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Cytokines are soluble factors vital for mammalian physiology. Cytokines
elicit highly pleiotropic activities, characterized by their ability to induce a
wide spectrum of functional responses in a diverse range of cell subsets,
which makes their study very challenging. Cytokines activate signalling via
receptor dimerization/oligomerization, triggering activation of the JAK
(Janus kinase)/STAT (signal transducer and activator of transcription) sig-
nalling pathway. Given the strong crosstalk and shared usage of key com-
ponents of cytokine signalling pathways, a long-standing question in the
field pertains to how functional diversity is achieved by cytokines. Here, we
discuss how biophysical — for example, ligand-receptor binding affinity and
topology — and cellular — for example, receptor, JAK and STAT protein
levels, endosomal compartment — parameters contribute to the modulation
and diversification of cytokine responses. We review how these parameters
ultimately converge into a common mechanism to fine-tune cytokine sig-
nalling that involves the control of the number of Tyr residues phosphory-
lated in the receptor intracellular domain upon cytokine stimulation. This
results in different kinetics of STAT activation, and induction of specific
gene expression programs, ensuring the generation of functional diversity
by cytokines using a limited set of signalling intermediaries. We describe
how these first principles of cytokine signalling have been exploited using
protein engineering to design cytokine variants with more specific and less
toxic responses for immunotherapy.
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Cytokine functional pleiotropy

Introduction

Four-helical cytokines are a large family of secreted
proteins vital for mid- and long-range cell-to-cell com-
munication, which regulate all aspects of mammalian
physiology [1-3]. Cytokines are implicated in the
pathologies of many human diseases, including inflam-
matory disorders and cancer, highlighting their impor-
tance in human health [4,5]. Mutations in IL-2Ry, a
receptor subunit used by IL-2, IL-7, IL-15 and other
key immuno-cytokines, leads to severe combined
immunodeficiency [6,7]. High levels of IL-6 are found
in several chronic inflammatory syndromes and corre-
late with disease severity [8]. Defects in IL-10 sig-
nalling leads to early-onset colitis and Crohn’s disease
[9]. Despite the great therapeutic potential of this fam-
ily, very few cytokines have been successfully trans-
lated to the clinic [e.g. IL-2 (Aldesleukin), IFNa2
(Roferon-A), IL-11 (Neumega)], due to high systemic
toxicity and off-target effects.

Cytokines trigger signalling by ligand-induced
assembly of cell surface receptors [10-12], resulting in
the activation of receptor-associated Tyr kinases of the
Janus Kinase (JAK) family [13,14]. JAKSs, in turn,
phosphorylate Tyr residues in the intracellular domain
of cytokine-receptors which the signal transducer and
activator of transcription (STAT) transcription factors
bind to [15,16]. Once bound, STATs are phosphory-
lated by JAKs on Tyr, form homo- or hetero-dimers
and translocate to the nucleus where they induce the
expression of specific gene programs, which ultimately
determine cell fate [17,18]. In addition to STATS,
cytokines can also engage non-STAT signalling, which
help them to fine-tune and diversify their responses.
For example, IL-2 and interferons (IFNs) can activate
the mammalian target of rapamycin (mTOR) pathway,
which contributes to the translation of the gene pro-
grams elicited by these cytokines [7,19].

Cytokines exhibit two features that have made their
study extremely challenging: (a) Functional pleiotropy
— or the ability of one cytokine to elicit a wide spec-
trum of functional responses in a diverse range of cell
subsets [3,20]. For instance, IL-10 supresses the pro-
duction of pro-inflammatory cytokines from mono-
cytes and macrophages, but potentiates the effector
functions of CD8+ T cells [21,22]. (b) Functional
redundancy — defined by the overlapping activities
exhibited by groups of cytokines. For example, 1L-4
and IL-13 share a common surface receptor to signal
and elicit highly overlapping responses [23,24]. These
two cytokine properties stem from the loose nature of
the cytokine-receptor complex identity and from the
relatively low number of JAKs (JAK1-3 and TYK2)
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and STATs (STATI1-6) used by cytokines. On the one
hand, a given cytokine can engage multiple receptor
complexes, leading to activation of different JAK/STAT
pathways and induction of differential responses [25-
27]. On the other hand, some cytokine-receptors, such
as GP130, IL-10RB, yc and common beta chain are
engaged by multiple cytokines, acting as signalling hubs
with overlapping functional properties [28-31]. How
cytokines achieve functional specificity, despite sharing
receptors and signalling components, remains a long-
standing question in the cytokine field [32].

In the last 10 years, we have seen an explosion of
new studies in different cytokine systems that have
started to shed light onto the molecular principles
underlying cytokine functional diversity [33-35]. One
aspect that appears clear is that the identity of the sig-
nalling response activated by any given cytokine, at
least when focused on JAK/STAT signalling, does not
predict its biological properties. For instance, although
IL-6 and IL-10 both activate STAT3, they elicit oppo-
site immune responses, with IL-10 promoting an anti-
inflammatory response and IL-6 driving inflammation
[17,36]. Thus, additional parameters beyond JAK/
STAT signalling identity must be engaged by cytokines
and cells to ultimately define the nature of the
response generated [37]. In this review, we will summa-
rize recent advances in the field that paint a complex
picture where multiple layers of regulation are used by
cells to control and manipulate cytokine responses.
This functional plasticity allows cells to adapt their
responses to the environment where they reside. We
will also discuss recent advances in biomolecular engi-
neering techniques that have allowed the manipulation
and decoupling of cytokine responses, providing us
with a better understanding of cytokine complex biol-
ogy and improving cytokine therapeutic potential.

Cytokine-receptor binding parameters
contributing to signalling
diversification

Cytokines trigger signalling by dimerizing or oligomer-
izing receptors in the surface of responsive cells [10-
12]. Generally, cytokines engage their receptors follow-
ing a two-step binding mechanism, with the cytokine
first binding one of the receptor subunits with high
affinity, and then in a second step, recruiting a second
receptor subunit with lower affinity to the complex to
initiate signalling [11,38,39]. This trimeric receptor
complex represents the minimal entity required for sig-
nal activation, where at least two JAKs are juxtaposed
to initiate the signalling cascade. However, cytokines
can form complexes with larger complex
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stoichiometries, ranging from tetramers (e.g. IL-2, IL-
15, IL-12) to hexamers (e.g. IL-10, IFNy, IL-6, IL-11)
and dodecamers (e.g. GM-CSF) [11,31]. A leading
hypothesis in the field to explain how cytokines achieve
their large functional diversity is that receptor binding
parameters, such as receptor binding geometry and
affinity, can be interpreted by cells to initiate specific
signalling programs that fine-tune cytokine responses
(Fig. 1) [33]. In agreement with this model, it is now
well established that changes in cytokine-receptor
binding affinities impact cytokine receptor complex
formation, kinetics and signalling [11,38,39]. However,
how the different cytokine-receptor complex half-lives
ultimately produce different signalling profiles that
result in unique biological responses remains an open
question. Similarly, the role of cytokine-receptor bind-
ing geometry in functional diversification remains the
subject of intense debate in the field. In this chapter,
we will discuss advances in the field that have shed
new light onto how cytokine-receptor binding affinity

Cytokine functional pleiotropy

and geometry may contribute to regulate cytokine
responses.

Cytokine-receptor complex stability/
kinetics and signalling

Disconnect between cytokine-receptor complex
stability, signalling and bioactivity potency

Many studies have now reported a clear correlation
between cytokine-receptor complex stability and bioac-
tivity potency as highlighted in Fig. 1 [3,33,39]. Long-
lived cytokine-receptor complexes promote stronger
responses than short-lived complexes. However, the
same pattern is not observed when cytokine signalling
is analysed. In this instance, signalling remains largely
unaffected at a wide range of complex stabilities,
establishing a well-known cytokine paradox — how
comparable signalling programs engaged by multiple
cytokines exert different biological potencies. In recent
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years, new evidence from different cytokine systems
suggest that the number of STAT molecules activated
over time, rather than the identity of the STAT pro-
tein engaged, ultimately determines the nature and
potency of the cytokine response [40,41].

This cytokine paradox was first identified in the type |
interferon (IFN) system, where initial studies help to
establish the theoretical and experimental framework
to understand its molecular bases. The type I IFN
family comprises more than 16 different interferon
subtypes, which are produced in response to environ-
mental stresses like viruses, playing a central role in
mounting potent antiviral responses [29,39,42]. IFNs
also have anti-proliferative properties, making them
highly relevant to fighting cancer [43]. Indeed, IFNs
are currently approved to be used in the clinic to treat
several forms of cancer and viral infections [44]. All
type I IFN subtypes engage the same hetero-dimeric
surface receptor, comprised of IFNARI1 and IFNAR2
subunits, and activate very comparable signalling pro-
files [45-49]. Yet, when more complex activities are
studied, for example, antiviral and anti-proliferative
activities, a broad range of potencies are found, high-
lighting this disconnect between early signalling events
and late biological outcomes [47-50]. Early alanine
mutagenesis studies, focused on disrupting binding of
IFNs to either IFNAR1 or IFNAR?2 subunits, showed
that overall decreases in binding affinity and complex
stability resulted in a subsequent decrease in signal
activation and biological activity potencies by IFNs
[47,51-53]. Interestingly, the same direct correlation
was not observed when IFNs’ binding affinity and
complex stabilities were increased. In this case, IFN
signalling and antiviral potencies were not further
increased by an enhancement in complex stability, sug-
gesting that these two activities reach a plateau at
binding affinities close to those exhibited by the wild-
type ligands [54,55]. IFN anti-proliferative activities,
on the other hand, closely correlated with the stability
of the IFN-receptor complex, with IFN mutants form-
ing more stable complexes triggering more potent
responses than wild-type IFNs [54,55]. The relevance
of ITFN-receptor complex stability for anti-proliferative
activity potency was further confirmed in studies where
the overall stability of the receptor complex was main-
tained constant, but the relative affinities of IFN for
either receptor subunits were either decreased or
increased. Here again, the overall stability of the IFN-
receptor complex, rather than the individual affinities
of IFN for either receptor subunits predicted TFN
anti-proliferative potencies [51,56]. These studies for
the first time highlighted that not all cytokines’ bioac-
tivities require the same threshold of signal activation
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to be induced, opening the door to engineering cyto-
kine partial agonists with bias bioactivity profiles.
Intriguingly, while type I IFNs’ antiviral potency is
saturated at endogenous receptor binding affinities,
this is not the case for type III IFNs, where further
enhancement in receptor binding affinity increases
both antiviral and anti-proliferative activities [57].
How long-lived IFN-receptor complexes elicit stronger
anti-proliferative responses than short-lived IFN com-
plexes, despite activating comparable signalling pro-
grams, remains an open question.  Studies
quantitatively analysing signalling responses by differ-
ent IFN subtypes provide some rationale for this func-
tional disconnection. These studies revealed a
correlation between complex stability and signalling
kinetics. Long-lived receptor complexes triggered faster
STAT activation kinetics than short-lived complexes
[56]. However, at the moment, we do not know how
these observed changes in signalling kinetics contribute
to fine-tuning IFN responses. Further studies focused
on understanding how STAT activation kinetics con-
tribute to the induction of specific gene expression pro-
grams by different IFN subtypes will help to address
this IFN functional paradigm.

These studies in the IFN system suggest that the
half-life of the cytokine-receptor complex allows a
family of cytokines sharing a common receptor to eli-
cit differential responses by controlling kinetics of
downstream signal activation. However, the type I
IFN family is quite unique, and therefore other cytoki-
nes use different mechanisms, beyond the half-life of
their receptor complexes, to control their signal activa-
tion and biological activity potencies. Some cytokines
rely on the kinetics of receptor complex formation to
define the identity of their signalling and functional
profiles. A well-studied example of this is found in the
IL-4/IL-13 system. IL-4 and IL-13 are two cytokines
that play a central role in establishing type II immune
responses to fight parasites [24,58,59]. Their dysregula-
tion is strongly associated with the development of
allergies and asthma, making them an attractive target
for pharmacology manipulation [58]. IL-4 and IL-13
share surface receptors and signalling programs lead-
ing to a strong overlap in their biological profiles
[23,60,61]. Yet pockets of specificity can be found
between these two cytokines that allow them to con-
trol different aspects of the immune response
[26,62,63]. IL-4 is essential for immunoglobulin class
switching and for Th2 differentiation [24,58,59], while
IL-13 is the key effector cytokine contributing to air-
way hypersensitivity responses and expulsion of para-
sites [64]. IL-4 engages a type I receptor complex
comprised of IL-4Ra-yc subunits that is exclusively
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found in haematopoietic cells [61,65]. TL-4 can also
bind a type II receptor formed by IL-4Ra and IL-
13Ral subunits, which it shares with IL-13 [61,65].
While both cytokines activate STAT6 downstream of
the type II receptor, IL-4 is at least ten times more
potent in engaging this signalling pathway than IL-13
[59,61,66]. Paradoxically, in this system, the weaker
cytokine — IL-13 — is the one inducing a more stable
receptor complex, raising the question of how the
short-lived complex engaged by IL-4 promotes activa-
tion of STATG so efficiently [61,67-70].

Works by William E. Paul and others have shown
that the kinetics of complex formation by IL-4 and the
surface density of its receptor subunits contribute to
the high signalling efficiency exhibited by this cytokine
[26,71]. IL-4 recruits IL-4Ra with very high affinity (in
the pm range) in a first step, then recruits yc or IL-
13Ral to the binary complex with low affinity in a
second step. IL-13 follows an opposite receptor
recruiting kinetics, binding IL-13Ral in a first step
with moderate affinity (nm range) and then recruiting
IL4Ra to the signalling complex in a second step with
lower affinity [61,69,70]. Due to its high affinity for
IL-4Ra, IL-4 can initiate the formation of the sig-
nalling complex at very low concentration of cytokine,
thus ensuring highly efficient signal activation in con-
ditions where yc or IL-13Ral subunits are not limited.
IL-13, on the other hand, requires higher doses to ini-
tiate the formation of the signalling complex, but due
to its overall stronger stability, this cytokine is more
resistant to changes in receptor concentrations [26].

