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The interleukin (IL)-6 family cytokines is a group of cytokines consisting of IL-6, IL-11, ciliary
neurotrophic factor (CNTF), leukemia inhibitory factor (LIF), oncostatin M (OSM), cardiotro-
phin 1 (CT-1), cardiotrophin-like cytokine (CLC), and IL-27. Theyare grouped into one family
because the receptorcomplexof eachcytokine contains two (IL-6 and IL-11) oronemolecule
(all others cytokines) of the signaling receptor subunit gp130. IL-6 family cytokines have
overlapping but also distinct biologic activities and are involved among others in the regula-
tion of the hepatic acute phase reaction, in B-cell stimulation, in the regulation of the balance
betweenregulatoryandeffectorTcells, inmetabolic regulation,and inmanyneural functions.
Blockade of IL-6 family cytokines has been shown to be beneficial in autoimmune diseases,
but bacterial infections and metabolic side effects have been observed. Recent advances in
cytokine blockade might help to minimize such side effects during therapeutic blockade.

C
ytokines are small (15–20 kDa) and short-
lived proteins important in autocrine, para-

crine, and endocrine signaling. Cytokines coor-

dinate the development and the activity of the
immune system (Gandhi et al. 2016). Many cy-

tokines belong to the foura-helical class of me-

diators, which share a common up-up–down-
down topologyof the four helices. Furthermore,

cytokines are grouped into families according to
the structure and the specificity and composi-

tion of their receptor complexes. Cytokines bind

tomultimeric receptorcomplexes inwhichoften
one subunit is also found in the receptor com-

plexes for other cytokines (Spangler et al. 2015).

This is a reasonable classification because com-
mon receptor subunits imply similarity or even

identity in intracellular signal transduction.

The class of four-helical cytokines consists
of more than 35 interleukins and many media-

tors with trivial names such as growth hor-

mone, prolactin, leptin, erythropoietin, throm-

bopoietin, leukemia inhibitory factor (LIF),
and oncostatin M (OSM). Moreover, all inter-

ferons and many colony-stimulating factors

(CSFs) belong to this class of cytokines, which
altogether contains far more than 60 members

(Spangler et al. 2015).

Interleukin (IL)-6 family cytokines are de-
finedascytokinesthatuse thecommonsignaling

receptor subunit glycoprotein 130 kDa (gp130).
Presently, eight cytokines fulfill this criterion

although, as will be explained below, the group

of IL-6 family cytokines is still expanding and
the definition of gp130-containing complexes

needs to be revised (Rose-John et al. 2015).

IL-6 family cytokines have been implicated in
many functions, includingB-cell stimulation and

induction of the hepatic acute phase proteins.

Moreover,metabolic functions and neurotrophic
functions have been ascribed to this group of

cytokines. Lately, an IL-6 receptor (IL-6R)-neu-

tralizingmonoclonal antibody (tocilizumab) has
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been approved in more than 100 countries for

the treatment of autoimmune diseases (Tanaka
et al. 2014), and blockade of IL-6 activity was

observed to be at least as efficient as the block-

ade of tumor necrosis factor a in patients with
rheumatoid arthritis (Gabay et al. 2013).

This review covers the identification and

complementary DNA (cDNA) cloning of IL-6
family cytokines, the identification of their cog-

nate receptors, and the recognition that these

cytokines form a large family of mediators,
which are involved in the coordination of the

immune system but also in many other physio-

logic functions as well.

CLONING OF IL-6, IL-6R, AND gp130:
THE IL-6R COMPLEX

When the cDNA coding for B-cell stimulatory

factor 2 (BSF-2) was cloned in 1986 by the Ki-
shimoto group, the comparison of its protein

sequencewith the protein sequences of IL-1, IL-

2, IL-4, interferon g (IFN-g), granulocyte mac-
rophage colony-stimulating factor (GM-CSF),

and granulocyte colony-stimulating factor (G-

CSF) yielded only some faint similarities with
G-CSF (Hirano et al. 1986). It became, however,

immediately clear from the cDNA sequence that

BSF-2 was identical to several other proteins
with completely different biologic activities (Ta-

ble 1), indicating that the activity of the newly

cloned BSF-2 was not restricted to the immune
system. InDecember 1988, a group of 19 leading

scientists in the field, including Dr. Kishimoto,

agreed to refer to the protein as IL-6 (The New
York Academy of Sciences Conference 1988).

No structural or functional information

on IL-6 or the IL-6R complex was available
until, in 1988, the Kishimoto group cloned the

cDNA coding for the human IL-6R (Yamasaki

et al. 1988). The receptor belonged to the im-
munoglobulin (Ig) superfamily but the cyto-

plasmic portion lacked a domain with discern-

ible enzymatic activity, thus failing to provide
any clue regarding the mechanism of signal

transduction induced by IL-6. Figure 1 shows

how IL-6 and IL-6Rwere seen during these early
days of the cytokine field when there was no

information on the structure of thesemolecules.

Because cytokines showvery little homology
at the protein level, it was not clear at the time

that cytokines share common features and actu-

ally belong to a common protein family. At this
time, a seminal article was published by Bazan

(1990),whohypothesized that cytokines such as

growth hormone, prolactin, IL-6, G-CSF, and
erythropoietin belong to the protein family

of four-helical cytokines. Bazan stated that

lymphokines, interleukins, CSFs, growth hor-
mones, and interferons, which he collectively

designated as cytokines, display no (or at best

fragmentary) similarities in amino acid se-
quence. All these proteins, however, were pre-

dicted or had been shown to be rich ina-helices.

