

To determine STAT3 phosphorylation, Ba/F3-gp130 cells were washed 3 times with PBS and then serum
starved for 2.5 h. 5 nM sIL6R/sIL-11R and 0.5 nM IL-6/IL-11 were incubated with 1 ng/mL sgp130Fc variant
for 20 min. Then, cells were stimulated with that mixture for 15 min, collected by centrifugation and boiled
in 2.5x reducing L&mmli-buffer before being subjected to SDS-PAGE and western blotting.

Shedding assay in HEK293 cells, cell lysis and precipitation of supernatants

HEK293 cells were transfected with expression plasmids encoding myc-tagged IL-6R or IL-11R, or a mock
control. 48 h after transfection, cells were stimulated with 1 pM ionomycin for 1 h in serum free medium.
Cells and supernatant were harvested and the supernatants were filtered through a 0.2 um filter. The
proteins in the supernatant were precipitated using trichloracetic acid (TCA). For that, supernatants
were mixed with equal amounts of 20% TCA and incubated for 20 min on ice. The precipitated proteins
were collected by centrifugation at 18,000 x G for 20 min at 4°C and then washed with 350 uL ice-cold
acetone for 20 min on ice. After a final centrifugation step at 18,000 x G for 20 min at 4°C the acetone
was removed and the precipitate allowed to dry at room temperature over night. Finally, the pellets
were boiled in 2.5 x reducing L&mmli buffer and analyzed by western blot.

Cells were lysed in lysis buffer [10 mM Tris-HCI pH 7.5, 150 mM NaCl, 50 mM EDTA, 1% Triton X-100, and
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, USA) and analyzed via western blot.

Western blot

Cell lysates and precipitated supernatants were separated by SDS-PAGE and transferred either onto a
nitrocellulose membrane (for detection of (p)STAT3) or on a PVDF membrane. Membranes were blocked
with 5% BSA in TBS (10 mm Tris-HCl, pH 7.6, 150 mm NaCl) for 1 h at room temperature. Afterward, mem-
branes were probed with primary antibodies at 4°C over night. Then, the membranes were washed 3 times
with TBST-T (10 mm Tris-HCI, pH 7.6, 150 mm NaCl, 0.05% Tween) and incubated with appropriate second-
ary antibodies either conjugated to IRDye (for detection of (p)STAT3) or horseradish peroxidase for 1 h at
room temperature. The membranes were again washed once with TBS-T and 3 times with TBS and the

¢? CellPress

OPEN ACCESS

iScience 24, 103309, November 19, 2021 13




¢? CellPress

OPEN ACCESS

signals were detected using the ChemiDocMP (Bio-Rad, Hercules, USA). For detection of horseradish
peroxidase signals, the ECL Prime Western blotting detection reagent (GE Healthcare, Chicago, USA)
was used according to the manufacturer’s instructions. For detection of the loading control GAPDH the
membrane was cut horizontally with a scalpel at the appropriate molecular weight in order to allow
detection of multiple proteins.

RNA isolation and quantitative PCR

Ba/F3-gp130 cells were washed 3 times with PBS and serum starved for 2.5 h. 5 nM Hyper-IL-6 or 5nM slL-
6R/sIL-11R plus 5 nM IL-6/IL-11 were incubated with 1 pg/mL sgp130Fc variant for 20 min. Then, the cells
were stimulated with the mixture for 1 h. Cells were harvested and the RNA was isolated using the
NuceloSpin RNA Kit (Macherey-Nagel, Diren, Germany) according to manufacturers’ instructions. The
RNA concentration was measured on a ScanDrop2 (Analytik Jena, Jena, Germany) and 2 pg RNA were
reversely transcribed into cDNA to a final volume of 20 uL using 5 uM Oligo-dT primer and the RevertAid
Reverse Transcriptase (Thermo Fisher Scientific, Waltham, USA) according to manufacturers’ instructions.
For quantitative PCR, cDNA transcribed from 50ng RNA was analyzed using the SYBR Green Mastermix
(Thermo Fisher Scientific, Waltham, USA) in a total volume of 10uL according to manufacturers’ instruc-
tions. The PCR was performed on a QuantStudio 6 (Thermo Fisher Scientific, Waltham, USA). The samples
were initially incubated at 95°C for 10 min followed by 40 cycles of 95°C for 15s and 60°C for 60's. The mea-
surements were performed in triplicates. SOCS3 expression was normalized to GAPDH and the relative
gene expression levels were calculated using the 2722t method.

QUANTIFICATION AND STATISTICAL ANALYSIS
Quantification

Densiometric analysis of western blot images was performed using the Image Studio Lite 5.2 software
(LI-COR Biosciences, Lincoln, USA). Data are presented as ratio of pSTAT/STAT3 signal intensity.

Statistical analysis

Statistical analysis was performed with GraphPad Prism 8 (GraphPad Software, San Diego, CA, USA). In
order to determine the inhibition capacity of the individual sgp130Fc variants, ordinary one-way ANOVA
with Dunnett’'s multiple comparisons test was used (samples treated with sgp130Fc compared to the sam-
ple treated only with cytokine). Further details about the values that were considered significant are giveniin
the respective figure legends. In order to compare the different sgp130Fc variants with each other at a fixed
concentration, we used a two-way ANOVA with multiple comparisons combined with the Tukey post-hoc
test.
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