Another cytokine system where kinetics of complex
formation has evolved to define signalling and biologi-
cal activities is IL-10 [72]. IL-10 plays a prominent role
in curtailing immune-mediated inflammation in the
context of infection and autoimmunity [9]. Mutations
in IL-10 and its receptors result in early-onset colitis in
humans [73-75]. IL-10 is a homo-dimeric cytokine that
engages a receptor comprised of two molecules of IL-
10Ra and two molecules of IL-10RpB subunits [72,76]
triggering the activation of the JAKI1/TYK2/STAT3
signalling pathway [9]. Interestingly, two viruses, cyto-
megalovirus (CMV) and Epstein—Barr (EBV), express
IL-10 homologues in their genomes known as viral (v)
IL-10 [77-79]. These vIL-10 molecules exhibit very
similar sequence and structural homology with human
IL-10, but they only engage the immune-suppressive
arm of the IL-10 response, thus facilitating virus prop-
agation [77-80]. vIL-10 induces strong inhibition of
MHC class II expression by cells of the innate immune
compartment and blocks T cell proliferation, without
promoting the activation of mast cells and the upregu-
lation of MHC class II by B cells [78,81-83]. Early
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studies showed that vIL-10 binds IL-10Ro with 1000-
fold lower affinity than human IL-10, making vIL-10
extremely sensitive to changes in IL-10Ra concentra-
tion, and explaining its poor potency in cells express-
ing low IL-10Ra levels [84,85]. Strikingly, despite its
lower binding affinity, vIL-10 elicits stronger responses
than human IL-10 in cells where the concentration of
IL-10Ra is not limited [85]. Studies where the binding
affinities and complex formation dynamics by human
IL-10 and vIL-10 were compared shed some light into
this functional conundrum. These studies suggested
that the lower IL-10Ro binding affinity exhibited by
VvIL-10 could allow it to serially trigger activation of a
larger number of receptor complexes than human IL-
10 [78]. The short-lived complexes engaged by vIL-10
may allow signal activation without inducing receptor
internalization and degradation, thus contributing to
more sustained and potent signalling responses [78].
Indeed, similar observations were also made for type I
IFNs. IFNo2, which binds IFNARI1 and IFNAR2
subunits with lower affinity than IFNP, can trigger
more potent STAT phosphorylation in cells expressing
high levels of IFN receptors [50]. Here again, a serial
triggering mechanism was proposed to explain this
behaviour. Overall, these studies describe an intricate
relationship between ligand-receptor complex stability,
surface receptor densities, signalling and biological
outcomes by cytokines, all of which contribute to
functional heterogeneity (Figs 1 and 2).

Manipulating cytokine-receptor complex stability
to fine-tune signalling responses

The strong inter-relationship observed between
cytokine-receptor binding affinity/kinetics and sig-
nalling and functional potencies suggests that manipu-
lation of cytokine-receptor binding properties could
potentially be exploited for therapeutic purposes.
Indeed, in the last ten years, we have seen an explo-
sion of work where many cytokines have been engi-
neered to alter their bioactivity profiles [33,34]. This
has produced new exciting molecular insights into
understanding how the binding of a cytokine to its
cognate receptor is conveyed inside the cell to activa-
tion of specific signalling programs and the induction
of unique biological responses.

IL-2 is a clear example of how manipulation of
cytokine-receptor binding properties via protein engi-
neering has helped to better understand cytokines’
complex biology and to design more efficient and less
toxic cytokine therapies [33,34,86]. IL-2 plays a critical
role in modulating both immune-effector activities to
fight cancer and inducing immune tolerance to prevent
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autoimmune disorders [6,7,87,88]. These IL-2 dual
activities have made its biology very complex and its
clinical profile difficult to predict. While IL-2 is cur-
rently used in the clinic to treat certain types of cancer
[89,90], the high toxicity associated with its use has
prevented its wider application [91,92]. Decoupling IL-
2 immunostimulatory and immunosuppressive activi-
ties is therefore highly desirable. IL-2 can engage two
types of receptors to elicit its immune-modulatory
activities, a high-affinity hetero-trimeric receptor com-
prised of IL-2Ra, IL-2R and IL-2Ry subunits and an
intermediate affinity hetero-dimeric receptor comprised
of IL-2RB and IL-2Ry subunits [93]. Both receptors
trigger the activation of the JAKI1/JAK3/STATS

cytokine. JAKs can compete for binding to
their receptors, like for instance in the case
of GP130, which ultimately may influence
the stability of the cytokine-receptor
complex formed and signalling. While most
cytokines activate a dominant STAT to elicit
their responses, they are all capable of
activating other STATSs, which contribute to
fine-tuning their responses. STATs compete
with one another for a shared pool of
phosphotyrosine in the cytokine-receptor
intracellular domain. Changes in STAT
protein levels, due to environmental
changes, can thus alter cytokine responses
and cause disease.

signalling pathway [7,87]. IL-2 also engages non-STAT
pathways that contribute to fine-tuning its functional
properties [7]. IL-2 assembles its receptor sequentially,
first binding IL-2Ro with high affinity, and then
recruiting IL-2RfB and IL-2Ry to the complex with
lower affinities [11,94]. In the absence of IL-2Ra
expression, higher doses of IL-2 are required to form
the intermediate affinity receptor — IL-2RB-IL-2Ry —
and activate signalling. While IL-2Ra exclusively binds
IL-2, TL-2Rp also serves as a receptor for IL-15 and
IL-2Ry is shared with five other cytokines, forming
the so called Common yc cytokine family [6,87]. IL-
2Ra lacks a functional intracellular domain and does
not contribute to signalling, but relies on
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phosphorylation of tyrosines in the intracellular
domain of IL-2Rp [6,7]. However, the dynamic nature
of IL-2Ra expression makes this subunit fundamental
to defining the cell sensitivity to IL-2 and therefore IL-
2 responses. IL-2Ra is constitutively expressed on T
reg cells, but not in NK cells or resting effector CDS§
T cells [87]. Upon T cell receptor (TCR) stimulation,
levels of IL-2Ra are rapidly induced which heightens
the cellular sensitivity to IL-2 [7,87]. Extensive charac-
terization of IL-2 receptor binding dynamics has pro-
vided the molecular framework to design IL-2 variants
with altered receptor subunit affinity, potency and tar-
get cell specificity [11,94].

Early engineering studies soon realized that an opti-
mal way to manipulate and reduce IL-2 cellular targets
was to fine-tune its binding affinity for the IL-2Ra
receptor subunit. These studies generated IL-2 mutants
that bound with higher affinity to IL-2Ra [95]. These
mutants expanded more efficiently in cells expressing
high levels of IL-2Ra, such as T reg cells, and therefore
had the potential to promote potent immunotolerance
responses [95,96]. These mutations were later combined
with mutations that disrupted IL-2 binding to either IL-
2RP or yc to generate an antagonistic molecule. These
IL-2 antagonists could be used in cancer immunother-
apy to repress T reg activities in the tumour [96]. T reg
activities could also be prevented by engineered IL-2
mutants which had reduced binding affinity to IL-2Ra
[97]. These mutants promoted stimulation of CD8 T
cells and NK cells, without eliciting T reg cell expan-
sion. As a result of this, these mutants repressed metas-
tasis more efficiently than IL-2 wildtype and with less
toxicity [97]. Later studies showed that IL-2Ra express-
ing cells could be efficiently and specifically expanded
by IL-2, when the affinity of this cytokine for IL-2R[
was decreased [98,99]. IL-2 mutants exhibiting reduced
affinity for IL-2Rp promoted specific growth of T cells
versus NK cells, reflecting the higher IL-2Ra expression
by the former cell type [100]. It was proposed that these
mutants could have a better therapeutic index to treat
cancers and infection, by inducing lower toxicity as a
result of weaker NK activation. However, early clinical
trials in HIV infection, advanced melanoma or renal
cancer did not show any advantage of using these
mutants as compared to wildtype [101,102], since the
high doses required for therapeutic effect nullify their
selective T cell growth advantage [103]. In principle,
these mutants could also be used to expand T reg cells
in autoimmune disease, since these cells express high
levels of IL-2Ra. Indeed, low-dose IL-2 therapy is
known to preferentially expand T reg cells, again high-
lighting the high sensitivity to IL-2 exhibited by this cell
subset [104-106].

Cytokine functional pleiotropy

Follow-up studies have continued to devise more
sophisticated approaches to manipulate IL-2 binding
to its alpha and beta receptors, generating new IL-2
variants capable of engaging either the immune-
effector or immune-suppressive arm of the IL-2
response to improve anti-tumour responses or promote
tolerance respectively (reviewed in [33-35]). An exam-
ple of these new approaches is Neoleukin, a computa-
tionally designed protein that interacts exclusively with
IL-2Rf and the common yc to trigger signalling. Neo-
leukin possesses superior therapeutic activity when
compared to IL-2 in mouse models of melanoma and
colon cancer, with a reduced toxicity [107]. While these
approaches have generated interesting new IL-2 vari-
ants with improved therapeutic profiles that are cur-
rently in different stages of clinical development, they
do not address how the IL-2 receptor complex half-life
influences signalling potency and bioactivities. Two
recent studies have started to provide some molecular
insights into this question. Mitra and colleagues
showed that by decreasing the affinity of Super-2, an
IL-2 mutant that binds with high affinity to IL-2Rf
[108], to the IL-2Ry receptor subunit, a partial TL-2
agonist could be generated, which induced STATS Tyr
phosphorylation with different amplitudes [109]. The
short-lived complexes formed by these IL-2 mutants
could only trigger partial signalling responses even at
saturating doses. Using these mutants, the authors
identify differential IL-2 bioactivity thresholds in dif-
ferent T cell subsets. IL-2 weak agonists could not
support proliferation of naive T cells but promoted
proliferation in pre-activated T cells [109]. A follow-up
study further confirmed the therapeutic potential of
this approach by showing that one of these mutants
could lead to the differentiation of CD8 stem-like cells,
driving potent anti-tumour responses [110].

The observation that different cytokine bioactivities
require different levels of signal activation is not
unique to IL-2 and was initially described in the type I
IFN system [39]. Type I IFNs can mount potent
antiviral responses even at doses that lead to unde-
tectable signal activation. Indeed, most IFN subtypes
elicit comparable antiviral responses, despite exhibiting
very different receptor binding affinities and complex
stabilities [39]. However, the same does not apply for
an IFN anti-proliferative effect, which requires long-
lived receptor complexes and potent signalling
responses to be induced [47,54]. Due to these different
requirements for signalling, the two bioactivities can
be decoupled by mutants that form short-lived recep-
tor complexes. Levin et al. [111] proved this by engi-
neering an IFNo2 mutant that bound IFNARI1 with
no detectable affinity. This IFN mutant triggered very
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weak signalling, but led to potent antiviral responses,
without exhibiting anti-proliferative properties [111].
Nevertheless, we still do not understand how changes
in complex stabilities generate partial agonism in the
cytokine system, and how different signalling ampli-
tudes lead to decoupling of cytokine responses.

The concept of partial agonism is well established in
other ligand-receptor systems such as the GPCR sys-
tem. Here different ligands promote specific structural
alterations in the transmembrane (TM) helices of the
engaged receptor, which allows it to recruit and activate
differential signalling pathways [112]. However, this
model is difficult to reconcile with the cytokine system,
where cytokine-receptors are constitutively associated
with JAKs, which in turn phosphorylate Tyr in the
intracellular domain of the receptors to recruit STATSs
and other signalling molecules. Moreover, in this sys-
tem, partial agonism is achieved by changes in the
cytokine-receptor complex stability, which do not result
in changes in receptor binding topology [3]. To gain
insight into how cytokine partial agonism is achieved
and contributes to functional decoupling, we recently
engineered new molecular tools focused on the IL-6 sys-
tem to study how cytokine-receptor complex stability is
translated into differential signalling responses [40].

IL-6 is a very pleiotropic cytokine that acts as a cen-
tral regulator of the immune response [8,113]. IL-6
regulates the balance between Th-17 and T regulatory
(Treg) cells by promoting the differentiation of the for-
mer cells and inhibiting the differentiation of the latter,
thus promoting inflammation [113]. In addition, IL-6
exhibits non-inflammatory activities such as stimula-
tion of muscle regeneration and metabolism regulation
[114]. TIL-6 signalling is often found deregulated in
human diseases, making this cytokine highly relevant
for human health [8,115]. However, little is known
regarding how IL-6 elicits its pleiotropic activities. IL-
6 engages a hexameric complex comprised of two IL-
6Ra and two GP130 receptor subunits to activate the
JAKI1/STATI1/STAT3 signalling pathway [116,117].
The signalling capability of this hexameric complex
lays exclusively on GP130 dimerization, since IL-6Ra
lacks an intracellular domain [118]. IL-6 can also
engage in a tetrameric complex (IL6/IL-6Ra/GP130/
GP130) able to trigger signalling [119]. However, the
functional relevance of these tetrameric complexes and
whether they occur in vivo is under debate and requires
further studies. To explore how the stability of the IL-
6 receptor complex modulates its signalling responses,
we engineered IL-6 to bind with different affinities to
GP130 [40]. Interestingly, our data showed that short-
lived IL-6/GP130 complexes partially activate sig-
nalling but fail to induce the full spectrum of IL-6
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biological responses. Short-lived IL-6/GP130 com-
plexes induced biased STATI1 versus STAT3 signalling,
with these complexes activating STAT3 but not
STATI [40]. These observations evoke a kinetic proof-
reading mechanism for cytokine signalling. This
model, which has been proposed for the TCR [120]
and receptor tyrosine kinases (RTK) systems [121],
establishes that changes in ligand-receptor complex
dwell-times induce phosphorylation of different Tyr
pools in the receptors intracellular domains, ultimately
recruiting and activating different signalling effectors.
However, the cytokine system differs significantly from
the TCR and RTK systems. While in these latter sys-
tems specific Tyr residues in the receptor intracellular
domains engage unique downstream signalling
[122,123], this is not true for cytokine-receptors where
generally Tyr residues play a redundant role, all con-
tributing to engage the full signalling program engaged
by a given cytokine [124-126]. Hence, how can
cytokine-receptor complex dwell-times be translated
into different signalling outputs, when the signalling
effectors are competing for a pool of common phos-
phorylated Tyr residues?