Based on the then already-published X-ray
structure of G-CSF (Abdel-Meguid et al. 1987)

and the high predicted helical content of growth

hormone, prolactin, IL-6, G-CSF, and erythro-
poietin, Bazan suggested a four-helical tertiary

fold for cytokines, an idea that he also backed by

the conserved gene exon/intron boundaries
flanking the helices and by conserved disulfide

bridge patterns (Bazan 1990). Based on his

model, Bazan even detected that the protein to-
pology in the then-published X-ray structure of

IL-2 was incorrect and needed correction (Ba-

zan 1992).Nowweknow that all cytokines of the
IL-6 family, but also essentially all other cyto-

kines, share the four-helices with an up-up–

down-down topology (Fig. 1). It was recognized
that, instead of showing clear sequence homol-

ogy, cytokines are characterized by a high struc-

tural homology (Spangler et al. 2015). Such
structural homology extends to cytokine recep-

tors, which all belong to the Ig superfamily and

which contain a cytokine-binding module con-
sisting of tandem fibronectin III domains where

the amino-terminal domain contains a set of

Table 1. Synonyms of interleukin-6 as evidenced on
complementary DNA (cDNA) cloning of B-cell stim-
ulatory factor 2 (BSF-2)

B-cell stimulatory factor-2 (Hirano et al. 1986)

Hepatocyte-stimulating factor (Gauldie et al. 1987)

Hybridoma-plasmacytoma growth factor

(Brakenhoff et al. 1987)

Interferon b2 (Zilberstein et al. 1986)

26 kDa protein (Haegeman et al. 1986)
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four conserved cysteines and the membrane

proximal domain contains a tryptophan-ser-
ine-X-tryptophan-serine motif (Spangler et al.

2015).

In 1990, the Kishimoto group cloned the
cDNA coding for a 130 kDa glycoprotein

(gp130) (Hibi et al. 1990), which acted as a

signal-transducing coreceptor for IL-6. The
gp130 protein is expressed on all cells of the

human body (Hibi et al. 1990; Oberg et al.

2006). It turned out that IL-6 signaling required

both IL-6R and gp130. Only when IL-6 bound
to the IL-6R, this complex bound to gp130,

induced dimerization of gp130 and induced in-

tracellular signaling (Fig. 2) (Taga et al. 1989;
Hibi et al. 1990). Interestingly, the cytoplasmic

portion of IL-6R was not needed for IL-6 sig-

naling and, curiously, a truncated IL-6R lacking
cytoplasmic and transmembrane domain in the

presence of IL-6 was still able to bind to and
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Figure 1. Recognition of interleukin-6 (IL-6) as a four-helical cytokine with up-up–down-down topology. (A)
IL-6 was functionally characterized by sets of monoclonal antibodies and it was stated that the NH2 terminus
and the COOH terminus must be in close proximity in the biologic active IL-6 protein (Brakenhoff et al. 1990).
Hypothesized disulfide bridges are indicated in red. (B)When the complementary DNA (cDNA) coding for the
IL-6 receptor (IL-6R) was cloned, no details about structure or function were available and only a schematic
model of the IL-6R as a member of the immunoglobulin (Ig) superfamily could be envisioned (Hirano et al.
1989). A single hypothesized disulfide bridge is shown in blue. Postulated N-glycosylation sites are shown in
green. (C) It was recognized by Bazan (1990) that, although growth hormone (GRH), prolactin (PRL), IL-6,
granulocyte colony-stimulating factor (G-CSF), and erythropoietin (EPO) (Bazan 1990) display no (or at best
fragmentary) similarities in amino acid sequence, they share exon–intron boundaries at predicted secondary
structure elements (red arrowheads) and predicted disulfide bridges. Based on the known three-dimensional
structure of G-CSF (Abdel-Meguid et al. 1987), Bazan postulated that GRH, PRL, IL-6, G-CSF, and EPO formed
a structurally related family of cytokines. (D) Model of the IL-6 as a four-helical cytokine with up-up–down-
down topology (Bazan 1990).
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activate gp130 (Taga et al. 1989; Hibi et al.

1990). Remarkably, it was shown that neither
IL-6 nor IL-6R alone have a measurable affinity

for gp130. Only the complex of IL-6 and IL-6R

can bind to and activate gp130 (Taga et al. 1989;
Hibi et al. 1990). This characteristic of the IL-6

system has important consequences for the

therapeutic inhibition of IL-6 responses (see
below).

