ImmunoTargets and Therapy gg‘ggl;?gip

REVIEW

IL-6 Signaling in Immunopathology: From Basic
Biology to Selective Therapeutic Intervention

Tim Schumertl, Juliane Lokau, Christoph Garbers

Institute of Clinical Biochemistry, Hannover Medical School, Hannover, 30625, Germany

Correspondence: Christoph Garbers, Institute of Clinical Biochemistry, Hannover Medical School, Carl-Neuberg-Strasse |, Hannover, 30625,
Germany, Tel +49 511 532 9802, Email garbers.christoph@mbh-hannover.de

Abstract: Interleukin-6 (IL-6) is a cytokine with pro- and anti-inflammatory functions. Interestingly, its divergent biological activities
are mediated by different signaling pathways: In IL-6 classic signaling, which is associated with the regenerative and anti-
inflammatory properties of the cytokine, IL-6 binds to and signals via the membrane-bound IL-6 receptor (IL-6R) on its target
cells. In contrast, the pro-inflammatory properties of IL-6 are mediated via the soluble (s)IL-6R (IL-6 trans-signaling). Recently, a third
mode of IL-6 signaling was revealed, which was termed cluster signaling and is required for the generation of pathogenic Th17 cells.
In all pathways, intracellular signaling cascades are activated via the formation of a gp130 homodimer. The involvement of IL-6 in the
pathogenesis of inflammatory diseases, autoimmune diseases and even cancer has made IL-6 and the IL-6R important therapeutic
targets. Consequently, antibodies that block either IL-6 itself or the IL-6R are in clinical use and have been approved for different
inflammatory diseases, including rheumatoid arthritis (RA). This review gives an overview about the complex biology of this
important cytokine, summarizes the current usage of anti-IL-6 therapeutics in clinical use and highlights the pre-clinical and clinical
development of novel therapeutic agents that specifically block only the trans-signaling pathway of IL-6.
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Introduction

The cytokine interleukin-6 (IL-6) is a member of the IL-6 family of cytokines and consists of 184 amino acids." The
protein is glycosylated and consists of four anti-parallel a-helices which are arranged in an up-up-down-down topology.’
IL-6 is produced by different immune cells such as B cells, T cells, dendritic cells or macrophages but also by other cell
types such as fibroblasts or myocytes.* Its release is induced e.g. by the activation of pattern recognition receptors or in
response to stress, leading to a significant increase of IL-6 levels.® IL-6 is not only involved in a number of
physiological processes that are essential for human health, but it is also critically involved in basically all inflammatory
diseases and thus an important therapeutic target. The rather unique feature of IL-6 in this regard is the fact that its
biological activities in health and disease are mediated via two different ways of signaling: Physiological, regenerative
and anti-inflammatory activities of IL-6 are mediated via the membrane-bound IL-6R (classic signaling), while the
pathological, pro-inflammatory and tumor-promoting activities of IL-6 are mediated via the soluble IL-6R (trans-
signaling). Via classic signaling, IL-6 is involved in the regulation of different aspects of the immune system, for

1911 61 by regulating the differentiation of B'? or

14,15

example by inducing the production of acute phase proteins in the liver
T cells." In addition, the cytokine contributes to different aspects of the metabolism as well as bone remodeling.'®
Furthermore, involvement of IL-6 in neural differentiation'” as well as in the regeneration of different organs like liver'®
or intestine'” was reported.

In addition to this high number of physiological functions, IL-6 critically contributes to inflammatory diseases,
including several autoimmune diseases, and to different cancer entities.”**?' The upregulation of IL-6 in these diseases
makes the cytokine and its receptor, the IL-6 receptor (IL-6R), attractive targets for therapeutic interventions.*> The

antibody tocilizumab, which binds to the IL-6R and thus prevents binding of IL-6 to the IL-6R and the following
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activation of intracellular signaling cascades, was the first approved specific IL-6 inhibitor and has proven clinical benefit
in multiple inflammatory diseases, including rheumatoid arthritis (RA).**** Since then, several other antibodies and
designer proteins have been developed that are either already in clinical use or are currently investigated in clinical trials
(see Inhibition of IL-6 Signaling for details). Furthermore, inhibitors which target only selected aspects of the complex
biology of IL-6 have been developed, which are promising next-generation IL-6 inhibitors that promise more specificity
and less side effects.”

The present review gives an overview of the multi-faceted biology of IL-6 and summarizes recent developments
regarding its specific inhibition in inflammatory diseases.