Our data support a “differential saturation model”
of cytokine signalling, whereby different levels of
active cytokine-receptor complexes are required to
achieve maximum phosphorylation of different STAT
molecules. However, further experimental evidence is
needed to validate this model. In practice, this model
proposes that cytokine-receptor complex dwell-times
correlate with the number of Tyr phosphorylated in
the receptor intracellular domains. Long-lived com-
plexes produce higher numbers of phosphorylated Tyr
than short-lived complexes. Due to the competitive
nature of the binding between STATs for available
phospho-Tyr, STATs binding with low affinity to
phosphotyrosine require longer-lived cytokine-receptor
complexes and higher ligand doses to reach maximal
activation. In agreement with this model, previous
studies showed that STAT1 and STAT3 bind with dif-
ferent affinities and compete for the same phospho-
Tyr motif in GP130 [127]. Moreover, changes in STAT
concentrations have been shown to alter the nature of
the responses induced by certain cytokines (Fig. 2).
Enhanced STATI1 protein levels, because of IFN
gamma treatment, shift the IL-10 response from
STATS3 activation to STATI activation [128]. In cells
lacking STAT3, IL-6 switches to STATI activation,
producing IFNvy-like responses [129].

This model is not exclusive to the IL-6 system and
appears to be widely used by cytokines to fine-tune
their responses and provide functional diversity. For
example, IL-10 mutants that engage short-lived
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complexes act as partial biased agonists, activating
more efficiently STAT3 than STATI1 [76,130]. Con-
versely IL-10 variants that formed more stable com-
plexes than wildtype could trigger more potent STATI
activation, further supporting the competitive nature
of the STAT-pTyr interaction [130]. Similar observa-
tions were made for IL-22, where engineered variants
that formed short-lived complexes promoted STAT3
activation, but not STATI, exhibiting decoupling of
their pleiotropic activities [131]. Our model proposes
that STAT affinity to cytokine-receptor phosphoty-
rosine motifs controls STAT phosphorylation kinetics
and the identity of the gene expression program
engaged by cytokines, ultimately ensuring the genera-
tion of functional diversity using a limited set of sig-
nalling intermediaries. In the future, it would be
interesting to investigate whether cytokine-receptors
shared by multiple cytokines, like for instance GP130,
common gamma and common beta chains, use this
signalling mechanism to differentiate the cytokine
bound in the extracellular domains (ECDs) and adapt
their signalling responses accordingly. Moreover, since
receptor and STAT levels vary across cells and in
healthy versus disease conditions, understanding how
this ultimately regulates cytokine responses will be cru-
cial to improve our ability to predict and manipulate
cytokine behaviour.

Cytokine-receptor complex geometry and
signalling responses

While the stability of the cytokine-receptor complex
plays a central role in defining cytokine responses,
other receptor binding parameters also contribute to
fine-tuning cytokine signalling and responses [132].
Cytokines bind their receptors in a diverse range of
molecular architectures and stoichiometries
[56,61,94,116,133—141]. Yet all of these configurations
converge into activation of similar JAK/STAT sig-
nalling programs [17], raising the question of whether
cytokine signalling only requires receptor proximity to
activate JAKSs or if particular receptor geometries play
instructive roles in determining the degree and nature
of receptor activation. To date, this question remains
the subject of intensive debate in the field. The litera-
ture is full of studies arguing in favour of both models,
making it difficult to navigate and draw strong conclu-
sions. Early studies using chimeric cytokine-receptors,
where the ECD of a cytokine receptor was swapped
with the ECD of another cytokine receptor, suggested
that the topological requirement for signal activation
by cytokines are quite lax [142-146]. In all studies, the
chimeric receptor triggered signalling to levels
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comparable to those induced by the wild-type receptor.
Moreover, forced dimerization of cytokine receptors in
non-canonical topologies also drive potent signalling
responses. For instance, replacement of the ECD of
GP130-type receptor complexes (GP130, LIFR, OSM-
R, WSX-1 and GPL) with the IL-15/IL-15Ra-sushi
domain promotes constitutive dimerization and sus-
tained STATI1/STAT3 responses [147]. Similar results
were obtained when the c-jun leucine zipper region was
used as the dimerization motif [148]. The lax topological
requirements hold true even when the cytokine-receptor
ECD was swapped with the ECD of a tyrosine kinase
receptor, such as EGFR and cKit [142]. More recently,
we provided further evidence supporting these observa-
tions [149]. We generated a large matrix of cytokine-
receptor chimeras where a hundred different cytokine
receptor pairs were studied. This study revealed that
most combinations tested activated signalling to some
extent, again arguing against the requirement of a strong
topological constrain for cytokine signal activation [149].
However, although this was true at the population level,
there were some specific cytokine-receptor combinations
that did not activate signalling. Modifications in their
intracellular domain topologies could rescue signalling
by these receptors’ pairs, suggesting that in some
instances, receptor binding topology could contribute to
cytokine signal activation [149].

In apparent contrast to the conclusions drawn using
cytokine-receptor chimeras, other studies have pre-
sented evidence supporting a model where receptor
binding topologies critically contribute to define the
nature of the signalling activated by cytokine-
receptors. A limitation to these studies is that they
were performed mostly in homo-dimeric cytokine-
receptor systems, for example, Epo, Tpo and GH, rais-
ing the question of whether these observations also
apply to hetero-dimeric cytokine-receptors, the most
abundant cytokine-receptor class. Early studies by the
Lodish lab in the Epo system showed using disulfide-
mediated EpoR dimerization that not all EpoR dimers
could trigger signalling [150—152]. Cysteine pairs were
introduced in the EpoR TM domain to induce ligand-
independent EpoR dimerization with different topolo-
gies and orientations. Only three out of the six EpoR
dimer orientations generated activated robust sig-
nalling, suggesting that specific TM orientations are
required to initiate signalling by Epo [150-152]. Later
studies showed that the interhelical packing of the
EpoR TM segment played a central role not only in
signalling initiation but also in determining signalling
identity [153]. The introduction of asparagine in the
EpoR TM generated EpoR mutants that could acti-
vate STATS to levels comparable to those induced by
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wild-type EpoR but failed to engage the Erkl/2 sig-
nalling pathway [153].

Further evidence supporting the role of cytokine-
receptor binding topologies in signal activation can be
found in studies using chimeric EpoR receptors. In
these studies, the EpoR ECD was exchanged with the
coiled-coil dimerization domain of the yeast transcrip-
tion factor Put3. In the absence of ligand, this domain
induces dimerization of the receptor and the activation
of signalling [154]. To study how receptor orientation
influences signalling, the authors inserted alanine resi-
dues in the juxtamembrane region of the EpoR intra-
cellular domain, which is predicted to be helical [155].
Introduction of alanine residues in this region would
result in a rotation of the helix by approximately one-
third of a turn, thus altering the orientation of associ-
ated JAKs and therefore presumably signalling.
Indeed, the insertion of alanines had a differential
effect in the downstream signalling activated by the
chimeric Epo receptor, with some combinations block-
ing signalling completely and others leading to biased
signalling responses or wild-type responses [155]. These
findings were later confirmed in other homo-dimeric
receptor systems such as Tpo and GP130, suggesting
that homo-dimeric receptors prefer a specific orienta-
tion in their intracellular domains to fully engage their
signalling program and biological responses [156,157].
However, not all homo-dimeric receptors seem to fol-
low this model. Manipulation of the TM domain of
the prolactin receptor did not impact its ability to trig-
ger signalling [158]. A further limitation to these stud-
ies is that they assumed that the modifications
introduced in the TM or juxtamembrane regions had
an impact on the topology of the cytokine-receptor
complex without any structural evidence. Thus, at this
point, in the absence of direct structural information,
these conclusions remain speculative.

Several studies have provided conflicting evidence
regarding the role of cytokine-receptor binding topol-
ogy and signalling. Studies using Epo mimetic peptides
able to trigger EpoR dimerization showed that alterna-
tive EpoR binding topologies were compatible with
full agonistic activities [137,159,160]. These peptides
symmetrically dimerized EpoR and triggered potent
STATS activation and proliferation of Ba/F3 cells.
Strikingly, the same authors found that the addition of
two bromo groups to the agonistic peptide abolished
its signalling capability despite promoting EpoR
dimerization [136]. The crystal structure of the EpoR
complex formed by this non-agonistic peptide revealed
that the rotational orientation of the dimer formed by
the non-agonistic and agonistic peptides differ by
approximately 15 degrees, suggesting that small
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changes in cytokine-receptor binding topology could
have dramatic consequences in signal activation [136].
A major caveat to these results is that the non-
agonistic peptide bound EpoR with 200-fold lower
affinity than the agonistic peptide, making it difficult
to assign the signalling differences to either changes in
receptor binding topology or stability. Indeed, a later
study showed that the non-agonistic Epo mimetic pep-
tide could trigger signalling in cells highly sensitive to
Epo [161], indicating that further studies are required
to understand the contribution that structural and
affinity effects play on cytokine functional outcomes.
More recently, a series of studies using Epo and
Tpo surrogate ligands have provided new evidence that
help to reconcile the two previous conflicted visions —
does cytokine-receptor binding topology instruct sig-
nalling output properties? The first of these studies
used diabodies against EpoR to homodimerize this
receptor in different conformations and determined
their impact on downstream signalling [161]. Diabodies
are noncovalent dimers of single-chain Fv (ScFV),
where the linker connecting the heavy variable (VH)
and light variable (VL) chains has been shortened to
only five amino acids [162]. This allows the anti-
parallel dimerization of two diabody chains, forming
the active molecule, which has two binding sites. In
addition, diabodies are structurally constrained, when
compared with full antibodies, thus allowing their
structural characterization [162]. Three diabodies were
described in this initial study, which enforced dramati-
cally different binding topologies in the EpoR com-
plex. Strikingly, despite these large differences in
binding geometry, two out of the three diabodies trig-
gered signalling, with one of them behaving like a full
agonist. These results showed for the first time that
cytokine-receptor dimer architectural and spatial con-
straints compatible with signalling are very liberal.
Ligands positioning the receptor ECDs at distances
ranging from 30 to 100 A could promote full agonistic
activities [161]. Indeed, this agrees with the wide range
of receptor binding topologies and stoichiometries
engaged by cytokines to initiate signalling. However,
this study also revealed that not all receptor binding
topologies could activate signalling, indicating the exis-
tence of some structural constrains in the cytokine sys-
tem. Only one out of three diabodies could trigger full
agonistic activities, with the other two promoting par-
tial activities or no activities at all, despite all of them
dimerizing EpoR with similar efficiencies [161].
However, this study did not address which topologi-
cal factors — inter-receptor distances or rotational angles
— had a stronger influence in signalling. A second study
focused on addressing this question by using designed

10 The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



A. McFarlane et al.

ankyrin repeat proteins (DARPins) to create dimeric
surrogate ligands with exquisite control of the relative
orientation and spacing of the receptors’ ECDs in a
dimeric complex [163]. This study revealed that both
parameters contribute to signalling efficiency; however,
distortion of the EpoR rotational angle seems to pro-
mote stronger changes in signalling than modification of
inter-receptor distances. Changes in EpoR distances
have very little effect in signalling until a certain thresh-
old is reached, upon which signalling decreases abruptly
[163]. This is not exclusive to the Epo system and similar
observations were obtained for thrombopoietin (Tpo)
[163]. Diabodies targeting the thrombopoietin receptor
exhibited very similar functional profiles to those
designed for the Epo system, suggesting that these struc-
tural principles are common to all homo-dimeric recep-
tors [164]. However, whether these structural principles
hold true in the larger hetero-dimeric cytokine receptor
family remains an open question.

Overall, these studies highlight that cytokines can
accommodate a large range of receptor binding topolo-
gies to initiate signalling, but that protein engineering
can be used to push these structural boundaries to fine-
tune cytokine responses. Yet, how these extreme recep-
tor binding geometries imposed by cytokine surrogate
ligands contribute to alter downstream signalling
remains an open question. The most accepted hypothesis
is that they result in mechanical distortions that promote
inefficient activation of associated JAK kinases. This in
turn leads to differential phosphorylation of Tyr in the
receptor intracellular domains, which ultimately promote
the differential responses observed. However, without
structural evidence and more detailed characterization of
phosphotyrosine profiles engaged by these altered recep-
tor complexes, this remains highly speculative. Nonethe-
less, it appears that both changes in receptor complex
stability and/or binding geometries converge into the
same functional principle to manipulate signalling, that
is, manipulation of phosphotyrosine numbers in the
receptor intracellular domain, agreeing with our differen-
tial saturation model for cytokine signalling. Thus, it is
tempting to speculate that any cytokine or receptor
manipulation that alters the number of Tyr residues
phosphorylated in the receptor intracellular domain can
be exploited to decouple cytokine functional pleiotropy.

Cytokine-receptor — JAK interaction
and signalling

Janus kinases translate extracellular cytokine-receptor
binding information into phosphorylation of Tyr resi-
dues in the receptor intracellular domains and into
activation of specific STATs programs, ultimately
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controlling the nature and potency of the cytokine
response. However, despite their vital role in cytokine
biology, we still lack a molecular understanding of
how signalling is initiated by JAKs upon cytokine-
receptor complex formation. Many excellent reviews
addressing this aspect of JAK biology can be found in
the literature and therefore we will not further expand
on this topic [5,13,17,18,165-167]. Here, we will focus
on two non-canonical JAK activities, going beyond its
ability to phosphorylate Tyr, which critically con-
tributes to fine-tune cytokine signalling: (a) JAKs role
in maintaining cytokine-receptor density in the surface
of responsive cells and (b) JAKs contribution to the
cytokine-receptor complex stability.