Subsequently, the X-ray structure of the

complex of IL-6, IL-6R, and gp130 was solved
by the Garcia group and revealed a hexameric

assembly of two molecules of IL-6, IL-6R, and

gp130, which was proposed to serve as a blue-
print of the other IL-6 family cytokines (Bou-

langer et al. 2003). The entire complex of IL-6,

IL-6R, gp130, and Janus kinase 1 (JAK1) has

been reconstituted by electron microscopy im-
aging (Lupardus et al. 2011). The structural un-

derstanding of cytokine binding and activation

of receptor complexes has recently made it pos-
sible to generate modified cytokines with al-

tered (agonistic and antagonistic) properties

(Spangler et al. 2015).
During the 1990s, intracellular signaling in-

duced by activated gp130 was recognized to be

mainly mediated by JAKs constitutively associ-
ated with the cytoplasmic portion of gp130,

which led to the recruitment and activation of

signal transducers and activators of transcrip-
tion (STATs), which on phosphorylation by

JAKs dimerize and translocate into the nucleus
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Figure 2.Molecular set-up of the interleukin-6 receptor (IL-6R) complex and comparison with other receptor
complexes of IL-6 family cytokines. (A) IL-6 (red) binds to the membrane-bound IL-6R (red) and the complex
of IL-6 and IL-6R associate with gp130 (lilac), which dimerizes and initiates signaling. (B) The IL-6 family
cytokines act via four different ligand-binding receptors (left) and six different signaling receptors (right). (C)
Assembly of the receptor complexes of the IL-6 family cytokines. CNTF, Ciliary neurotrophic factor; CLC,
cardiotrophin-like cytokine; CT-1, cardiotrophin 1; LIF, leukemia inhibitory factor; OSM, oncostatin M.
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to act as transcription factors (Levy and Darnell

2002). Thereby, gp130 signaling showed strik-
ing similarities with interferon signaling via

JAKs and STATs (Lutticken et al. 1994). In the

case of gp130, the main Janus kinase is JAK1
and the major signal transducer and activator

of transcription is STAT3 (Schaper and Rose-

John 2015). Interferon and cytokine signaling
via JAKs and STATs is discussed in Stark et al.

(2017).

gp130 IS A PLEIOTROPIC SIGNALING
RECEPTOR: EMERGENCE OF A CYTOKINE
FAMILY

Shortly after the cloning of the IL-6 cDNA, sev-

eral additional cytokine cDNAsweremolecular-
ly cloned, including IL-11 (Paul et al. 1990), LIF

(Gearing et al. 1987), ciliary neurotrophic factor

(CNTF) (Lin et al. 1989; Stockli et al. 1989),
OSM (Malik et al. 1989), and cardiotrophin 1

(CT-1) (Pennica et al. 1995). All of these cyto-

kines showed similar but also distinct biologic
activities, which could be explained by the fact

that the receptor complexes of each of these cy-

tokines contained gp130 (Gearing et al. 1992).
All cytokines that use gp130 as a receptor sub-

unit were referred to as IL-6 family cytokines or

gp130 cytokines (Jones and Rose-John 2002;
Jones et al. 2011). As detailed in Figure 2, the

second signaling receptor in the case of CNTF,

LIF, CT-1, and cardiotrophin-like cytokine
(CLC) is the LIF receptor (LIF-R), a protein

structurally related to gp130 (Gearing et al.

1991). OSM can alternatively bind to a hetero-
dimer of gp130 and LIF-Ror of gp130 andOSM

receptor (OSM-R) (Mosley et al. 1996; Her-

manns 2015). The dimeric cytokine IL-27 binds
to a heterodimer of gp130 and WSX-1 (Apari-

cio-Siegmund and Garbers 2015). The signal

transduction of all of these receptor complexes
is similar, although subtle differences exist

(Schaper and Rose-John 2015).

Cytokine specificity is brought about by the
unique cell-surface expression of the receptor

subunits. No natural cytokine can activate

gp130 in the absence of other receptor subunits.
Gp130 is the only receptor subunit that is ex-

pressed on all cells of the body, whereas all other

receptor subunits show a more restricted ex-

pression pattern. It follows that the expression
of these second receptor subunits determines

whether a given cell will be able to respond to

a given cytokine (Jones and Rose-John 2002;
Jones et al. 2011).

Interestingly, the IL-6 family cytokines IL-6,

IL-11, CNTF, CLC, and possibly CT-1 (Pennica
et al. 1996) bind to specific cytokine-binding

receptors, which are not signaling competent

but rather present their ligand to the homodi-
meric or heterodimeric gp130-containing re-

ceptor complex. In contrast, the IL-6 family

cytokines LIF, OSM, IL-27, and IL-31 directly
interactwith the two signaling receptor subunits

without the help of a ligand-binding receptor

subunit (Fig. 2). As will be explained below,
the presence of nonsignaling receptor subunits

enables a type of signaling that is not possible for

cytokines without such specific receptors.

IL-6 TRANS-SIGNALING VIA SOLUBLE
RECEPTORS: A NEW PARADIGM NOT FOR
IL-6 AND OTHER CYTOKINES AS WELL

In the early 1990s, it was found that the IL-6R
was efficiently cleaved from the cell surface by

a then-unknown protease (Mullberg et al.

1992,1993). With the help of pulse-chase exper-
iments, it was shown that IL-6R cleavage was

complete after 24 h but could be drastically

stimulated on stimulation of protein kinase C
with the phorbol ester, PMA. Around the same

time, a human messenger RNA (mRNA) spe-

cies coding for an IL-6R devoid of a transmem-
brane domain was isolated (Lust et al. 1992).