Different Modes of IL-6 Signaling

IL-6 can activate its target cells via three different modes called classic signaling,?® trans-signaling
22,27,28

2426 and cluster

signaling (Figure 1). Interestingly, despite the different roles of these signaling modes in physiology and
pathophysiology, intracellular signaling pathways are always activated by a complex consisting of the cytokine IL-6,
the membrane-bound or soluble (s)IL-6R and a homodimer of the B-receptor glycoprotein 130 (gp130).%% In the first step
of complex formation IL-6 binds to the (s)IL-6R.?> While the single components IL-6 and (s)IL-6R possess no affinity to

gp130, the IL-6/(s)IL-6R complex is able to bind to gp130 with high affinity, resulting in the activation of the IL-6
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Figure | Three different modes of IL-6 signaling. IL-6 signaling is induced by a complex of IL-6, IL-6R and a gp130 homodimer. The IL-6R in this complex can be located on
the target cell (left, classic signaling), as a soluble form (sIL-6R) in the extracellular space (middle, trans-signaling) or on a cell that is not the target cell (right, cluster
signaling). Gp 130 of the signaling complex is always located on the target cell. The formation of the signaling complex results in the activation of the JAK/STAT, MAPK, PI3K
and YAP pathway, which regulate the expression of different target genes.
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signaling cascade.?”** This two-step mechanism is crucial, because the (s)IL-6R is only able to bind the cytokine and not
capable of activating intracellular signal cascades on its own. The expression of the B-receptor gp130 in basically all cells
ensures that they can be activated by IL-6.2>"" Irrespective of the extracellular composition of the signaling complex,
dimerization of two gp130 molecules results in the activation of the same intracellular signaling pathways: the Janus
kinase/ Signal Transducer and Activator of Transcription (JAK/STAT), Mitogen-Activated Protein Kinase (MAPK),
Phosphoinositide 3-kinases (PI3K) and YES-associated protein (YAP) pathway, which regulate the activity of different
target genes involved for example in the regulation of apoptosis, differentiation, proliferation and survival of the cell
(Figure 1).3132

Despite these similarities, the functional outcomes of the three signaling modes are fundamentally different. In classic
signaling, IL-6 binds to the membrane-bound IL-6R (Figure 1). This means that expression of the IL-6R by the target
cells is a prerequisite for classic signaling and that cells lacking IL-6R on their surface do not respond to IL-6 classic
signaling.25 30 Cells expressing the IL-6R include most immune cells, eg, monocytes, macrophages, dendritic cells,
B cells or T cells but also other cells such as hepatocytes and osteoclasts.*® ¢ IL-6 classic signaling is associated with the
regenerative and anti-inflammatory functions of the cytokine, most prominently the hepatic acute phase response.>’

In contrast to classic signaling, trans-signaling uses a sIL-6R for the formation of the receptor complex (Figure 1).%°
This means that IL-6 trans-signaling can activate many more cell types than IL-6 classic signaling because the -receptor
is expressed on almost all cells of the human body with the exception of granulocytes.”>*** The sIL-6R is generated by
alternative splicing,®” released on microvesicles™ or generated by proteolysis of the membrane-bound IL-6R*° (see the
next section for details). In addition to the formation of the sIL-6R, proteolysis also reduces the amount of the membrane-
bound IL-6R on the cell surface.*®*' Thus, IL-6R proteolysis can be envisioned as a molecular switch which not only
induces IL-6 trans-signaling, but also downregulates the amount of IL-6R on the cell surface and thereby limits IL-6
classic signaling.*? IL-6 trans-signaling is primarily associated with chronic inflammation and inflammatory diseases and
thus accounts for the pro-inflammatory properties of IL-6.>* Additionally, trans-signaling is the main IL-6 pathway
associated with cancer as well as autoimmune diseases.”* However, also an association of trans-signaling and liver
regeneration was reported.*

The third mode of IL-6 signaling uses again the membrane-bound IL-6R (Figure 1).*” In IL-6 cluster signaling,
however, the IL-6R is located on a cell that is not the target cell that expresses gp130.%” Here, the IL-6/IL-6R complex on
dendritic cells activates the IL-6 signaling cascade in cognate T cells by interacting with gp130 on the T cells. This
pathway is relevant for the formation of pathogenic Tyl7 cells that are involved in the development of multiple
sclerosis.”” Whether cluster signaling is also involved in other diseases in addition to the autoimmune disease multiple
sclerosis has yet to be investigated.