JAKs and cytokine-receptor surface density

Cytokine-receptor surface density critically contributes
to define cells’ sensitivity to cytokines. Immune cells
manipulate their cytokine-receptors expression to adapt
their responses to their microenvironment. While
changes in receptor density can be manipulated epige-
netically, often JAKs can play a more immediate and
direct role in modulating cytokine-receptors surface
expression [168—170]. Cytokine-receptors bind JAKs via
two membrane proximal regions in their intracellular
domain, known as Box1l and Box2. Box1 is a proline-
rich segment, while Box2 is downstream of Box1, and
comprises a hydrophobic segment of approximately 20-
40 amino acids. JAKs bind these two regions via their
FERM-SH2 domain [171]. The elucidation of FERM—
SH2 structures from three of the four JAK family
members has provided us with a detailed molecular
understanding of how JAKs bind their receptors [172—
174]. These structures have revealed key binding deter-
minants that allow JAKs to specifically recognize cer-
tain cytokine-receptors but not others. One example is
found in the positioning of the F2-a3 helix in JAKI,
TYK2 and JAK2 [172-174]. JAK2 presents a rotation
of this helix, which allows the formation of a salt bridge
between Arg232 and Glul76, closing off the hydropho-
bic pocket that it is used by JAK1 and TYK2 to bind
the receptor [172-174]. Interestingly, some cytokine-
receptors, including GP130, GHR, G-CSFR and
EPOR, appear to bind more than one JAK protein. An
analysis of their Box1/2 domain revealed a different
conserved Box1 PxP motif, which was critical for JAK
binding. It is possible that the PxP motif has evolved to
bind more than one JAK member, to ensure the func-
tionality of those specific cytokine-receptor systems
[171]. However, whether the identity of the JAK-
receptor dimer contributes to signalling specificity or it
plays a redundant role is not currently known.
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Beyond being critical to initiate signalling, JAKSs
also play a chaperone role regulating surface expres-
sion of some cytokine-receptors. This JAK role is inde-
pendent of their kinase activity. Early work on the
OSM system showed that OSM-R levels directly corre-
late with JAK1, JAK2 or TYK2 expression [169]. This
JAK chaperone effect required the interaction of JAKs
with the OSM-R but not JAK tyrosine kinase activity
[169]. This work revealed the existence of three
dileucine-like motifs within the interbox1/2 region of
the OSM-R that contributed to poor surface receptor
expression in the absence of JAKs [169]. The exact
molecular mechanism by which these motifs regulate
receptor expression is not currently known, but a pos-
sibility is that these motifs impede the correct folding
of the receptor, due to their high hydrophobicity,
unless masked by JAKs. These properties are not
exclusive to the OSM-R system and have been
described for other cytokine-receptors. JAK2 plays a
central role in the surface expression of homo-dimeric
cytokine-receptors, that is, EpoR, GH-R and Tpo-R
[168,175,176]. Tt is believed that JAK2 contributes to
the correct folding of these receptors in the endoplas-
mic reticulum (ER) [168]. In the absence of JAK?2, the
receptors do not reach the surface and are degraded
via lysosomal or proteasome pathways [175,176].
TYK?2 also critically contributes to modulate levels of
IFNARI1 and thus regulates the IFN responses. In the
absence of TYK2, IFNARI1 reaches the cell surface,
but it is rapidly internalized into perinuclear endoso-
mal compartments [170]. TYK2 stabilizes IFNARI in
the cell surface profoundly increasing its expression
and the sensitivity of cells to type I IFNs.

Overall, these data show that cells can quickly and
transiently regulate their sensitivities to cytokines by
modulating their JAK expression levels as highlighted
in Fig. 2. This interdependence between JAKs and
cytokine-receptors surface expression ensures that only
receptors binding JAKs can interact with cytokines,
guaranteeing that every cytokine-receptor binding
event can be translated into signalling. In the absence
of this quality control mechanism, cytokine-receptors
not bound to JAKs could act as dominant negatives,
behaving as cytokine ‘sinks’ and preventing effective
responses [177]. Indeed, there is evidence supporting
competition between cytokine-receptors for limiting
JAKSs, highlighting the biological significance of this
JAK chaperone role [178,179].

JAKs and cytokine-receptor complex stability

Early work in the Type I IFN system showed that cer-
tain mutations in TYK2, focused on its kinase and
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pseudo kinase domains, influenced the affinity of
IFNo2 for IFNARI1 without affecting IFNARI1 sur-
face expression levels, suggesting an inside-out cross-
talk between JAKs and receptors [180]. Another
example of this inside-out communication between
receptors and cytokines is found in Uspl8. Uspl8 is
an interferon inducible protein which plays a central
role in defining cell sensitivity to type I IFNs [181—
185]. Upon IFN stimulation, cells express high levels
of Uspl8, which limits their responses to further IFN
stimulation [181-185]. Interestingly, this effect holds
true when low receptor binding affinity IFN subtypes,
like IFNa2, are used, but not when cells are stimulated
with high receptor binding affinity IFNs such as IFNf
[181]. Recent studies showed that Uspl8 binds the
intracellular domain of IFNAR2 and decreases the
affinity of this receptor subunit for IFNo2, without
affecting its surface levels [181,186]. The exact molecu-
lar mechanism by which Uspl8 hinders IFNa2 binding
to IFNAR2 are not currently clear, but the most
accepted model is that Uspl8 influences JAKs, leading
to an inefficient complex formation and poor sig-
nalling.

These examples suggest a communication between
the intracellular signalling-mediating and the extracellu-
lar cytokine-binding motifs of cytokine-receptors which
ultimately define the overall stability of the receptor
complex formed and the identity of the responses eli-
cited by any given cytokine. Recent studies have started
to shed some light onto how this inside-out communica-
tion influences cytokine binding and activities. These
studies highlight a new role for the pseudo kinase
domain of JAKs, beyond its previously described func-
tion in regulating the kinase domain activity. JAKs
pseudokinase domains interact with each other in the
context of the cytokine-receptor dimer contributing to
overall complex stability [187,188]. Indeed, this model
provides molecular insights into the constitutive activi-
ties exhibited by some oncogenic JAK mutants, notably
somatic mutations such as JAK2 Val617Phe which
causes the Philadelphia chromosome—negative myelo-
proliferative neoplasms (Ph— MPNs) [189]. These JAK2
mutations act by altering and strengthening the inter-
molecular interactions involving the PK-PK dimeriza-
tion interface, resulting in stabilization of receptor-JAK
dimers and driving signalling in the absence of ligand
[188]. These studies have revealed an inside-out commu-
nication that allows signalling components interacting
with the cytokine-receptor intracellular domain to regu-
late the affinity and stability of the cytokine-receptor
complex formed, ultimately impacting signal activation
and responses. However, many questions remain: Is this
specific to JAK2 or does it also apply to other JAKs?
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Do specific JAK pairs produce more stable interactions?
How is signalling ultimately affected by this JAK-JAK
interaction? Are there other signalling proteins, beyond
Uspl8, that modulate this process? A deeper under-
standing of the molecular and structural bases allowing
JAKSs to trans-activate each other to initiate signalling
will open the door to manipulation of cytokine activi-
ties with small molecules or surrogate cytokines engi-
neered to disturb and interfere with this JAK-JAK
binding interface in health and disease.

Cytokine-receptor endosomal traffic
and signalling

The cytokine-receptor complex undergoes internaliza-
tion following cytokine stimulation [37]. The specific

Fig. 3. The endosomal compartment
contributes to cytokine signalling. In recent
years, it has become clear that the
endosomal compartment plays a critical role
in regulating cytokine signalling and
activities. The cytokine-receptor complex
traffics to the endosomal compartment
shortly after being formed, where it
continues signalling. The endosomal
pathway followed by the complex depends
on the cytokine system studied and on the
stability of the receptor complex formed.
Short-lived complexes tend to dissociate at
the acidic pH found in endosomes, and
their receptor subunits can follow a
recycling route back to the plasma
membrane or continue to the lysosome
compartment for degradation depending on
whether they are ubiquitinated or not. Long-
lived complexes, on the other hand, survive
the acidic endosomal pH and continue
trafficking through the endosomal
compartment increasing their chances of
finding additional signalling molecules that
contribute to fine-tuning their responses.
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endosomal route followed by a cytokine-receptor com-
plex varies from cytokine to cytokine and can lead to
its surface recycling or degradation as illustrated in
Fig. 3 [190-192]. While initially considered an intrinsic
mechanism to terminate cytokine responses, now it is
clear that the endosomal compartment functions as a
signalling hub that contributes to fine-tuning of cyto-
kine activities [193]. However, several factors have lim-
ited our ability to decipher how the endosomal
compartment fine-tunes cytokine signalling and
responses. On the one hand, expression of cytokine-
receptors is exquisitely regulated by cells, with receptor
copy numbers ranging from hundreds to a few thou-
sand. For instance, both IL-4Ra and IFNARI cell
surface levels, receptor subunits for IL-4 and IFN,
respectively, are found to be in the low hundreds
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[194-197]. This has precluded us from studying
endogenous cytokine-receptors in live cells and forced
us to resort to over-expression studies that may not
reflect the real biology of these receptors. On the other
hand, as described in the previous chapter, expression
of some cytokine-receptor subunits is strongly linked
to their association with JAKs, further contributing to
the difficulty of studying their dynamics via over-
expression approaches [14]. In this context, JAKSs
expression levels become the limiting factor, resulting
in accumulation of cytokine-receptors in the ER and
Golgi compartments. Despite these limitations, reports
describing the critical role that the endosomal com-
partment plays in defining cytokine responses have
been steadily appearing over the last 20 years.

Early work on the granulocyte colony-stimulating
factor (G-CSF) receptor system showed that the endo-
somal route followed by this receptor critically con-
tributes to its signalling and biological activities profile
[198,199]. G-CSF is an important immuno-regulatory
cytokine that mobilizes granulocytes from the bone
marrow and regulates the survival and differentiation
of neutrophils [200]. It does this by activating STATS
and Akt downstream of the G-CSFR upon cytokine
binding [200]. Interestingly, lack of receptor internaliza-
tion, resulting from mutations on G-CSFR that trun-
cate its ICD, promotes sustained G-CSF signalling and
results in myeloid leukaemia and severe neutropenia,
confirming the important role that receptor internaliza-
tion plays in cytokine signalling termination [198].
However, this is not the only function of the endosomal
compartment in G-CSF signalling. G-CSFR mutants
that cannot traffic to the lysosome for degradation get
accumulated in early endosomes where they continue
activating STATS but not Akt, producing defective
responses [199]. These observations suggest that the
endosomal compartment can act as a signalling hub
where active cytokine-receptors can encounter specific
signalling molecules that contribute to define the nature
of the response elicited. Importantly, this is not unique
to the cytokine system, with similar behaviour having
been reported for receptors of the tyrosine kinase family
such as EGFR and FLT3 [201,202].