This mRNAoriginated from alternative splicing

of the gene encoding IL-6R. In the mouse, no
alternative splicing of the IL-6R mRNAwas de-

tected (Schumacher et al. 2015). Interestingly, it

was shown that the soluble IL-6R (sIL-6R)
cleaved from one cell, in the presence of IL-6,

could stimulate cells, which did not express IL-

6R and therefore were completely unresponsive
to IL-6 (Mackiewicz et al. 1992). This process

was called “trans-signaling” and it was speculat-

ed that this type of signaling via a soluble recep-
tor contributed significantly to the biology of

IL-6 because it dramatically enlarged the spec-

IL-6 Family Cytokines
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trum of target cells for IL-6 (Fig. 3A) (Rose-

John and Heinrich 1994).
The new paradigm of IL-6 trans-signaling

was initially met with some skepticism in the

scientific community because soluble receptors
were assumed to act as antagonists by competing

for theircognate ligandswithmembrane-bound

receptors. This made it necessary to generate
molecular tools to convincingly demonstrate

the existence of trans-signaling not only in vitro

but also in vivo.
The first tool we designed was “hyper-IL-6”

(Fig. 3A), a protein inwhich IL-6 and sIL-6R are

covalently connected by a flexible peptide linker

(Fischer et al. 1997). Comparing the response of

many cells to IL-6 and hyper-IL-6 allowed us to
show that many cells, including hematopoietic

stem cells (Fischer et al. 1997; Audet et al. 2001),

embryonic stem cells (Viswanathan et al. 2002;
Humphrey et al. 2004), and smoothmuscle cells

(Klouche et al. 1999), required sIL-6R for their

response to IL-6. Moreover, we could show that
efficient liver regeneration required IL-6 in

combination with sIL-6R (Galun et al. 2000;

Peters et al. 2000). Although the use of hyper-
IL-6 showed the potential of IL-6 trans-signal-

ing, it did not prove that IL-6 trans-signaling

actually occurred in vivo.

sgp130Fc Selective inhibition of trans-signaling by sgp130Fc

Trans-signalingClassic signaling

A

B

Flexible peptide
linker

Hyper-IL-6

IL-6
gp130

Generation of
the sIL-6R

by sheddingsIL-6R

Signal

SignalSignal

IgG1-Fc

Extracellular
portion of
gp130

Figure 3.Molecular tools for the analysis of interleukin-6 (IL-6) trans-signaling. (A) IL-6 cannot only bind to the
membrane-bound IL-6 receptor (IL-6R) (classic signaling) but also to a soluble IL-6R (sIL-6R), which can be
generatedby limitedproteolysis viaADAMproteases.Cells, which express gp130butno IL-6R, are not responsive
to IL-6 but can be stimulated by the complex of IL-6 and sIL-6R (trans-signaling). IL-6 trans-signaling can be
mimicked by the designer cytokine hyper-IL-6 (left) in which IL-6 and sIL-6R are covalently connected by a
flexible peptide linker. (B) In the sgp130Fc protein, the extracellular portion of gp130 is fused to the constant
portion of a human immunoglobulin G (IgG)1 antibody leading to dimerization by disulfide bridges. Since
gp130 has no measurable affinity for IL-6 but binds the IL-6/sIL-6R complex with high affinity, sgp130Fc
selectively blocks IL-6 trans-signaling without affecting IL-6 classic signaling via the membrane-bound IL-6R.
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A second protein we generated consisted of

the entire extracellular portion of gp130, which
were dimerized using the Fc portion of human

immunoglobulin G (IgG)1 antibodies, result-

ing in the protein sgp130Fc (Fig. 3B). Because
IL-6 shows no measurable affinity to gp130,

sgp130Fc did not affect IL-6 signaling via the

membrane-bound IL-6R (classic signaling),
but it efficiently blocked IL-6 trans-signaling

(Jostock et al. 2001). Thus, sgp130Fc is a mo-

lecular tool to distinguish between IL-6 classic-
and trans-signaling (Fig. 3B). In many animal

models of human inflammatory or inflamma-

tion-associated cancer diseases, we side-by-side
tested the consequences of global IL-6 blockade

with the help of neutralizing antibodies versus

specific IL-6 trans-signaling blockade with
sgp130Fc. In addition, many models were per-

formed in Il62/2 mice and in mice expressing

the sgp130Fc as a transgene (Rabe et al. 2008).
In all cases, the blockade of IL-6 trans-signaling

was sufficient to block/inhibit the inflammato-

ry state (Table 2).
Global blockade of IL-6 in patients leads to

an increased susceptibility to bacterial infec-

tions (Selmi et al. 2015) as well as to an increase
in serum cholesterol, serum triglycerides, and

weight gain (Febbraio et al. 2010). Strikingly,

selective blockade of IL-6 trans-signaling did
not compromise host defense to mycobacteria

(Sodenkamp et al. 2012), although infection

was lethal in Il62/2 mice (Ladel et al. 1997).
Listeria infection of mice was aggravated on

global blockade of IL-6, whereas selective block-

ade of IL-6 trans-signaling by sgp130Fc did not

affect the defense of the body against this infec-
tion (Hoge et al. 2013). In mice fed a high-fat

diet, selective blockade of IL-6 trans-signaling

prevented the inflammatory infiltration ofmac-
rophages into adipose tissue (Kraakman et al.