Interestingly, multiple modes of IL-6 signaling can occur in parallel in the same cell.***® Cells expressing the
membrane-bound IL-6R and gp130 can be activated by IL-6 classic signaling as well as IL-6 trans-signaling when the
number of gp130 molecules exceed the number of membrane-bound IL-6R molecules.***” So activation of these cells by
the membrane-bound IL-6R alone or by the membrane-bound IL-6R and the sIL-6R in combination results in a different
number of activated gpl130 molecules, resulting in different signaling strengths that can lead to different cellular
responses like increased cellular proliferation. For example, simultaneous activation of IL-6 classic and trans-signaling
leads to higher cell proliferation than IL-6 classic signaling alone.***¢48

Another level of complexity is added by the existence of the other IL-6 family cytokines IL-11, cardiotrophin 1 (CT-1),
cardiotrophin-like cytokine (CLC), ciliary neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), oncostatin M (OSM)
and IL-27."® These cytokines also use gp130 as part of their signaling complex, which results in overlapping activation of
intracellular signaling molecules. Additionally, these cytokines alter the amount of available gp130 molecules, which might
affect the different IL-6 signaling modes, allowing further modulations of the cellular response by these cytokines.*’

Generation of the Soluble IL-6 Receptor

Soluble cytokine receptors can be generated via different mechanisms.’® One of the first studies regarding the sIL-6R
reported the isolation of an mRNA that encodes a soluble IL-6R.*° The underlying mechanism is termed alternative
mRNA splicing (Figure 2), which in case of the sIL-6R means the excision of the exon encoding the transmembrane

ImmunoTargets and Therapy 2025:14 htps: 683



Schumertl et al

i sIL-6R

i

IL-6R

siL-6R

Figure 2 Different mechanisms to generate soluble IL-6R. The sIL-6R is generated by three different modes: (1) In addition to mRNA coding for the full-length IL-6R cells
can also generate mRNA coding for a soluble form of the receptor. This process is called alternative mRNA splicing and occurs when the mRNA is processed by the
spliceosome. (2) The majority of the sIL-6R is generated by proteolytic cleavage of the full-length IL-6R on the cell surface. This event is catalyzed by proteases, most notably
by ADAMI7. (3) Moreover, the full-length IL-6R can be released on extracellular vesicles. This is the only mode in which the sIL-6R is not a truncated version of the full-
length receptor.

region of the IL-6R. This splicing event results in a frameshift and a unique C-terminus of the sIL-6R that includes ten
novel amino acids which are not part of the full-length IL-6R sequence.>”" After generation of an antibody directed
against this particular C-terminus and the development of an ELISA, we could show that ~15% of the sIL-6R present in
the serum of healthy humans contains this C-terminus and thus is generated via alternative splicing of the IL6R mRNA.”'
The majority of the sIL-6R, however, stems from proteolytic cleavage of the membrane-bound IL-6R precursor
(Figure 2), as shown by mass spectrometry-based detection of a novel C-terminal peptide that was generated by
a protease.”’ Using mutagenesis of the cleavage site, chemical inhibitors and protease-deficient cell lines, we have
identified the metalloprotease ADAM17 as the major protease that cleaves the IL-6R.**>'~3 Importantly, by mapping the
IL-6R cleavage site we could for the first time explain why human individuals homozygous for the minor allele of the
single nucleotide polymorphism (SNP) rs2228145 have doubled levels of sIL-6R in their serum. This SNP results in an
exchange of the aspartic acid residue at position 358 of the IL-6R, to an alanine residue. This position is in close
proximity to the cleavage site and the exchange renders the IL-6R more susceptible towards proteolytic cleavage.>*
Of note, in addition to ADAM17 several other proteases have been identified in recent years that are, at least in vitro,
capable of IL-6R proteolysis and thus sIL-6R generation. These are ADAM10,*' RHBDL2,’*® meprins®’ and cathepsin
S.>® With the exception of ADAMI10,’! the cleavage site used by the other proteases has not been determined and
compared to the cleavage site found in vivo, and it is thus unclear whether these proteases contribute to sIL-6R serum
levels, whether they might be important IL-6R sheddases under inflammatory conditions, or whether they cleave the IL-
6R in vivo at all. Irrespective of the protease that cleaves the IL-6R or whether it originates from alternative splicing, all
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mentioned sIL-6R variants contain the IL-6 binding site and thus do not differ in their ability to perform IL-6 trans-
signaling on cells that do not express the IL-6R.