Another cytokine system where differential endoso-
mal traffic has been shown to critically regulate
responses is the type I IFN system. Type I IFNs bind
two receptor subunits — IFNARI1 and IFNAR2 - to
initiate signalling. Interestingly, the two subunits have
very different intracellular traffic in both homeostatic
conditions and in response to IFN stimulation
[47,48,203,204]. This has been proposed to contribute
to the differential activities exhibited by the different
IFN subtypes [39]. In response to IFN stimulation,
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IFNARI is phosphorylated on Ser535, which initiates
a signalling cascade that terminates with the ubiquiti-
nation and degradation of this receptor subunit [205].
This process is initiated by all IFN subtypes indepen-
dent of their binding affinity or activity profile.
IFNAR?2, on the other hand, is not ubiquitinated upon
IFN stimulation and can undergo recycling or degra-
dation depending on the IFN subtype used
[47,48,203,204]. IFN subtypes binding IFNAR1 with
high affinity form stable complexes that survive the
acidic pH found in endosomes and traffic to the lyso-
some compartment where both IFNAR1 and IFNAR?2
are degraded [206,207]. IFN subtypes binding their
receptors with low affinity, on the other hand, form
short-lived complexes that do not survive the acidic
pH found in endosomes. In this context, IFNAR2 dis-
sociates from IFNARI in endosomes and recycles
back to the cell surface [206,207]. Immunoprecipitation
studies support this model and show that ternary com-
plexes formed by high-affinity IFN subtypes remain
intact long after STAT activation [208]. This suggests
that TFN signalling continues as the complex traffics
through the endosomal compartment. This signalling
mechanism would exclusively favour long-lived IFN-
receptor complexes, which could contribute to their
more potent responses. In agreement with this, it was
shown that JAK/STAT molecules translocate to the
endosomal compartment upon IFN stimulation [209].
To understand the exact role that the endosomal
compartment plays on cytokine signalling and
responses, first we need to be able to systematically
manipulate and/or block the internalization of any
given cytokine-receptor, without affecting the overall
intracellular traffic of the cell system used. However,
this has been a challenging problem. Cytokine-receptor
trafficking can be blocked via small molecule inhibitors
that target the clathrin pathway, by genetically silenc-
ing clathrin via siRNA or by the over-expression of
dominant negative (DN) forms of dynamin [190,210].
However, when inhibition of intracellular trafficking is
efficient, high toxicity occurs. Conversely, when the
blockage of intracellular trafficking is poor, you get a
minimal effect on cytokine responses. Despite these
limitations, several studies have described a complex
network of trafficking proteins that contribute to cyto-
kine signalling. Studies where IFN receptor traffic was
blocked by silencing clathrin or by using DN dynamin
showed that intracellular trafficking contributes to
enhance STAT phosphorylation and antiviral
responses upon IFN stimulation [190,210]. Interest-
ingly, when only IFNARI degradation is blocked,
without affecting its internalization, stronger IFN
responses are observed, again suggesting that active
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IFN complexes accumulate in the endosomal compart-
ment where they continue signalling [205]. Indeed, the
endosomal sorting machinery appears to play a critical
role in defining JAK/STAT signalling by IFNs. Signal-
transducing adaptor molecule (STAM?2), a member of
the endosomal sorting complex required for transport
complex (ESCRT-0) [211], interacts with IFNARI and
TYK?2 in the plasma membrane, blocking the activa-
tion of the latter in resting conditions [212]. Upon
IFNo2 stimulation, the IFN-receptor complex translo-
cates to early endosomes rich in PI(3)P, where hepato-
cyte growth factor-regulated tyrosine kinase substrate
(Hrs) binds to STAM2, blocking its inhibitory effects
and promoting IFN endosomal signalling [212]. Long-
lived IFN-receptor complexes formed by high receptor
binding affinity IFN subtype, like IFNB, traffic to dif-
ferent endosomal compartments where signalling
occurs independently of Hrs-STAM?2 interaction [212].
Hrs appears to have a broader role in regulating cyto-
kine signalling beyond type I IFNs. Hrs can control
IL-2RB and IL-4Ra signalling by directing their endo-
somal sorting towards the degradation pathway
[213,214]. In addition to the ESCRT complex, the ret-
romer complex, which controls both retrograde trans-
port of endosomal proteins to the trans-Golgi network
(TGN) and the recycling of endosomal cargos to the
plasma membrane [215], have been shown to regulate
the recycling of IFNAR2 upon IFN stimulation and
therefore IFN signalling [216]. In addition, IL-6Ra
and GP130 have been shown to be internalized inde-
pendently of IL-6 in a clathrin- and dynamin-
dependent process. Interestingly, IL-6 enhances the
recycling of these complexes back to the cell surface
which identifies an alternate function of IL-6 beyond
activation of signalling [217]. These studies paint a pic-
ture depicting the endosomal compartment as a central
signalling hub that controls the duration of the cyto-
kine response and contributes to diversifying cytokine
signalling programs in order to fine-tune cytokine
activities as illustrated in Fig. 3. Endosomal trafficking
has been shown to be critical for erythropoietin, I1L-6,
IL-13/IL-4 and many other cytokines [218-223]. How-
ever, we still lack a clear understanding of the endoso-
mal route followed by most cytokine-receptor
complexes, how the stability of the receptor complex
influences endosomal traffic and the identity of the sig-
nalling programs activated by cytokines in endosomes
and their contribution to cytokine responses.

Recent advances in super-resolution microscopy and
single-particle techniques have started to provide a
window into how cytokine-receptor complexes are
formed within the cell membrane, and the ability to
track their intracellular traffic in living cells [224].

Cytokine functional pleiotropy

Using these technologies, the membrane dynamics of
IFNARI1 and IFNAR?2 receptors could be elucidated,
showing that in the absence of IFN, IFNARI and
IFNAR2 can have two diffusion regimes, one fast and
one slow, which could indicate the localization of the
receptors in different membrane domains [225]. Upon
IFN stimulation, the diffusion constants of the two
receptors decrease, as a result of complex formation.
Indeed, it is now clear that most cytokine receptors
diffuse freely in the surface of responsive cells, and
upon cytokine stimulation, they are recruited to the
complex to initiate signalling [40,41,130,188,226-229].
However, whether signalling is initiated in the plasma
membrane or in endosomes is a matter of debate. The
canonical cytokine signalling paradigm stipulates that
upon cytokine binding, receptors are brought into
close proximity in the cell membrane, where JAKs are
trans-activated and signalling is initiated. However,
this paradigm was recently challenged. Studies in the
IL-4 system showed that IL-4 binds with very low
affinity to IL-2Ry for efficient dimerization at endoge-
nous plasma membrane expression levels [230]. This
suggests that an additional mechanism to increase the
overall stability of the ligand-receptor complex could
be used by cytokines to ensure robust signalling
[230,231]. Receptor-receptor and JAK-JAK interac-
tions, as described above, contribute to enhance
cytokine-receptor complex stability. However, recent
studies suggest that the endosomal compartment also
plays a critical role in modulating cytokine-receptor
complex half-life [230,231].

The smaller surface area found in endosomes allows
this compartment to elicit a subcellular concentration,
resulting in higher cytokine-receptor densities than
those found at the plasma membrane [227]. For 1L-4,
it was shown that this concentration step critically
contributes to its efficient receptor dimerization
[230,231]. We reported similar observations for IL-13.
Using a series of IL-13 variants engineered to bind
their receptor with a wide range of affinities, we could
show that cytokine signalling is quite resistant to
changes in complex stabilities. Increases in IL-13 bind-
ing affinity for IL-13Ral enhanced IL-13 signalling
only until the half-life of the receptor complex formed
exceeded the rate of endocytosis. After this, further
increases in complex stability did not impact signalling
potency by IL-13 [227]. Similar observations have been
made in other cytokine systems, for example, IL-2, IL-
10 and IFN, where mutants that elicit non-detectable
dimerization of surface receptor complexes trigger
potent signalling responses [130,229,232]. Overall, these
studies point to a new role of the endosomal compart-
ment in stabilizing short-lived cytokine-receptor
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complexes to increase signalling efficiency. Whether
signalling is initiated at the plasma membrane or
exclusively in early endosomes however remains a mat-
ter of debate.

We recently provided new evidence in the IL-6 sys-
tem that supports a complex role of the endosomal
compartment in defining cytokine signalling signatures
[40]. IL-6 is a critical immuno-modulatory cytokine
that regulates the inflammatory response by engaging
a hexameric receptor complex comprised of two IL-
6Ra and two GP130 receptor subunits [8,113]. The sig-
nalling capability of this hexameric complex lays exclu-
sively on GP130 dimerization, since IL-6Ra lacks an
intracellular domain [113,116]. Upon stimulation, IL-6
triggers the activation of the JAK1/STATI1/STATS3 sig-
nalling pathway to elicit its pleiotropic activities. Two
different mechanisms of signal activation have been
described for IL-6: the classical mechanism of signal
activation, which involves the binding of IL-6 to a
membrane-bound form of IL-6Roa, and the non-
classical or trans-signalling mechanism of signal activa-
tion, which involves the binding of IL-6 to a soluble
form of IL-6Ra and allows IL-6 to act in every cell in
the body [114,233]. To investigate how IL-6 pleiotropic
responses were modulated by the stability of the recep-
tor complex engaged, we engineered a series of IL-6
variants binding GP130 with different affinities. These
variants could trigger differential signalling responses
in the absence of IL-6Ra expression. Interestingly, we
found that the IL-6 variants promoted biased STAT1
versus STAT3 signalling, with variants engaging short-
lived GP130 complexes activating STAT3 more
strongly than STATI1. Moreover, low affinity IL-6
variants failed to promote GP130 internalization and
accumulated in the endosomal compartment. We could
show that STATI1 and STAT3 compete for phospho-
Tyr in the intracellular domain of GP130, with STAT3
binding with higher affinity than STATI1. These data
agree with a kinetic discrimination mechanism of sig-
nalling, where STATs binding with low affinity to
phosphotyrosine require longer-lived cytokine-receptor
complexes and higher ligand doses to reach maximal
activation [40]. Overall, our study supported a discrim-
inatory role for the endosomal compartment in defin-
ing signalling by IL-6. Short-lived GP130 complexes
that fail to traffic to endosomes activated STAT3 in
the cell surface but fail to phosphorylate STATI,
which required the stabilization of the short-lived com-
plex in endosomes. This stabilization provided these
complexes with the necessary extra time to activate sec-
ondary pathways that engage the receptor with low affin-
ity. Further studies are required to fully elucidate the role
of the endosomal compartment in cytokine responses,
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and whether the intracellular localization of STATSs influ-
ences their availability to long- and short-lived cytokine-
receptor complexes.

STATs levels and functional
pleiotropy

The identity of the cytokine-receptor complex and its
stability critically contribute to determine signalling
and biological responses induced by any given cyto-
kine [17,32]. However, ultimately STATs are the fac-
tors that translate receptor binding properties into
specific gene expression programs that inform cells
about the nature of the responses required [16]. Gener-
ally, all cytokines activate a dominant STAT that
defines their activities, for example, IL-6 activates
STAT3 [234], IL-2 activates STATS [7], IFN activates
STATI1 [16], etc. However, in most cases, cytokines
promote the activation of secondary STAT pathways
[7,19]. How these non-dominant STATSs contribute to
shape cytokine responses is not well understood. Early
studies showed that phosphotyrosine in the receptor
intracellular domain appears to play a redundant role
in STAT activation [125,126,235-238]. In most systems
studied, mutation of individual Tyr residues to Phe to
block their phosphorylation did not affect signalling
by cytokines unless all Tyr were mutated to Phe at the
same time. These observations suggested that any
given STAT can bind to any phosphotyrosine in the
cytokine-receptor intracellular domain to initiate sig-
nalling. This is clearly observed in the type I IFN sys-
tem. IFNs can promote the phosphorylation of all
STATs present in the responsive cell. Individual muta-
tion of intracellular Tyr on IFNAR2 to Phe did not
impact the ability of IFN to phosphorylate all STATs
molecules [126,235,236]. Mutation of all intracellular
Tyr resulted in complete block of IFN-induced STAT
activation, suggesting that STATs compete for phos-
photyrosine in the IFNAR2 intracellular domains
[126,235,236]. These studies implied that the overall
concentration of STATs in each cell could dramati-
cally affect the identity of the IFN response elicited. In
a later study, we showed that IFN engages different
ratios of STAT activation in different immune cell
subsets that could contribute to its pleiotropic activi-
ties [56].

The competitive nature of STAT binding for intra-
cellular phosphotyrosine is clearly observed between
STATI1 and STAT3. Expression of both STATs are
regulated by their own activation, with cytokines acti-
vating STATI leading to enhanced STATI expression
and cytokines activating STAT3 leading to increases in
STAT3 protein levels. Thus, changes in STATI and
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STAT3 protein concentrations ultimately affect cell
responses to cytokines. For example, in inflammatory
environments, which are rich in IFNy, cells tend to
express higher STATI levels, resulting from IFNy-
induced STATI1 activation [239]. In this context, IL-
10, an anti-inflammatory cytokine, activates STATI
rather than STAT3, and contributes to worsening
inflammation rather than preventing it [239]. Another
example where STAT competition for phosphotyrosine
governs the nature of the response elicited can be
found in the IL-6 and IL-27 system [8,240]. IL-6 and
IL-27 activate comparable signalling programs, that is,
STATI1 and STAT3, but elicit very different immune
responses. [L-27 is a hetero-dimeric cytokine com-
prised of p28 and EBI3 subunits, which binds GP130
and IL-27Ra in the surface of responsive cells to acti-
vate STATI1 and STAT3 transcription factors [240].
IL-27 can elicit both pro- and anti-inflammatory activ-
ities, but its anti-inflammatory properties seem to be
dominant [240]. IL-6, on the other hand, is a potent
pro-inflammatory cytokine that forms a hexameric
complex comprised of two GP130 and two IL-6Ra
receptor subunits to activate STAT1 and STAT3 tran-
scription factors [8]. We and others have shown that
the differential activities elicited by these two cytokines
arise from the different STAT1 and STAT3 phospho-
rylation kinetics that they elicit [41,240,241]. While
both IL-27 and IL-6 promotes phosphorylation of
STAT3 with similar kinetics, only IL-27 induces sus-
tained STAT1 phosphorylation. This is achieved by a
high-affinity STATI/IL-27Ra interaction site centred
around Tyr613 on IL-27Ro [41]. While phosphoty-
rosine residues in GPI30 can bind both STATS,
STAT3 binds with significantly higher affinity than
STATI. This in turn results in sustained STAT3 phos-
phorylation kinetics and short STATI phosphorylation
kinetics upon IL-6 stimulation. The distinct STATI
and STATS3 kinetic profiles induced by IL-6 and IL-27
result in decoupling of their gene expression programs
[41]. Both IL-6 and IL-27 promote the induction of a
shared group of genes that depend on GP130-STATS3
activation. However, the more sustained STATI acti-
vation by IL-27 leads to the regulation of an exclusive
group of genes by this cytokine, which contribute to
its unique biological profile [41]. We found that IRFI1,
which is induced very quickly (1 h) upon IL-27 stimu-
lation and depends on sustained STAT1 phosphoryla-
tion for its continued expression, was required for the
unique gene program induced by IL-27 [41]. IRF1 has
been shown to synergize with STAT1 and previous
studies showed that IL-27 and IFNy but not IL-6
stimulation led to upregulation of this gene in hepato-
cytes [242]. These results suggest that STAT activation
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kinetics critically influence the expression of accessory
transcription factors, such as IRF1, that act in synergy
with STATSs to define the nature of the gene program
elicited.

The tight coupling of one receptor subunit within
the cytokine-receptor complex to one STAT found in
the IL-27 system is rather unusual for cytokines [243].
Generally, one of the receptor subunits within the
complex takes a dominant role driving signalling by
carrying most Tyr residues susceptible to being phos-
phorylated [235,244]. This generates competition
between STAT molecules for binding to those shared
phosphotyrosine and therefore different kinetics of
phosphorylation between high-affinity and low-affinity
STATS as described for I1L-6 [245]. This basic model is
very efficient and allows for a coordinated signalling
wave between positive and negative feedback regula-
tors contributing to cytokine signalling. However, as
described above, the system presents its limitations.
STAT competition for the same pool of phosphoty-
rosine makes the system very sensitive to changes in
STAT concentration, which could explain why cytoki-
nes are so often associated with disease [129]. Interest-
ingly, IL-27 appears to have evolved away from this
general model, allowing this cytokine to elicit robust
responses in dynamic immune environments. These
data fully support our differential saturation model for
cytokine signalling. STAT affinity to specific cytokine-
receptor phosphotyrosine motifs controls STAT phos-
phorylation kinetics and the identity of the gene
expression program engaged by cytokines, ultimately
ensuring the generation of functional diversity through
the use of a limited set of signalling intermediaries.
Since receptor and STAT levels vary across cells and
in healthy versus disease conditions, understanding
how this ultimately regulates cytokine responses will
be crucial to improve our ability to predict and manip-
ulate cytokine behaviour.