2015) without leading to increased insulin re-

sistance or decreased glucose tolerance, which
had been observed in IL-62/2 mice (Matthews

et al. 2010; Wunderlich et al. 2010). These data

indicated that IL-6 signaling via the membrane-
bound IL-6R but not via the sIL-6R are respon-

sible for the metabolic side effects seen in

patients after global IL-6 blockade with tocili-
zumab (Febbraio et al. 2010). Furthermore,

comparison of global blockade of IL-6 with se-

lective blockade of IL-6 trans-signaling by
sgp130Fc showed that IL-6 via the membrane-

bound IL-6R shows regenerative activity in the

intestine (Grivennikovet al. 2009), in the kidney
(Luig et al. 2015), and in the pancreas (Zhang

et al. 2013).

These accumulated data indicated that
the proinflammatory activities of the cytokine

IL-6 seem to depend mainly on trans-signaling

via the sIL-6R, whereas the anti-inflamma-
tory activities of the cytokine are mediated via

the membrane-bound IL-6 (Fig. 4) (Jones et al.

2011; Calabrese and Rose-John 2014; Schmidt-
Arras and Rose-John 2016). Furthermore, the

sgp130Fc protein has been further developed

and has passed clinical phase I trials with no
adverse effects. Phase II clinical trials with in-

flammatory bowel disease patients began in 2016.

Table 2. Efficacy of sgp130Fc-mediated blockade of interleukin-6 (IL-6) trans-signaling in preclinical models of
inflammation and inflammation-associated cancer

Intestinal inflammation (Atreya et al.

2000; Mitsuyama et al. 2006)

Pancreatic cancer (Lesina et al.

2011)

Ovarian hyperstimulation (Wei

et al. 2013)

Rheumatoid arthritis (Nowell et al.

2003, 2009; Richards et al. 2006)

Acute inflammation (Chalaris

et al. 2007; Rabe et al. 2008)

Lupus erythematosus (Tsantikos

et al. 2013)

Asthma (Doganci et al. 2005) Sepsis (Barkhausen et al. 2011;

Greenhill et al. 2011)

Nephrotoxic nephritis (Luig et al.

2015; Braun et al. 2016)

Colon cancer (Grivennikovet al. 2009;

Matsumoto et al. 2010)

Arterosclerosis (Schuett et al.

2012)

Lung cancer (Brooks et al. 2016)

Ovarian cancer (Greenhill et al. 2011;

Lo et al. 2011)

Pancreatitis-lung failure (Zhang

et al. 2013)

Lung emphysema (Ruwanpura

et al. 2016)

IL-6 Family Cytokines
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THE EXPANDING IL-6 FAMILY
OF CYTOKINES

As shown in Fig. 2, there are seven four-helical

cytokines of the IL-6 family (IL-6, IL-11, LIF,
OSM, CNTF, CT-1, and CLC), which bind to

receptor complexes containing gp130. Addi-

tionally, IL-27 is a heterodimeric cytokine con-
sisting of the four-helical protein p28 and a

soluble cytokine receptor named EBI3, which

is an Epstein–Barr virus-induced gene (Apari-
cio-Siegmund and Garbers 2015). EBI3 is also

part of the heterodimeric cytokine IL-35, in

which it forms a complex with p35, the four-
helical subunit of the heterodimeric cytokine

IL-12. IL-35 interacts with different receptor

complexes, which can be composed of gp130
and the b subunit of the IL-12R, a homodimer

of gp130, a homodimer of the b subunit of the

IL-12R or of the IL-27-specific receptor subunit
WSX-1 complexed with the b subunit of the IL-

12R (Egwuagu et al. 2015). The biology of the

emerging family of IL-12 type cytokines is dis-
cussed in Yan et al. (2017). A cytokine related to

the IL-6 cytokine family is the four-helical cy-

tokine IL-31 (Fig. 2), which binds to a receptor
complex formed by the OSM-R and the IL-

31RA (Dillon et al. 2004). Because the receptor

complex for the cytokine does not contain
gp130, IL-31 is not formally part of the IL-6

cytokine family, but it is highly IL-6-family-re-

lated because it interacts with a gp130 family
receptor (Hermanns 2015).

PLASTICITY OF THE IL-6 FAMILY
OF CYTOKINES

The IL-6R was believed to be specific for the
cytokine IL-6 (Yamasaki et al. 1988). Therefore,

it was surprising that the IL-6 family cytokine

CNTF also bound to the IL-6R and induced sig-

Activation of STAT3 leading to:
• Intestinal epithelial cell proliferation
• Inhibition of epithelial apoptosis
• IL-6-dependent regeneration (liver, pancreas)
• Hepatic acute phase reaction
• Defense against bacterial infections

Activation of the immune system:
• Recruitment of mononuclear cells
• Stimulation of endothelial cells
• Stimulation of smooth muscle cells
• Inhibition of T-cell apoptosis
• lnhibtion of Treg differentiation

Anti-inflammatory IL-6 activities
Classic signaling

Proinflammatory IL-6 activities
Trans-signaling

ADAM
17

Figure 4. Pro- and anti-inflammatory activities of interleukin-6 (IL-6). IL-6 classic signaling (left) via signal
transducer and activator of transcription 3 (STAT3) phosphorylation leads to protective and regenerative
activities, whereas IL-6 trans-signaling (right) leads to an activation of the immune system resulting in proin-
flammatory IL-6 activities. Treg, Regulatory T cell.
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naling. In this case, CNTF bound to the IL-6R

but signaled via a receptorcomplex consisting of
gp130 andLIF-R(Schusteret al. 2003). Thiswas,

however, not the first reported case of receptor

promiscuity in the IL-6 cytokine family. It was
known that the cytokine CNTF and CLC and

possibly also CT-1 acted via the CNTF receptor

(CNTF-R) (Garbers et al. 2012). Recently, it was
reported that p28, the four-helical subunit of the

heterodimeric cytokine IL-27, could act via the

membrane-bound or sIL-6R in the absence of
EBI. Interestingly, when acting via the IL-6R,

p28 formed a signaling complex of a homodi-

meric gp130,whereas,when acting viaEBI3, p28
signaled via a heterodimeric receptor complex

consisting of gp130 and WSX-1 (Garbers et al.