Lastly, we could show that the IL-6R can also be released from cells via extracellular vesicles (Figure 2).** In contrast to
alternative splicing and proteolytic cleavage, extracellular vesicles contain a full-length IL-6R and not a truncated protein. The
functional relevance of this pathway is only poorly understood, but there is some evidence that the extracellular vesicles
containing the IL-6R can fuse with other cells, including cells that lack the IL-6R on their surface, and thus transform a cell that
cannot respond to IL-6 classic signaling into a cell that can directly be activated by IL-6.°° Thus, the third mode of sIL-6R
generation does not lead to IL-6 trans-signaling, but might represent another layer of regulation of IL-6 signaling.

Interestingly, ADAM proteases are also part of extracellular vesicles,*® >

so IL-6R cleavage might occur even after release
of the vesicles in a cell autonomous manner, although there is no published evidence for such a mechanism to date.
Interestingly, also gp130 exists in different soluble forms which are all able to bind IL-6/sIL-6R complexes. However,
the generation of sgp130 differs from sIL-6R generation and is explored in much less detail. Differential splicing events
and alternative intronic polyadenylation of the gp130 mRNA give rise to at least three different sgp130 variants with
different molecular weights.®>®® These sgp130 variants are expressed in a cell-type specific manner, bind IL-6/sIL-6R
with different efficacy, and are believed to allow endogenous fine-tuning of IL-6 trans-signaling.®” Additionally, sgp130
can also be generated by proteolysis. While ADAMI10 and ADAMI17 can shed gpl130 from the cell surface,®’ the

majority of proteolysis-derived sgp130 is generated by the protease BACE1.%®

The sIL-6R/sgp 130 Buffer System

We have described in the previous section how sIL-6R and sgp130 are generated. While this has been investigated in
much detail, the biological function and functional relevance of the two proteins for IL-6 biology remains controversial
and under intense investigation and debate.

There is good evidence that all receptors of the IL-6 family exist not only as membrane-bound proteins, but also as
soluble forms.”® This is not an exclusive feature of the IL-6 family, as soluble cytokine receptors have also been
described for other cytokine families, eg, the IL-2/common gamma chain family.”® Thus, soluble cytokine receptors,
which are antagonistic decoy proteins in most cases, might represent an additional mechanism how the biological activity
of cytokines is controlled and thus contribute to the prevention of overshooting cytokine activities. However, one could
even envision that all membrane-bound proteins undergo proteolytic cleavage, which might be one mechanism by which
a cell can control and regulate the amount of a particular protein on its surface. In this case, the generated soluble proteins
would rather be waste products than molecules with distinct properties and functions.