Conclusions

The cytokine field has advanced dramatically since the
first cytokine, type I IFN, was discovered in 1957 by
Isaacs and Lindenmann [246]. Since then, more than
30 cytokines have been identified, together with their
receptors and JAK/STAT signalling pathways engaged
[17,32,247]. We have gained a deeper insight into the
biological processes controlled by cytokines in health
and disease, and cytokine therapies, particularly those
focused on neutralizing cytokine activities, have
become a reality and improve the lives of millions of
people world-wide [247,248]. However, there are still
many outstanding questions that have prevented us

The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 17

Federation of European Biochemical Societies.



Cytokine functional pleiotropy

from utilizing the full potential of cytokines in the
clinic. One of these questions pertains to how cytoki-
nes exert non-redundant activities despite sharing key
components of their signalling pathways. An example
that better exemplifies this question is found in IL-6
and IL-10 cytokines. These two cytokines activate
comparable STAT3 levels, yet IL-6 elicits pro-
inflammatory activities and IL-10 is the prototypic
anti-inflammatory cytokine [17,36,249]. We and others
have started to show that in addition to the identity of
the STAT molecules engaged by a cytokine, the ampli-
tude of activation also contributes to define the nature
of the response. Engineered cytokine variants that eli-
cit partial agonistic responses can decouple functional
pleiotropy and thus elicit more specific responses and
diminish systemic toxicity [33]. But the question
remains as to how different levels of STAT activation
promote unique gene expression programs and decou-
ple biological responses. Several studies have shown
now that not all cytokine-induced genes sense changes
in STAT activation in the same manner
[3,40,76,110,111,130,131,250]. While induction of some
genes is saturated at low STAT activation levels, other
genes require high levels of STAT activation to be
induced. This generates a gradient of gene expression
sensitivity that is exploited by cytokines to promote
unique gene expression programs, despite sharing sig-
nalling components [40,111]. Moreover, any environ-
mental stress that changes the levels of receptors, JAK
or STAT can significantly alter the response of a given
cell to cytokines. However, what differentiates robust
from tuneable genes is not known, which has limited
our ability to tailor cytokine activities with protein
engineering. Moreover, we lack a clear understanding
of the role of individual genes in specific cytokine
bioactivities. As more cytokine partial agonists are
generated and cytokine activities decouple, we will
start to comprehend how cytokine signalling leads to
specific gene expression programs and pleiotropic
activities.

Cytokines can engage accessory signalling pathways,
other than the JAK/STAT pathway, that are believed
to contribute to fine-tuning their responses [7,19]. For
instance, in addition to STATS, IL-2 can activate the
Ras/Erk1/2 pathway and the mTORCI1 pathway, with
the latter controlling IL-2 metabolic and transcrip-
tional gene programs, thus shaping T cell proteomes
to control energy-generating metabolic processes [7].
Similarly, Type I IFNs were reported to engage the
mTORC1 pathway to regulate protein translation,
which critically impacted IFN antiviral activities [19].
However, a recent study could not reproduce these
observations  [251]. More  systematic  studies
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characterizing cytokines entire signalosome in primary
cells are needed to better understand how non-
STAT pathways contribute to cytokine responses. We
recently combined high-throughput multiparametric
phospho-flow cytometry with unbiased phosphopro-
teomic studies to obtain a full picture of the IL-6 sig-
nalosome in human T cells. This study uncovered a
novel role of the nuclear compartment in defining 1L.-6
responses, via regulation of CDKS8 localization [252].
CDKS regulated STAT3 chromatin binding dwell-time
and transcriptional activities, which could have impor-
tant implications in STAT3 mediated diseases and
inflammation. CDK8 and STAT3 interacted in the
nucleus upon IL-6 stimulation, leading to STAT3 Ser-
ine phosphorylation [252]. Inhibition of CDKS
resulted in a more sustained STAT3 Tyrosine phos-
phorylation and nuclear retention upon IL-6 stimula-
tion, which led to a global increase in STAT3
chromatin binding intensity at all STAT3 target sites
and augmented Th-17 differentiation [252]. However,
CDKS8 plays a positive role in regulating STAT1 activ-
ities in macrophages, highlighting the complex roles
that non-STAT signalling pathways play in modulat-
ing and controlling cytokine responses [253].

New technological advances allowing the monitoring
of cytokine-receptor complexes in real time within the
plasma membrane as well as in their trafficking through
endosomal compartments will enable us to better
understand how these complexes initiate and diversify
signalling. Moreover, a global characterization of cyto-
kine signalling signatures, as well as a clear understand-
ing of how STAT activation leads to unique gene
expression programs will help us to unravel how cytoki-
nes elicit their pleiotropic responses. Combining these
advances with protein engineering to precisely manipu-
late cytokine properties will enable us to probe cytokine
systems in a much more defined manner. Overall, a pro-
found understanding of how the binding of cytokines to
their receptor complexes is transmitted intracellularly to
induce unique signalling and gene expression programes,
and a plethora of biological responses will enable us to
design more effective cytokine-based therapies to treat a
wide range of human diseases.

Acknowledgements

This work was supported by Wellcome Trust (grant #
202323/7/16/Z to IM), European Research Council
(grant # 714680 to IM, AM and EP).

Conflict of interest

The authors declare no conflict of interest.

18 The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



A. McFarlane et al.

Cytokine functional pleiotropy

Author contributions 14 Haan C, Kreis S, Margue C, Behrmann I. Jaks and
cytokine receptors—an intimate relationship. Biochem

All authors listed have made a substantial, direct and Pharmacol. 2006:72:1538-46.

intellectual contribution to the work, and approved it 15 Levy DE, Darnell JE Jr. Stats: transcriptional control

for publication. and biological impact. Nat Rev Mol Cell Biol.
2002;3:651-62.

Data availability statement 16 Schindler C, Levy DE, Decker T. JAK-STAT
signaling: from interferons to cytokines. J Biol Chem.

Data sharing is not applicable to this article as no new 2007;282:20059-63.

data were created or analysed in this study. 17 Murray PJ. The JAK-STAT signaling pathway: input
and output integration. J Immunol. 2007;178:2623-9.

18 Leonard WJ, O’Shea JJ. Jaks and STATs: biological

References implications. Annu Rev Immunol. 1998;16:293-322.

1 Bazan JF. A novel family of growth factor receptors: a 19 Platanias LC. Mechanisms of type-I- and type-II-
common binding domain in the growth hormone, interferon-mediated signalling. Nat Rev Immunol.
prolactin, erythropoietin and I1L-6 receptors, and the 2005;5:375-86.
p75 IL-2 receptor beta-chain. Biochem Biophys Res 20 Ozaki K, Leonard WJ. Cytokine and cytokine receptor
Commun. 1989;164:788-95. pleiotropy and redundancy. J Biol Chem.

2 Rose-John S. Cytokines come of age. Biochim Biophys 2002;277:29355-8.

Acta. 2002;1592:213-4. 21 Fiorentino DF, Zlotnik A, Mosmann TR, Howard M,

3 Gorby C, Martinez-Fabregas J, Wilmes S, Moraga 1. O’Garra A IL-10 inhibits cytokine production by
Mapping determinants of cytokine signaling via activated macrophages. J Immunol. 1991;147:3815-22.
protein engineering. Front Immunol. 2018;9:2143. 22 Naing A, Infante JR, Papadopoulos KP, Chan IH,

4 Lokau J, Garbers C. Activating mutations of the Shen C, Ratti NP, et al. PEGylated IL-10
gp130/JAK/STAT pathway in human diseases. Adv (Pegilodecakin) induces systemic immune activation,
Protein Chem Struct Biol. 2019;116:283-309. CDS8(+) T cell invigoration and polyclonal T cell

5 Villarino AV, Kanno Y, Ferdinand JR, O’Shea JJ. expansion in cancer patients. Cancer Cell. 2018;34:775—
Mechanisms of Jak/STAT signaling in immunity and 791 e3.
disease. J Immunol. 2015;194:21-7. 23 Keegan AD, Johnston JA, Tortolani PJ, McReynolds

6 Liao W, Lin JX, Leonard WJ. IL-2 family cytokines: LJ, Kinzer C, O’Shea JJ, et al. Similarities and
new insights into the complex roles of IL-2 as a broad differences in signal transduction by interleukin 4 and
regulator of T helper cell differentiation. Curr Opin interleukin 13: analysis of Janus kinase activation.
Immunol. 2011;23:598-604. Proc Natl Acad Sci USA. 1995;92:7681-5.

7 Ross SH, Cantrell DA. Signaling and function of 24 Zhu J, Yamane H, Paul WE. Differentiation of
interleukin-2 in T lymphocytes. Annu Rev Immunol. effector CD4 T cell populations. Annu Rev Immunol.
2018;36:411-33. 2010;28:445-89.

8 Hunter CA, Jones SA. IL-6 as a keystone cytokine in 25 Zurawski Sm, Vega F, Huyghe B, Zurawski G.
health and disease. Nat Immunol. 2015;16:448-57. Receptors for interleukin-13 and interleukin-4 are

9 Moore KW, de Waal Malefyt R, Coffman RL, complex and share a novel component that functions
O’Garra A. Interleukin-10 and the interleukin-10 in signal transduction. EMBO J. 1993;12:2663-70.
receptor. Annu Rev Immunol. 2001;19:683-765. 26 Junttila IS, Mizukami K, Dickensheets H, Meier-

10 Stroud RM, Wells JA. Mechanistic diversity of Schellersheim M, Yamane H, Donnelly RP, et al.
cytokine receptor signaling across cell membranes. Sci Tuning sensitivity to IL-4 and IL-13: differential
STKE. 2004;2004:re7. expression of IL-4Ralpha, IL-13Ralphal, and gammac

11 Wang X, Lupardus P, LaPorte SL, Garcia KC. regulates relative cytokine sensitivity. J Exp Med.
Structural biology of shared cytokine receptors. Annu 2008;205:2595-608.

Rev Immunol. 2009;27:29-60. 27 Kang S, Narazaki M, Metwally H, Kishimoto T.

12 Watowich SS, Hilton DJ, Lodish HF. Activation and Historical overview of the interleukin-6 family
inhibition of erythropoietin receptor function: role of cytokine. J Exp Med. 2020;217:€20190347.
receptor dimerization. Mol Cell Biol. 1994;14:3535— 28 Pestka S, Krause CD, Sarkar D, Walter MR, Shi Y,
49. Fisher PB. Interleukin-10 and related cytokines and

13 Thle JN, Witthuhn BA, Quelle FW, Yamamoto K, receptors. Annu Rev Immunol. 2004;22:929-79.
Silvennoinen O. Signaling through the hematopoietic 29 Pestka S, Krause CD, Walter MR. Interferons,
cytokine receptors. Annu Rev Immunol. interferon-like cytokines, and their receptors. Immunol
1995;13:369-98. Rev. 2004;202:8-32.

The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 19

Federation of European Biochemical Societies.



Cytokine functional pleiotropy

30

31

32

33

34

35

36

37

38

39

40

41

42

43

44

45

46

20

Vignali DA, Kuchroo VK. IL-12 family cytokines:
immunological playmakers. Nat Immunol. 2012;13:722-8.
Broughton SE, Dhagat U, Hercus TR, Nero TL,
Grimbaldeston MA, Bonder CS, et al. The GM-CSF/
IL-3/IL-5 cytokine receptor family: from ligand
recognition to initiation of signaling. Immunol Rev.
2012;250:277-302.

Delgoffe GM, Murray PJ, Vignali DA. Interpreting
mixed signals: the cell’s cytokine conundrum. Curr
Opin Immunol. 2011;23:632-8.

Spangler JB, Moraga I, Mendoza JL, Garcia KC. Insights
into cytokine-receptor interactions from cytokine
engineering. Annu Rev Immunol. 2015;33:139-67.

Lin JX, Leonard WJ. Fine-tuning cytokine signals.
Annu Rev Immunol. 2019;37:295-324.

Li AW, Lim WA. Engineering cytokines and cytokine
circuits. Science. 2020;370:1034-5.

Mosser DM, Zhang X. Interleukin-10: new
perspectives on an old cytokine. Immunol Rev.
2008;226:205-18.

Moraga I, Spangler J, Mendoza JL, Garcia KC.
Multifarious determinants of cytokine receptor
signaling specificity. Adv Immunol. 2014;121:1-39.
Cunningham BC, Ultsch M, de Vos AM, Mulkerrin
MG, Clauser KR, Wells JA. Dimerization of the
extracellular domain of the human growth hormone
receptor by a single hormone molecule. Science.
1991;254:821-5.

Piehler J, Thomas C, Garcia K, Schreiber G.
Structural and dynamic determinants of type I
interferon receptor assembly and their functional
interpretation. Immunol Rev. 2012;250:317-34.
Martinez-Fabregas J, Wilmes S, Wang L, Hafer M,
Pohler E, Lokau J, et al. Kinetics of cytokine receptor
trafficking determine signaling and functional
selectivity. eLife. 2019;8:¢49314.

Wilmes S, Jeffrey P-A, Martinez-Fabregas J, Hafer M,
Fyfe PK, Pohler E, et al. Competitive binding of
STATs to receptor phospho-Tyr motifs accounts for
altered cytokine responses. Elife. 2021;10:¢66014.
Ivashkiv LB, Donlin LT. Regulation of type I
interferon responses. Nat Rev Immunol. 2014;14:36-49.
Ortiz A, Fuchs SY. Anti-metastatic functions of type 1
interferons: Foundation for the adjuvant therapy of
cancer. Cytokine. 2017;89:4-11.