2013). This might have important functional
consequences because a homodimeric complex

of gp130 preferentially activates STAT3, whereas

the heterodimeric complexof gp130 andWSX-1
rather activates STAT1, leading to a different

physiologic outcome (Pflanz et al. 2004).

VIRAL IL-6 FROM HUMAN HERPES VIRUS 8

In the late 1990s, a gene of the Kaposi sarcoma
virus, also called human herpes virus 8 (HHV8)

was discovered, which coded for a protein that

shared 25% sequence identity with human IL-6
(Parravicini et al. 1997). It was shown that viral

IL-6 (vIL-6) activated gp130 even in the absence

of the IL-6R, leading to activation of the JAK/
STAT signaling pathway (Molden et al. 1997).

Furthermore, it was shown that vIL-6 directly

bound to and stimulated gp130, leading to the
persistent proliferation of cells, which were de-

pendent on the IL-6/sIL-6R complex, indicat-

ing that vIL-6 mimicked IL-6 trans-signaling.
Consequently, the biologic activity of vIL-6

could be blocked by sgp130Fc (Mullberg et al.

2000). The direct binding of vIL-6 to gp130
without the assistance of the IL-6R was shown

by the crystal structure of the complex of gp130

and vIL-6 (Chow et al. 2001). A comparison
with the structure of the complex of IL-6, IL-

6R, and gp130 (Boulanger et al. 2003) shows

that vIL-6 directly binds to gp130 in a similar
molecular set-up as the IL-6/sIL-6R complex

binds to gp130.

HHV-8 is associated with B-lymphoproli-

ferative disorders, such as multicentric Castle-
man disease. Transgenic mice expressing serum

levels of vIL-6 comparable to HHV8-infected

patients spontaneously developed key features
of human plasma cell-type multicentric Castle-

man disease (Suthaus et al. 2012). Interestingly,

this disease pattern only developed in the pres-
ence of endogenous IL-6, whereas vIL-6 trans-

genic mice on an IL-62/2 genetic background

showed no phenotype. These results indicated
that vIL-6 inducedCastlemandisease only in the

presence of endogenous IL-6 and it explained

why in HHV8-infected patients with Castleman
disease the IL-6R neutralizing antibody tocili-

zumab showed a therapeutic benefit although

vIL-6 is not neutralized by this antibody (Nishi-
moto et al. 2000). These results demonstrate that

HHV8 mimicked the IL-6 trans-signaling para-

digm and that systemic induction of IL-6 trans-
signaling might have pathophysiologic conse-

quences (Suthaus et al. 2011).

THE IL-6 BUFFER IN THE BLOOD

The levels of IL-6 in the blood of healthy indi-
viduals are in the range of 1–5 pg/mL. IL-6

levels increase several thousand-fold during in-

flammatory states and can even reach levels of
several mg/mL under lethal septic conditions.

Levels of sIL-6R were found to be in the range of

40–75 ng/mL and sgp130 levels are approxi-
mately 250–400 ng/mL (Rose-John 2015). IL-

6 secreted by cells will bind in the blood to the

sIL-6R with an affinity of 1 nM and the complex
of IL-6 and sIL-6R will bind to sgp130 with an

affinity of 10 pM, leading to neutralization of IL-

6 activity. Thus, sIL-6R and sgp130 in the blood
can form a buffer for IL-6.We hypothesized that

this is the mechanism by which the body is pro-

tected from overstimulation by IL-6 trans-sig-
naling, because all cells of the body express

gp130 and could be stimulated by the IL-6/
sIL-6R complex (Schaper and Rose-John 2015).

A single nucleotide polymorphism (SNP)

has been identified in the human IL-6R gene,

which alters Asp358 into Ala358. Asp358 is
directly adjacent to the proposed proteolytic

cleavage site of the IL-6R (Mullberg et al.

IL-6 Family Cytokines
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1994). Consequently, shedding of the Ala358

carrying IL-6R protein by the protease
ADAM17 is more efficient and levels of sIL-6R

are significantly higher in homozygous individ-

uals (Garbers et al. 2014). Remarkably, individ-
uals with the Ala358 variant IL-6R are less sus-

ceptible to cardiovascular and arthritic diseases

(Ferreira et al. 2013). Thismight be explained by
the higher capacity of the sIL-6R/sgp130 buffer
in the blood of these individuals, caused by the

higher sIL-6R levels. Moreover, these data dem-
onstrate the relevance of sIL-6R levels for the

pathophysiology of inflammatory diseases.