While it is not possible to definitely answer this question in general, there is ample evidence that at least sIL-6R and
sgp130 fulfill meaningful and important biological functions that are relevant for human health. The serum levels of sIL-
6R in healthy individuals are between 20 and 80 ng/mL, while sgp130 serum levels are around 400 ng/mL.% Thus, IL-6
that enters the bloodstream will most likely bind to a sIL-6R molecule and form an IL-6/sIL-6R complex. This bipartite
complex can either bind to gp130 expressed on a cell, thus performing IL-6 trans-signaling, or it will be inactivated by
binding to a sgp130 molecule. Our hypothesis is therefore that sIL-6R and sgp130 constitute a natural buffer system that
eliminates IL-6, as the tripartite IL-6/sIL-6R/sgp130 complex cannot bind to a cell anymore, but will instead be removed
from the circulation (Figure 3A). There is little hard information about the percentage of free IL-6 and soluble receptors,
active IL-6/sIL-6R dimers, and inactive IL-6/sIL-6R/sgp130 trimers in the blood, but the proportions can be calculated.
Due to the rather weak affinity of IL-6 to the (s)IL-6R, which is around 1nM, and the much higher affinity of the IL-6/
SsIL-6R complex to (s)gp130 of about 10pM,*’ it is quite clear that no significant amount of free IL-6/sIL-6R complexes
can exist in healthy individuals. Furthermore, sgp130 is present in molar excess over sIL-6R, which emphasizes that the
amount of sIL-6R determines the capacity of the buffer system, because more sIL-6R will be able to bind more free IL-6,
ultimately leading to more inactive IL-6/sIL-6R/sgp130 complexes. Whenever more IL-6 is generated than sIL-6R is
present, the buffer will be exhausted and systemic IL-6 classic signaling will occur (Figure 3B). Increased IL-6
concentrations are reported in a variety of different diseases and can even reach several micrograms per milliliter in
patients with bacterial sepsis,’® which significantly exceed the capacity of the buffer. Similarly, inflammatory events are
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Figure 3 An endogenous buffer system for IL-6. (A) In the blood of healthy individuals, the amount of IL-6 is below the amount of the sIL-6R, and the amount of sgp130 exceeds the
levels of both IL-6 and sIL-6R. All IL-6 that is released into the blood can bind to sIL-6R and the excess of sgp |30 inactivates the resulting IL-6/sIL-6R complexes. Thus, neither classic
signaling nor trans-signaling can occur. (B) Whenever the number of IL-6 molecules exceeds the number of slL-6R molecules, free IL-6 exists in the blood due to the lack of sIL-6R that is
required to form IL-6/sIL-6R complexes. Free IL-6 can initiate classic signaling. IL-6 that binds to the sIL-6R is again inactivated by the excessive amount of sgp130. (C) In cases in which the
number of IL-6/sIL-6R complexes exceeds the number of sgp 130 molecules, IL-6 trans-signaling can occur, as IL-6/sIL-6R complexes that are not bound by sgp 130 are present besides the
inactive IL-6/sIL-6R/sgp | 30 complexes. Additionally, classic signaling can occur if the number of IL-6 molecules exceeds the number of sIL-6R molecules as already shown in (B).
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often accompanied not only by an increase in IL-6, but also increased sIL-6R, in which case the amounts of sgp130 are
not sufficient to neutralize all IL-6/sIL-6R complexes, and systemic classic and trans-signaling will occur (Figure 3C).

The best evidence for the existence and high relevance of this buffer comes from two meta analyses that described
a causal association between coronary heart disease and the IL-6R.”"-’> Both studies analyzed data from more than
100,000 patients and found that the SNP rs2228145, which results in the exchange of an aspartic acid to an alanine
residue at position 358 of the IL-6R,” was associated with higher sIL-6R concentrations, lower amounts of C-reactive
protein and most importantly decreased odds of coronary heart disease events.”"’?> We have described in the previous
section that the exchange of this amino acid increases proteolysis by ADAM proteases and thus leads to higher amounts
of sIL-6R and lower amounts of membrane-bound IL-6R.>*”* The increased sIL-6R levels allow more free IL-6 to be
bound and inactivated, contributing to reduced systemic inflammation, which results in reduced odds to experience
coronary heart disease.”””’® Using recombinant proteins at concentrations that mimic the conditions found in vivo, we
could indeed show in vitro the enhanced neutralizing capacity of the buffer system when sIL-6R amounts are increased.®’

This is not only relevant for coronary heart disease, but most likely also for several other inflammatory diseases. We
could show that sIL-6R and sgp130 serum levels were lower and IL-6 levels were higher in patients with type 2 diabetes
compared to healthy controls, indicating a lower buffer capacity which might be accompanied by higher IL-6 induced
pro-inflammatory signals. We observed this also in patients with both type 2 diabetes and atherosclerosis, but not in
patients with atherosclerosis alone.®® Besides this, a systematic analysis of this phenomenon has not been conducted to
date, but warrants further investigation.

Inhibition of IL-6 Signaling

The IL-6 signaling complex and its downstream signaling cascades offer multiple avenues of therapeutic intervention,
and all of them have been explored. In order to block IL-6 signaling from the outside of the cell, antibodies directed
against either IL-6, the IL-6R, or the signal-transducing p-receptor gp130 can be used. IL-6 complex formation is elicited
via three different binding sites of IL-6. First, IL-6 binds to the soluble or membrane-bound IL-6R via site I, whereas the
binding of the two gp130 molecules is facilitated through site IT and site III, respectively.”””® Inhibition of gp130 is not
a suitable mechanism to block IL-6 signaling due to the shared usage of gp130 with the other cytokines of the IL-6
family.** The importance of this cytokine family is easiest visualized by a knock-out of gp130 in mice, which results in
embryonic lethality.”” In line with that, human individuals with loss-of-function variants in IL6ST (the human gene
encoding gp130) have lethal Stiive-Wiedemann-like syndrome, characterized by neonatal lung dysfunction and skeletal
abnormalities among other features.® Accordingly, although monoclonal antibodies against gp130 have been developed