Parker BS, Rautela J, Hertzog PJ. Antitumour actions
of interferons: implications for cancer therapy. Nat
Rev Cancer. 2016;16:131-44.

Abramovich C, Chebath J, Revel M. The human
interferon alpha-receptor protein confers differential
responses to human interferon-beta versus interferon-
alpha subtypes in mouse and hamster cell
transfectants. Cytokine. 1994;6:414-24.

Ghislain J, Sussman G, Goelz S, Ling LE, Fish EN.
Configuration of the interferon-alpha/beta receptor

47

48

49

50

51

52

53

54

55

56

57

58

59

A. McFarlane et al.

complex determines the context of the biological
response. J Biol Chem. 1995;270:21785-92.

Jaitin DA, Roisman LC, Jaks E, Gavutis M, Piehler J,
Van der Heyden J, et al. Inquiring into the differential
action of interferons (IFNs): an IFN-alpha2 mutant
with enhanced affinity to IFNARI is functionally
similar to IFN-beta. Mol Cell Biol. 2006;26:1888-97.
Marijanovic Z, Ragimbeau J, van der Heyden J, Uzé
G, Pellegrini S. Comparable potency of IFNalpha2
and IFNbeta on immediate JAK/STAT activation but
differential down-regulation of IFNAR2. Biochem J.
2007;407:141-51.

Subramaniam PS, Khan SA, Pontzer CH, Johnson
HM. Differential recognition of the type I interferon
receptor by interferons tau and alpha is responsible for
their disparate cytotoxicities. Proc Natl Acad Sci USA.
1995;92:12270-4.

Moraga I, Harari D, Schreiber G, Uz¢é G, Pellegrini S.
Receptor density is key to the alpha2/beta interferon
differential activities. Mol Cell Biol. 2009;29:4778-87.
Kalie E, Jaitin DA, Podoplelova Y, Piehler J,
Schreiber G. The stability of the ternary interferon-
receptor complex rather than the affinity to the
individual subunits dictates differential biological
activities. J Biol Chem. 2008;283:32925-36.

Piehler J, Roisman LC, Schreiber G. New structural
and functional aspects of the type I interferon-receptor
interaction revealed by comprehensive mutational
analysis of the binding interface. J Biol Chem.
2000;275:40425-33.

Piehler J, Schreiber G. Mutational and structural
analysis of the binding interface between type |
interferons and their receptor Ifnar2. J Mol Biol.
1999;294:223-37.

Kalie E, Jaitin DA, Abramovich R, Schreiber G. An
interferon alpha2 mutant optimized by phage display
for IFNARI1 binding confers specifically enhanced
antitumor activities. J Biol Chem. 2007;282:11602—-11.
Slutzki M, Jaitin DA, Yehezkel TB, Schreiber G.
Variations in the unstructured C-terminal tail of
interferons contribute to differential receptor binding
and biological activity. J Mol Biol. 2006;360:1019-30.
Thomas C, Moraga I, Levin D, Krutzik PO,
Podoplelova Y, Trejo A, et al. Structural linkage
between ligand discrimination and receptor activation
by type I interferons. Cell. 2011;146:621-32.

Mendoza JL, Schneider WM, Hoffmann H-H,
Vercauteren K, Jude KM, Xiong A, et al. The IFN-A-
IFN-ARI-IL-10Rf complex reveals structural features
underlying Type III IFN functional plasticity.
Immunity. 2017;46:379-92.

Wills-Karp M. Interleukin-13 in asthma pathogenesis.
Curr Allergy Asthma Rep. 2004;4:123-31.

Zhu J, Guo L, Watson CJ, Hu-Li J, Paul WE. Stat6 is
necessary and sufficient for IL-4’s role in Th2

The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



A. McFarlane et al.

60

differentiation and cell expansion. J Immunol.
2001;166:7276-81.

O’Shea JJ, Paul WE. Mechanisms underlying lineage
commitment and plasticity of helper CD4+ T cells.
Science. 2020;327:1098-102.

75

Cytokine functional pleiotropy

active Crohn’s disease. Crohn’s Disease I1L-10
Cooperative Study Group. Gastroenterology.
2000;119:1461-72.

Zhu L, Shi T, Zhong C, Wang Y, Chang M, Liu X,
et al. IL-10 and IL-10 receptor mutations in very early

61 LaPorte SL, Juo ZS, Vaclavikova J, Colf LA, Qi X, onset inflammatory Bowel disease. Gastroenterology
Heller NM, et al. Molecular and structural basis of Res. 2017;10:65-9.
cytokine receptor pleiotropy in the interleukin-4/13 76 Saxton RA, Tsutsumi N, Su LL, Abhiraman GC,
system. Cell. 2008;132:259-72. Mohan K, Henneberg LT, et al. Structure-based
62 Chomarat P, Banchereau J. Interleukin-4 and decoupling of the pro- and anti-inflammatory
interleukin-13: their similarities and discrepancies. Int functions of interleukin-10. Science. 2021;371:eabc8433.
Rev Immunol. 1998;17(1-4):1-52. 77 de Waal Malefyt R, Haanen J, Spits H, Roncarolo
63 Liang H-E, Reinhardt RL, Bando JK, Sullivan BM, MG, te Velde A, Figdor C, et al. Interleukin 10 (IL-
Ho I-C, Locksley RM. Divergent expression patterns 10) and viral IL-10 strongly reduce antigen-specific
of IL-4 and IL-13 define unique functions in allergic human T cell proliferation by diminishing the antigen-
immunity. Nat Immunol. 2012;13:58-66. presenting capacity of monocytes via downregulation
64 Wynn TA. IL-13 effector functions. Annu Rev of class II major histocompatibility complex
Immunol. 2003;21:425-56. expression. J Exp Med. 1991;174:915-24.
65 Kelly-Welch AE, Hanson EM, Boothby MR, Keegan 78 Yoon SI, Jones BC, Logsdon NJ, Harris BD,
AD. Interleukin-4 and interleukin-13 signaling Kuruganti S, Walter MR. Epstein-Barr virus IL-10
connections maps. Science. 2003;300:1527-8. engages IL-10R1 by a two-step mechanism leading to
66 Heller NM, Qi X, Junttila IS, Shirey KA, Vogel SN, altered signaling properties. J Biol Chem.
Paul WE, et al. Type I IL-4Rs selectively activate IRS- 2012;287:26586-95.
2 to induce target gene expression in macrophages. Sci 79 Yoon SI, Jones BC, Logsdon NJ, Walter MR. Same
Signal. 2008;1:ral7. structure, different function crystal structure of the
67 Andrews AL, Holloway JW, Holgate ST, Davies DE. Epstein-Barr virus IL-10 bound to the soluble IL-10R1
IL-4 receptor alpha is an important modulator of I1L-4 chain. Structure. 2005;13:551-64.
and IL-13 receptor binding: implications for the 80 Kotenko SV, Saccani S, Izotova LS, Mirochnitchenko
development of therapeutic targets. J Immunol. OV, Pestka S. Human cytomegalovirus harbors its
2006;176:7456-61. own unique IL-10 homolog (cmvIL-10). Proc Natl
68 Andrews A-L, Holloway JW, Puddicombe SM, Acad Sci USA. 2000;97:1695-700.
Holgate ST, Davies DE. Kinetic analysis of the 81 Ding Y, Qin L, Kotenko SV, Pestka S, Bromberg JS.
interleukin-13 receptor complex. J Biol Chem. A single amino acid determines the
2002;277:46073-8. immunostimulatory activity of interleukin 10. J Exp
69 Zhang JL, Buehner M, Sebald W. Functional epitope Med. 2000;191:213-24.
of common gamma chain for interleukin-4 binding. 82 Go NF, Castle BE, Barrett R, Kastelein R, Dang W,
Eur J Biochem. 2002;269:1490-9. Mosmann TR, et al. Interleukin 10, a novel B cell
70 Zhang JL, Simeonowa I, Wang Y, Sebald W. The stimulatory factor: unresponsiveness of X
high-affinity interaction of human IL-4 and the chromosome-linked immunodeficiency B cells. J Exp
receptor alpha chain is constituted by two independent Med. 1990;172:1625-31.
binding clusters. J Mol Biol. 2002;315:399-407. 83 Vieira P, de Waal-Malefyt R, Dang MN, Johnson KE,
71 Junttila IS, Creusot RJ, Moraga I, Bates DL, Wong Kastelein R, Fiorentino DF, et al. Isolation and
MT, Alonso MN, et al. Redirecting cell-type specific expression of human cytokine synthesis inhibitory
cytokine responses with engineered interleukin-4 factor cDNA clones: homology to Epstein-Barr virus
superkines. Nat Chem Biol. 2012;8:990-8. open reading frame BCRFI. Proc Natl Acad Sci USA.
72 Walter MR. The molecular basis of IL-10 function: 1991;88:1172-6.
from receptor structure to the onset of signaling. Curr 84 Ding Y, Qin L, Zamarin D, Kotenko SV, Pestka S,
Top Microbiol Immunol. 2014;380:191-212. Moore KW, et al. Differential IL-10R1 expression
73 Correa I, Veny M, Esteller M, Piqué JM, Yagiie J, plays a critical role in IL-10-mediated immune
Panés J, et al. Defective IL-10 production in severe regulation. J Immunol. 2001;167:6884-92.
phenotypes of Crohn’s disease. J Leukoc Biol. 85 Liu Y, de Waal Malefyt R, Briere F, Parham C,
2009;85:896-903. Bridon JM, Banchereau J, et al. The EBV IL-10
74 Schreiber S, Fedorak RN, Nielsen OH, Wild G, homologue is a selective agonist with impaired
Williams C, Nikolaus S, et al. Safety and efficacy binding to the IL-10 receptor. J Immunol.
of recombinant human interleukin 10 in chronic 1997;158:604—13.
The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 21

Federation of European Biochemical Societies.



Cytokine functional pleiotropy

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

22

Cassell DJ, Choudhri S, Humphrey R, Martell RE,
Reynolds T, Shanafelt AB. Therapeutic enhancement
of IL-2 through molecular design. Curr Pharm Des.
2002;8:2171-83.

Malek TR. The biology of interleukin-2. Annu Rev
Immunol. 2008;26:453-79.

Boyman O, Sprent J. The role of interleukin-2 during
homeostasis and activation of the immune system. Nat
Rev Immunol. 2012;12:180-90.

Klapper JA, Downey SG, Smith FO, Yang JC,
Hughes MS, Kammula US, et al. High-dose
interleukin-2 for the treatment of metastatic renal cell
carcinoma : a retrospective analysis of response and
survival in patients treated in the surgery branch at the
National Cancer Institute between 1986 and 2006.
Cancer. 2008;113:293-301.

Smith FO, Downey SG, Klapper JA, Yang JC, Sherry
RM, Royal RE, et al. Treatment of metastatic
melanoma using interleukin-2 alone or in conjunction
with vaccines. Clin Cancer Res. 2008;14:5610-8.
Boyman O, Surh CD, Sprent J. Potential use of 1L-2/
anti-IL-2 antibody immune complexes for the
treatment of cancer and autoimmune disease. Expert
Opin Biol Ther. 2006;6:1323-31.

McDermott DF, Atkins MB. Application of IL-2 and
other cytokines in renal cancer. Expert Opin Biol Ther.
2004;4:455-68.

Kim HP, Imbert J, Leonard WJ. Both integrated and
differential regulation of components of the IL-2/1L-2
receptor system. Cytokine Growth Factor Rev.
2006;17:349-66.

Wang X, Rickert M, Garcia KC. Structure of the
quaternary complex of interleukin-2 with its alpha,
beta, and gammac receptors. Science. 2005;310:1159—
63.

Rao BM, Driver I, Lauffenburger DA, Wittrup KD.
High-affinity CD25-binding IL-2 mutants potently
stimulate persistent T cell growth. Biochemistry.
2005;44:10696-701.

Liu DV, Maier LM, Hafler DA, Wittrup KD.
Engineered interleukin-2 antagonists for the inhibition
of regulatory T cells. J Immunother. 2009;32:887-94.
Carmenate T, Pacios A, Enamorado M, Moreno E,
Garcia-Martinez K, Fuente D, et al. Human 1L-2
mutein with higher antitumor efficacy than wild type
IL-2. J Immunol. 2013;190:6230-8.

Zurawski SM, Imler JL, Zurawski G. Partial agonist/
antagonist mouse interleukin-2 proteins indicate that a
third component of the receptor complex functions in
signal transduction. EMBO J. 1990;9:3899-905.
Zurawski SM, Zurawski G. Receptor antagonist and
selective agonist derivatives of mouse interleukin-2.
EMBO J. 1992;11:3905-10.

Shanafelt AB, Lin Y, Shanafelt M-C, Forte CP,
Dubois-Stringfellow N, Carter C, et al. A T-cell-

101

102

103

104

105

106

107

108

109

110

111

A. McFarlane et al.

selective interleukin 2 mutein exhibits potent
antitumor activity and is well tolerated in vivo. Nat
Biotechnol. 2000;18:1197-202.

Margolin K, Atkins MB, Dutcher JP, Ernstoff MS,
Smith JW, Clark JI, et al. Phase I trial of BAY 50—
4798, an interleukin-2-specific agonist in advanced
melanoma and renal cancer. Clin Cancer Res.
2007;13:3312-9.

Davey RT, Pertel PE, Benson A, Cassell DJ, Gazzard
BG, Holodniy M, et al. Safety, tolerability,
pharmacokinetics, and efficacy of an interleukin-2
agonist among HIV-infected patients receiving highly
active antiretroviral therapy. J Interferon Cytokine
Res. 2008;28:89-100.