TRANS-SIGNALING AS A SPECIFICITY
OVERRIDING EMERGENCY REACTION

All cells in the body express the gp130 receptor

subunit but not a single natural cytokine of the

IL-6 family (with the exception of vIL-6) stim-
ulates gp130 without the help of an additional

receptor subunit (Fig. 2). The complex of IL-6

and sIL-6R, however, binds to and stimulates

membrane-bound gp130. This might be the

reason for the existence of the IL-6 buffer in
the blood (see above). Signal transduction via

the gp130 homodimer and the heterodimer of

gp130 and LIF-R or OSM-R are not identical
but very similar and are mainly driven by the

activation of the JAK/STAT pathway (Her-

manns 2015). Stimulation ofmembrane-bound
gp130 by the IL-6/sIL-6R complex (in the ab-

sence of IL-11R, CNTF-R, LIF-R, or OSM-R)

can therefore also be seen as an overriding reac-
tion, which could fulfill functions of all other

IL-6 family cytokines (Fig. 5). ADAM17 activi-

ty, which leads to the generation of the sIL-6R, is
low under normal conditions but is strongly

increased in inflammatory states and in cancer

(Scheller et al. 2011). Consequently, levels of
sIL-6R are increased under inflammatory con-

ditions (Rabe et al. 2008; Nowell et al. 2009;

Braun et al. 2016). IL-27 may represent an ex-
ception to this because signaling via WSX-1 is

mainly characterized by STAT1 activation,

whereas gp130 signaling is typically dominated

IL-6R IL-11R

gp130

IL-11

IL-6

sIL-6R

IL-6/sIL-6R

CLC CNTF CT-1

CNTF-R OSM-R2

OSM
OSM

LIF

IL-27R

IL-27

LIF-R

Figure 5.General gp130 activation by the interleukin-6 (IL-6)/soluble IL-6 receptor (sIL-6R) complex. Because
all depicted receptor complexes of IL-6 family cytokines contain at least onemolecule of gp130, the IL-6/sIL-6R
complex can substitute for the activity of all depicted IL-6 family cytokines leading to signal transducer and
activator of transcription 3 (STAT3) activation. CLC, Cardiotrophin-like cytokine; CNTF, ciliary neurotrophic
factor; LIF, leukemia inhibitory factor; OSM, oncostatin M.
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by STAT3 signaling. In this respect, it is inter-

esting that the four-helical subunit p28 is in-
volved in both gp130/WSX-1 and gp130/
gp130 signaling (see above).

TRANS-SIGNALING FOR OTHER
CYTOKINES?

An interesting question is whether other IL-6

family cytokines also use trans-signaling. As is

evident from Fig. 2, only cytokines that bind to
a ligand-binding receptor (e.g., IL-6, IL-11,

CNTF, and CLC) can theoretically perform

trans-signaling, provided the respective receptor
also exists in a soluble form. For IL-11, it was

recently shown that the metalloprotease

ADAM10 but not ADAM17 cleaves mem-
brane-bound IL-11R, thereby generating a solu-

ble IL-11R (sIL-11R). IL-11 bound to the sIL-

11R could stimulate cells, which only expressed
gp130 but no IL-11R. Furthermore, it was

shown that IL-11 trans-signaling could be

blocked by the sgp130Fc protein. Finally, evi-
dence for the existence of sIL-11R in healthy

individuals was provided (Lokau et al. 2016).

The CNTF-R is a glycosylphosphatidylino-
sitol-anchored membrane protein and can be

released from the cell membrane by phosphati-

dylinositol-specific phospholipase C (Davis
et al. 1993). A soluble form of the CNTF-R

(sCNTF-R) was released by muscle tissue in re-

sponse to denervation and the combination of
CNTF and sCNTF-R (but not CNTFor sCNTF-

R alone) stimulated cells expressing gp130 and

LIF-R but no CNTF-R leading to autophos-
phorylation of the LIF-R and transcription of

the known CNTF target gene tis11.

These data clearly indicate that IL-11 and
CNTF can stimulate cells via trans-signaling.

This was further corroborated by experiments

with recombinant fusion proteins of IL-11 and
sIL-11R (Pflanz et al. 1999) or CNTF and

sCNTF-R (Marz et al. 2002). Both fusion pro-

teins, designed after the fusion protein hyper-
IL-6 (Fischer et al. 1997), were fully active on

cells expressing gp130 (in the case of hyper-IL-

11) or gp130 and LIF-R (in the case of hyper-
CNTF) but not IL-11R of CNTF-R. Stimula-

tion of the cells with fusion proteins led to

STAT3 activation and to the proliferation of

murine pre-B cells (Pflanz et al. 1999; Marz
et al. 2002).

In addition, other cytokines such as IL-2

and IL-15 act via ligand-binding receptor sub-
units (IL-2Ra, IL-15Ra) and the signaling re-

ceptor subunits IL-2Rb and IL-2Rg (Wald-

mann 2006). An IL-15/sIL-15R fusion protein
has been shown to strongly stimulate target cells

expressing the IL-2Rb and IL-2Rg receptor sub-

units (Desbois et al. 2016), and a soluble IL-
15Ra protein has been shown to be generated

by a cellular metalloprotease (Mortier et al.