81-83 none of these have reached clinical studies.?

that target cytokine-specific epitopes on this receptor,

Instead, the first clinically approved antibody to block IL-6 signaling was tocilizumab, which targets the IL-6R
contact site to which IL-6 would bind via site I* and thus prevents binding of IL-6, the subsequent formation of the
signaling complex and finally the activation of intracellular signaling pathways (Figure 4). Tocilizumab has been first

approved for the treatment of Castleman disease,®”%

a rare lymphoproliferative disorder. Nowadays, tocilizumab is used
for several other inflammatory diseases, including RA, systemic juvenile idiopathic arthritis, giant cell arteritis and
neuromyelitis optica spectrum disorder.**®” Typical adverse effects of tocilizumab are an increased risk for infection and
elevations of laboratory parameters like lipids and transaminases, the latter ones often described as transient.®®%°

During the recent pandemic, IL-6 was early on recognized as a crucial factor of inflammation during the SARS-CoV

-2 infection,”®"!

and several studies evaluated tocilizumab in the treatment of COVID-19 patients, albeit with rather
mixed results.””®° Nevertheless, tocilizumab was approved, but only for the treatment of severe COVID-19
pneumonia.®’ Interestingly, also alterations in sIL-6R levels in patients with COVID-19 were noted.'>'°" Another
application of tocilizumab is the CAR T cell therapy, a cancer immunotherapy in which T cells of the patient are
engineered to recognize and thus eliminate tumor cells.'> Here, a critical side effect is the induction of a so-called
cytokine release syndrome, meaning the massive production of different pro-inflammatory cytokines, including IL-6,
induced by the CAR T cells. Application of tocilizumab has been proven beneficial in these patients.'***'** Of note,
tocilizumab binds to both membrane-bound and soluble IL-6R forms and is not able to discriminate between the different

modes of IL-6 signaling (Figure 4).
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Figure 4 IL-6 inhibitors in clinical use. IL-6 inhibitors that are approved for clinical use include the anti-IL-6 antibodies siltuximab and olokizumab. While the interaction with
siltuximab blocks site | in IL-6 and consequently formation of the IL-6/(s)IL-6R complex, olokizumab does not prevent this complex formation. Instead, olokizumab interacts
with site Il of IL-6, thereby inhibiting binding of the IL-6/(s)IL-6R complex to gpl30. Tocilizumab, sarilumab and satralizumab target the IL-6R. All antibodies do not
discriminate between classic and trans-signaling. In contrast, the designer protein sgp|30Fc/olamkicept is a selective inhibitor of IL-6 trans-signaling. Further approaches
target the Janus kinases (JAKs) as part of the intracellular signaling cascade. JAK inhibitors that are already approved include tofacitinib (selective for JAKI- and JAK3),
baricitinib (selective for JAKI- and JAK2), filgotinib and upadacitinib (both selective for JAKI).

Besides tocilizumab, two other antibodies targeting the IL-6R are approved and in clinical use (Figure 4). Sarilumab,
which binds to the same part of the IL-6R as tocilizumab,** has been proven to be effective in treating patients with

RA'71% and has therefore been approved for clinical use. The newest addition is satralizumab, which showed

109,110

promising results in phase 3 trials and is approved for the treatment of neuromyelitis optica spectrum disorder.

A recent

Long-term studies have shown that the antibody retains its efficacy over more than 3.5 years of treatment.
randomised, double-blind, multicentre, placebo-controlled phase 3 trial of satralizumab in patients with generalised
myasthenia gravis showed small improvements in patient-reported and clinician-reported outcomes compared with
placebo.'"?

In addition to the three anti-IL-6R antibodies, two anti-IL-6 antibodies have been approved for clinical use (Figure 4).
Siltuximab, which binds to site I of IL-6 and thus prevents binding of IL-6 to the IL-6R, is approved for Castleman
disease in the United States and the EU.?? The second antibody is olokizumab, which targets site III of IL-6 and thus
allows the initial binding of IL-6 to the IL-6R, but interferes with the formation of the gp130 homodimer. Olokizumab
has been evaluated successfully in several phase III clinical trials, eg, versus placebo or the TNFa blocking antibody

113

adalimumab in RA patients, ~ in combination with methotrexate in RA patients which did not respond to anti-TNFa
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therapy''* or methotrexate therapy.''> Currently, olokizumab is approved for clinical use in Russia, but not in the United
States or the EU.

None of the antibodies mentioned above is able to discriminate between the different modes of IL-6 signaling.
Therefore, another therapeutic option to target IL-6 extracellularly is the specific inhibition of IL-6 trans-signaling.** We
describe the mode of action of sgpl30Fc/olamkicept and the current status of its clinical evaluation in detail in the
following section.

Lastly, it is possible to interfere with the activation of the downstream signaling cascades in order to block IL-6
signaling. While different compounds and approaches have been developed to target the transcription factor STAT3, none
of these have reached the clinic. Instead, several small molecules that target the JAK kinases, which phosphorylate gp130
and STAT3, have been developed and are in clinical use since many years (Figure 4). Besides their usage as therapeutics
in different forms of blood cancer, JAK inhibitors are also used to treat inflammatory, IL-6-driven diseases like RA and
inflammatory bowel disease.

JAK kinases are a family of four different proteins (JAK1, JAK2, JAK3 and TYK2), and JAKI appears to be the
kinase that is predominantly activated by IL-6.""®"'"® Due to the structural similarities of the four kinases, the
development of selective inhibitors that target a single kinase and do not cross-react with the other three is
challenging.'"*'?° In order to inhibit IL-6-mediated signaling, an inhibitor selective for JAK1 would be desirable.
However, the first inhibitor that was approved by the FDA in 2012 for the treatment of RA patients was tofacitinib, which
is selective for JAK1 and JAK3."?! In 2017, the JAK1- and JAK2-selective inhibitor baricitinib was approved in Europe,

122

also for the treatment of RA patients,'*? and in 2020 for the systemic treatment of atopic dermatitis.'** Interestingly, two

JAK I-selective inhibitors have been approved in recent years after undergoing phase 3 clinical trials.'** These are

filgotinib, which can be used to treat patients with RA or colitis ulcerosa'?>!#¢

and upadacitinib, which is approved for
RA, colitis ulcerosa, Morbus Crohn and other inflammatory diseases.'?” 1t will be interesting to see whether the JAK1-
selective inhibitors have a measurable advantage over the other inhibitors. What needs to be considered: IL-6 is by far
not the only cytokine that signals via JAK1, and JAK inhibitors are therefore not selective IL-6 inhibitors. Selective
inhibition of IL-6 signaling can therefore only be achieved by blocking IL-6 or the IL-6R from outside of the cell.

Inhibition of intracellular signaling cascades will always affect other proteins.

Specific Blockade of IL-6 Trans-Signaling

Although the global blockade of IL-6 signaling has proven to be beneficial for patients with different inflammatory
diseases (see previous section for details), side effects like increased numbers of bacterial infections occur in treated
patients.*” As the pro-inflammatory activities of IL-6 are mediated via trans-signaling and classic signaling is responsible
eg, for the beneficial hepatic acute phase response, the development of sgp130Fc, a compound that binds the IL-6/sIL-6R
complex and thus specifically and selectively inhibits IL-6 trans-signaling (Figure 4), holds the promise to be an IL-6
blocker with less side effects (the history of sgpl30Fc development is covered in several recent reviews).>* 2812

Sgp130Fc, which has been named olamkicept recently, is currently undergoing evaluation in clinical trials for patients
with inflammatory bowel disease. Regarding the randomized, placebo-controlled phase I trials, no severe or serious
treatment-emergent adverse events were reported.'*® In these trials, different intravenous doses (0.75—-750 mg) and one
subcutaneous (60 mg) dose were applied once to 64 healthy subjects. Single injections of three of these doses (75 mg,
300 mg, and 750 mg) were further evaluated in 24 patients with Crohn’s disease. In order to mimic actual treatment of
patients, three different doses (75, 300, and 600 mg) were given once weekly for 4 weeks to 24 healthy subjects.
Olamkicept serum levels of 1-5 pg/mL were sufficient to inhibit STAT3 phosphorylation in blood cells, which was used
as readout for a successful inhibition of IL-6 trans-signaling.'** Given the fact that numerous cytokines, growth factors
and other signaling molecules are known to activate STAT3 signaling, it is rather surprising that the selective inhibition
of IL-6 trans-signaling results in less STAT3 phosphorylation in blood cells.