2004). A soluble form of the IL-2Ra (sIL-
2Ra) is produced by proteolysis and the levels

of sIL-2Ra are elevated in the blood of cancer

patients. Furthermore, the sIL-2Ra enhanced
the biologic activity of IL-2 on several target

cells (Yang et al. 2011). These data indicate

that IL-2 and IL-15 can act via trans-signaling,
although little is knownyet about the functional

importance of this pathway. Theoretically, all

cytokines or growth factors could also act via
trans-signaling provided they bind to a non-

signaling receptor subunit.

MUTATIONS IN IL-6 FAMILY CYTOKINES
AND THEIR RECEPTORS

The physiologic functions of cytokines can of-

ten be deduced from natural mutations or from

genetically engineered gene-deficient animals.
Although IL-6 family cytokines often can com-

pensate for the loss of one or more cytokines,

there are phenotypes in animals with gene de-
ficiency or with mutations in cytokine or cyto-

kine receptor genes, which can apparently not

be compensated for by other cytokines of the
same family.

IL-6-deficient mice are phenotypically nor-

mal but they show an impaired hepatic acute
phase response and were significantly more sus-

ceptible to bacterial infection (Kopf et al. 1994).

Moreover, Il62/2 mice had difficulties regener-
ating the liver on hepatectomy (Cressman et al.

1996).

Although Il11r2/2 mice develop normally
and show undisturbed hematopoiesis (Nandur-

kar et al. 1997), mutations in the human IL11R

IL-6 Family Cytokines
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gene led to a severe loss of function of the re-

ceptor and caused a craniosynostosis syndrome
(Keupp et al. 2013). Female Il11r2/2 mice are

infertile because of defective decidualization

(Robb et al. 1998).
Although animals with a loss of a functional

CNTF gene show only a very mild phenotype

(Masu et al. 1993), mice with a deficiency in
CNTF-R are unable to initiate feeding and die

shortly after birth. Moreover, these mice show a

dramatic loss of motor neurons (DeChiara et al.
1995). These data indicated at the time that an

additional ligand for the CNTF-R should exist.

This additional ligand was later identified as
CLC (Elson et al. 2000). As described above,

CLC acts via the CNTF-R (Fig. 2). Mutations

inCLC, which result in loss of CNTF-R binding,
caused cold-induced sweating syndrome. These

patients sweat in the cold but are unable to sweat

in hot weather (Rousseau et al. 2006).
Animals with a gene disruption in the LIF

gene have been generated. These animals were

phenotypically normal but they had a defect in
implantation of the developing embryo. Female

Lif2/2 mice are fertile but they could not im-

plant and failed to develop their blastocysts.
Nevertheless, the blastocysts are viable and can

be transferred to wild-type recipients in which

they normally develop to term (Stewart et al.
1992).

Mice with a gp130-sensitizing mutation

have been generated by replacing themembrane
proximal cytoplasmic tyrosine at position 757

of gp130 with the amino acid phenylalanine

(Ernst and Jenkins 2004). This membrane
proximal cytoplasmic tyrosine of gp130 is

needed for negative feedback regulation of

gp130 signaling by SOCS3. Consequently, the
gp130-sensitized mice show a twofold higher

STAT3 activation on a given gp130 stimulus as

compared with wild-type mice (Nowell et al.
2009). These gp130-sensitized mice spontane-

ously developed gastric tumors (Judd et al.

2004) and lung emphysema (Brooks et al.
2016). Moreover, these mice were more sensi-

tive thanwild-typemice in a lipopolysaccharide

(LPS)-induced sepsis model (Greenhill et al.
2011). Naturally occurring somatic mutations

in human gp130, which led to ligand-indepen-

dent constitutive gp130 activation, have been

described in 60% of inflammatory hepatocellu-
lar adenomas (Rebouissou et al. 2009), demon-

strating the importance of gp130 signaling in

liver pathophysiology.

CONCLUDING REMARKS

IL-6 family cytokines are four-helical proteins

and they have been grouped into a common

family because of their common use of the
gp130 receptor subunit. As outlined above,

this strict definition does, however, not fully

apply to family members such as IL-31 and
IL-35. Signal transduction of IL-6 family cyto-

kines is very similar and is dominated by STAT3

activation. The only exception is IL-27, which
predominantly signals via activated STAT1.

Levels of IL-6 are very low under normal

conditions, but these levels can raise many
thousand-fold in inflammatory states. Autoim-

mune diseases such as rheumatoid arthritis are

characterized by elevated IL-6 levels, and neu-
tralization of IL-6 activity by the IL-6R-specific

monoclonal antibody tocilizumab as a treat-

ment of autoimmune disease has been ap-
proved in more than 100 countries. Interesting-

ly, neutralization of IL-6 activity is at least as

efficient in rheumatoid arthritis patients as neu-
tralization of tumor necrosis factor a.

IL-6 (and possibly also other members of

the IL-6 family cytokines) apparently has pro-
and anti-inflammatory activities. Proinflam-

matory activities of IL-6 are mediated by IL-6

trans-signaling via the sIL-6R, whereas protec-
tive and anti-inflammatory activities of IL-6 are

mainly executed via the membrane-bound IL-

6R (classic signaling). Because IL-6 trans-sig-
naling can be blocked by the sgp130Fc protein

without affecting classic signaling, future IL-6-

based therapies might use a specific blockade of
IL-6 trans-signaling rather than a global block-

ade of all IL-6 activities.
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