In addition, olamkicept was further evaluated in two independent phase II clinical trials. The first trial called
FUTURE was a 12-week, open-label, prospective phase 2a trial conducted in Germany, which enclosed 16 patients
with active inflammatory bowel disease (nine patients with ulcerative colitis and seven patients with Crohn’s disease).”!
The study used 600 mg olamkicept every 2 weeks, and the patients received up to seven infusions. The study reported
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a clinical response in 44% and clinical remission in 19% of the patients along with a reduction of STAT3 phosphoryla-
tion, which resulted in changes on the transcriptional level in the inflamed mucosa of the patients.'*' The second trial was
a randomized, double-blind, placebo-controlled phase 2 trial including 91 patients with active ulcerative colitis and
conducted at 22 clinical study sites in East Asia.'** Patients received infusions every second week of either 300 mg
olamkicept, 600 mg olamkicept or placebo for 12 weeks in total. Interestingly, only 600 mg olamkicept resulted in
a greater likelihood of clinical response at 12 weeks compared with placebo, whereas this was not the case for 300 mg
olamkicept. Treatment-related adverse events were not dramatically different in the three groups: (600 mg olamkicept:
53%; 300 mg olamkicept: 58%; placebo: 50%), although the most common adverse events like bilirubin in urine,
hyperuricemia and increased aspartate aminotransferase levels occurred more often in the two groups receiving
olamkicept.'*?

In addition, there is a recent report on compassionate use of infusion of 600 mg olamkicept every 14 days for ten
weeks in a patient with very-high-risk atherosclerotic cardiovascular disease.'*> The treatment reduced arterial wall
inflammation, did not interfere with lipoprotein metabolism, and no side effects were observed, suggesting that inhibition
of IL-6 trans-signaling might be a suitable therapeutic option also for this disease.'*® IL-6 trans-signaling is crucial for
several other inflammatory diseases, which opens other opportunities for treatment with olamkicept, but to our knowl-
edge no trials or compassionate use treatments are currently ongoing.

Although sgp130Fc/olamkicept does selectively bind IL-6/sIL-6R complexes and thus does not directly interfere with
IL-6 classic signaling,** we could show that sgp130Fc is also a potent and selective inhibitor of IL-11 trans-signaling.'**
Similar to IL-6 trans-signaling, IL-11 can bind to soluble forms of the IL-11R (sIL-11R), and the resulting IL-11/sIL-11R
complex can activate cells expressing gp130.%%'** Interestingly, the interfaces between gp130 and IL-6 or IL-11 differ at
the site III contact site. Modification of three amino-acid residues including Q113 of sgp130Fc resulted in an improved
inhibitor that blocked IL-6 trans-signaling, but did not interfere with IL-11 trans-signaling anymore.'**>'3® There are

several approaches to inhibit IL-6 trans-signaling currently in development,'*”'*°

and it can be expected that future
studies will further improve the selectivity and features of sgp130Fc, which can later be used as next-generation

inhibitors in the clinic.

Conclusions and Outlook

Several hundred studies over the last 35 years have unraveled in molecular detail the complicated biology of IL-6. This
led not only to a profound understanding of the biological actions of this cytokine, but also paved the way to use this
knowledge for the clinical benefit of millions of people with inflammatory diseases that are treated with anti-IL-6
therapeutics worldwide. Besides the clinically approved antibodies and small molecules targeting IL-6/(s)IL-6R and the
Janus kinases, several novel antibodies and designer proteins are currently in development and will hopefully result in
next-generation therapeutics that are as efficient as the current treatment options, but provoke less side effects.

As the pathogenic role of IL-6 in inflammatory diseases, autoimmune diseases and cancer unfolds more and more,
one important question remains: What are the physiological roles of IL-6 or is it just involved in disease but not in
health? Mice deficient for IL-6 show no gross abnormalities as long as they are not infected, and it was unclear for a long
time what IL-6 does in a healthy human. The answer was recently provided by the identification of two human patients
with a loss-of-function mutation within IL6R, the gene encoding the IL-6R. The patients suffer from recurrent infections
and abnormal acute-phase responses, symptoms that align well with data from knock-out mice and adverse effects seen in
patients under anti-IL-6(R) therapy.'*’ Furthermore, elevated IgE antibodies, eczema, and eosinophilia were reported.'*’
In a second study comprising four patients, repeated invasive microbial infections and varying degrees of eczema were
reported, mostly matching the symptoms of the first study.'*'

In the future, the development of novel compounds that provide safe IL-6 inhibition without interfering with the
above mentioned functions of IL-6 will be of high importance. Olamkicept, which blocks IL-6 trans-signaling while
preserving the hepatic acute phase response, is a first step in this direction.**
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