Matthews L, Chapman S, Ramchandani MS, Lane
HC, Davey RT, Sereti I. BAY 50-4798, a novel,
high-affinity receptor-specific recombinant
interleukin-2 analog, induces dose-dependent
increases in CD25 expression and proliferation
among unstimulated, human peripheral blood
mononuclear cells in vitro. Clin Immunol.
2004;113:248-55.

Humrich JY, von Spee-Mayer C, Siegert E, Alexander
T, Hiepe F, Radbruch A, et al. Rapid induction of
clinical remission by low-dose interleukin-2 in a
patient with refractory SLE. Ann Rheum Dis.
2015;74:791-2.

Koreth J, Matsuoka K-i, Kim HT, McDonough SM,
Bindra B, Alyea EP, et al. Interleukin-2 and
regulatory T cells in graft-versus-host disease. N Engl/
J Med. 2011;365:2055-66.

Matsuoka K-i, Koreth J, Kim HT, Bascug G,
McDonough S, Kawano Y, et al. Low-dose
interleukin-2 therapy restores regulatory T cell
homeostasis in patients with chronic graft-versus-host
disease. Sci Transl Med. 2013;5:179ra43.

Silva D-A, Yu S, Ulge UY, Spangler JB, Jude KM,
Labao-Almeida C, et al. De novo design of potent and
selective mimics of IL-2 and IL-15. Nature.
2019;565:186-91.

Levin AM, Bates DL, Ring AM, Krieg C, Lin JT, Su
L, et al. Exploiting a natural conformational switch to
engineer an interleukin-2 ‘superkine’. Nature.
2012;484:529-33.

Mitra S, Ring AM, Amarnath S, Spangler JB, Li P, Ju
W, et al. Interleukin-2 activity can be fine tuned with
engineered receptor signaling clamps. Immunity.
2015;42:826-38.

Mo F, Yu Z, Li P, Oh J, Spolski R, Zhao L, et al. An
engineered IL-2 partial agonist promotes CD8(+) T
cell stemness. Nature. 2021;597:544-8.

Levin D, Schneider WM, Hoffmann H-H, Yarden G,
Busetto AG, Manor O, et al. Multifaceted activities of
type I interferon are revealed by a receptor antagonist.
Sci Signal. 2014;7:ra50.

The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



A. McFarlane et al.

112

113

114

115

116

117

118

119

120

121

122

123

124

125

126

Venkatakrishnan AJ, Deupi X, Lebon G, Tate CG,
Schertler GF, Babu MM. Molecular signatures of G-
protein-coupled receptors. Nature. 2013;494:185-94.
Grotzinger J, Kurapkat G, Wollmer A, Kalai M,
Rose-John S. The family of the IL-6-type cytokines:
specificity and promiscuity of the receptor complexes.
Proteins. 1997;27:96-109.

Jenkins RH, Hughes STO, Figueras AC, Jones SA.
Unravelling the broader complexity of IL-6
involvement in health and disease. Cytokine.
2021;148:155684.

Gyotoku E, Morita E, Kameyoshi Y, Hiragun T,
Yamamoto S, Hide M. The IL-6 family cytokines,
interleukin-6, interleukin-11, oncostatin M, and
leukemia inhibitory factor, enhance mast cell growth
through fibroblast-dependent pathway in mice. Arch
Dermatol Res. 2001;293:508—14.

Boulanger MJ, Chow DC, Brevnova EE, Garcia KC.
Hexameric structure and assembly of the interleukin-6/
IL-6 alpha-receptor/gp130 complex. Science.
2003;300:2101-4.

Grotzinger J, Kernebeck T, Kallen K-J, Rose-John S.
IL-6 type cytokine receptor complexes: hexamer, tetramer
or both? Biol Chem. 1999;380(7-8):803—13.

Rose-John S. IL-6 trans-signaling via the soluble 1L-6
receptor: importance for the pro-inflammatory
activities of IL-6. Int J Biol Sci. 2012;8:1237-47.
Pflanz S, Kurth I, Grotzinger J, Heinrich PC, Miiller-
Newen G. Two different epitopes of the signal
transducer gp130 sequentially cooperate on 1L-6-
induced receptor activation. J Immunol.
2000;165:7042-9.

McKeithan TW. Kinetic proofreading in T-cell
receptor signal transduction. Proc Natl Acad Sci USA.
1995;92:5042-6.

Zinkle A, Mohammadi M. A threshold model for
receptor tyrosine kinase signaling specificity and cell
fate determination. F1000Res. 2018;7:872.

Lemmon MA, Schlessinger J. Cell signaling by
receptor tyrosine kinases. Cell. 2010;141:1117-34.
Acuto O, Di Bartolo V, Michel F. Tailoring T-cell
receptor signals by proximal negative feedback
mechanisms. Nat Rev Immunol. 2008;8:699-712.
Cheng G, Yu A, Malek TR. T-cell tolerance and the
multi-functional role of IL-2R signaling in T-
regulatory cells. fmmunol Rev. 2011;241:63-76.
Schmitz J, Dahmen H, Grimm C, Gendo C, Miiller-
Newen G, Heinrich PC, et al. The cytoplasmic
tyrosine motifs in full-length glycoprotein 130 have
different roles in IL-6 signal transduction. J Immunol.
2000;164:848-54.

Zhao W, Lee C, Piganis R, Plumlee C, de Weerd N,
Hertzog PJ, et al. A conserved IFN-alpha receptor
tyrosine motif directs the biological response to type I
IFNs. J Immunol. 2008;180:5483-9.

127

128

129

130

131

132

133

134

135

136

137

138

139

140

Cytokine functional pleiotropy

Wiederkehr-Adam M, Ernst P, Miiller K, Bieck E,
Gombert FO, Ottl ], et al. Characterization of
phosphopeptide motifs specific for the Src homology 2
domains of signal transducer and activator of
transcription 1 (STAT1) and STATS3. J Biol Chem.
2003;278:16117-28.

Herrero C, Hu X, Li WP, Samuels S, Sharif MN,
Kotenko S, et al. Reprogramming of IL-10 activity
and signaling by IFN-gamma. J Immunol.
2003;171:5034-41.

Costa-Pereira AP, Tininini S, Strobl B, Alonzi T,
Schlaak JF, Is’harc H, et al. Mutational switch of an
1L-6 response to an interferon-gamma-like response.
Proc Natl Acad Sci USA. 2002;99:8043-7.

Gorby C, Sotolongo Bellon J, Wilmes S, Warda W,
Pohler E, Fyfe PK, et al. Engineered IL-10 variants
elicit potent immunomodulatory effects at low ligand
doses. Sci Signal. 2020;13:eabc0653.

Saxton RA, Henneberg LT, Calafiore M, Su L, Jude
KM, Hanash AM, et al. The tissue protective
functions of interleukin-22 can be decoupled from pro-
inflammatory actions through structure-based design.
Immunity. 2021;54:660—-672 9.

Ballinger MD, Wells JA. Will any dimer do? Nat
Struct Biol. 1998;5:938-40.

de Vos AM, Ultsch M, Kossiakoff AA. Human
growth hormone and extracellular domain of its
receptor: crystal structure of the complex. Science.
1992;255:306-12.

Hansen G, Hercus TR, McClure BJ, Stomski FC,
Dottore M, Powell J, et al. The structure of the GM-
CSF receptor complex reveals a distinct mode of
cytokine receptor activation. Cell. 2008;134:496-507.
Jones BC, Logsdon NJ, Walter MR. Structure of IL-
22 bound to its high-affinity IL-22R1 chain. Structure.
2008;16:1333-44.

Livnah O, Johnson DL, Stura EA, Farrell FX,
Barbone FP, You Y, et al. An antagonist peptide-Epo
receptor complex suggests that receptor dimerization is
not sufficient for activation. Nat Struct Biol.
1998:5:993-1004.

Livnah O, Stura EA, Johnson DL, Middleton SA,
Mulcahy LS, Wrighton NC, et al. Functional mimicry
of a protein hormone by a peptide agonist: the Epo
receptor complex at 2.8 A. Science. 1996;273:464-71.
Josephson K, Logsdon NJ, Walter MR. Crystal
structure of the IL-10/IL-10R1 complex reveals a
shared receptor binding site. Immunity. 2001;15:35-46.
Logsdon NJ, Deshpande A, Harris BD, Rajashankar
KR, Walter MR. Structural basis for receptor sharing
and activation by interleukin-20 receptor-2 (IL-20R2)
binding cytokines. Proc Natl Acad Sci USA.
2012;109:12704-9.

Ring AM, Lin J-X, Feng D, Mitra S, Rickert M,
Bowman GR, et al. Mechanistic and structural insight

The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 23
Federation of European Biochemical Societies.



Cytokine functional pleiotropy

141

142

143

144

145

146

147

148

149

150

151

24

into the functional dichotomy between IL-2 and IL-15.
Nat Immunol. 2012;13:1187-95.

McElroy CA, Holland PJ, Zhao P, Lim J-M, Wells L,
Eisenstein E, et al. Structural reorganization of the
interleukin-7 signaling complex. Proc Natl Acad Sci
USA. 2012;109:2503-8.

Ohashi H, Maruyama K, Liu YC, Yoshimura A.
Ligand-induced activation of chimeric receptors
between the erythropoietin receptor and receptor
tyrosine kinases. Proc Natl Acad Sci USA.
1994:91:158-62.

Kawahara M, Ogo Y, Tsumoto K, Kumagai I, Ueda
H, Nagamune T. Growth control of hybridoma cells
with an artificially induced EpoR-gp130 heterodimer.
Cytotechnology. 2006;52:171-9.

Schaeffer M, Schneiderbauer M, Weidler S, Tavares
R, Warmuth M, de Vos G, et al. Signaling through a
novel domain of gp130 mediates cell proliferation and
activation of Hck and Erk kinases. Mol Cell Biol.
2001;21:8068-81.

Pattyn E, Van Ostade X, Schauvliege L, Verhee A,
Kalai M, Vandekerckhove J, et al. Dimerization of
the interferon type I receptor IFNaR2-2 is sufficient
for induction of interferon effector genes but not for
full antiviral activity. J Biol Chem. 1999;274:34838—
45.

Fujiwara H, Hanissian SH, Tsytsykova A, Geha RS.
Homodimerization of the human interleukin 4
receptor alpha chain induces Cepsilon germline
transcripts in B cells in the absence of the interleukin 2
receptor gamma chain. Proc Natl Acad Sci USA.
1997;94:5866-71.

Suthaus J, Tillmann A, Lorenzen I, Bulanova E, Rose-
John S, Scheller J. Forced homo- and
heterodimerization of all gp130-type receptor
complexes leads to constitutive ligand-independent
signaling and cytokine-independent growth. Mol Biol
Cell. 2010;21:2797-807.

Stuhlmann-Laeisz C, Lang S, Chalaris A, Krzysztof P,
Enge S, Eichler J, et al. Forced dimerization of gp130
leads to constitutive STAT3 activation, cytokine-
independent growth, and blockade of differentiation of
embryonic stem cells. Mol Biol Cell. 2006;17:2986-95.
Moraga I, Spangler JB, Mendoza JL, Gakovic M,
Wehrman TS, Krutzik P, et al. Synthekines are
surrogate cytokine and growth factor agonists that
compel signaling through non-natural receptor dimers.
eLife. 2017;6:¢22882.

Watowich SS, Yoshimura A, Longmore GD, Hilton
DJ, Yoshimura Y, Lodish HF. Homodimerization and
constitutive activation of the erythropoietin receptor.
Proc Natl Acad Sci USA. 1992;89:2140-4.
Constantinescu SN, Keren T, Socolovsky M, Nam H-
s, Henis YI, Lodish HF. Ligand-independent
oligomerization of cell-surface erythropoietin receptor

152

153

154

155

156

157

158

159

160

161

162

163

164

A. McFarlane et al.

is mediated by the transmembrane domain. Proc Natl
Acad Sci USA. 2001;98:4379-84.

Lu X, Gross AW, Lodish HF. Active conformation of
the erythropoietin receptor: random and cysteine-
scanning mutagenesis of the extracellular
juxtamembrane and transmembrane domains. J Biol
Chem. 2006;281:7002—11.

Becker V, Sengupta D, Ketteler R, Ullmann GM,
Smith JC, Klingmiiller U. Packing density of the
erythropoietin receptor transmembrane domain
correlates with amplification of biological responses.
Biochemistry. 2008;47:11771-82.

Swaminathan K, Flynn P, Reece RJ, Marmorstein R.
Crystal structure of a PUT3-DNA complex reveals a
novel mechanism for DNA recognition by a protein
containing a Zn2Cys6 binuclear cluster. Nat Struct
Biol. 1997;4:751-9.

Constantinescu SN, Huang LJ-s, Nam H-s, Lodish
HF. The erythropoietin receptor cytosolic
juxtamembrane domain contains an essential, precisely
oriented, hydrophobic motif. Mol Cell. 2001;7:377-85.
Greiser JS, Stross C, Heinrich PC, Behrmann I,
Hermanns HM. Orientational constraints of the gp130
intracellular juxtamembrane domain for signaling. J
Biol Chem. 2002;277:26959-65.

Staerk J, Defour J-P, Pecquet C, Leroy E, Antoine-
Poirel H, Brett I, et al. Orientation-specific signalling
by thrombopoietin receptor dimers. EMBO J.
2011;30:4398-413.

Liu W, Brooks CL. Functional impact of
manipulation on the relative orientation of human
prolactin receptor domains. Biochemistry.
2011;50:5333-44.

Remy I, Wilson IA, Michnick SW. Erythropoietin
receptor activation by a ligand-induced conformation
change. Science. 1999;283:990-3.

Wrighton NC, Farrell FX, Chang R, Kashyap AK,
Barbone FP, Mulcahy LS, et al. Small peptides as
potent mimetics of the protein hormone
erythropoietin. Science. 1996;273:458-64.

Moraga I, Wernig G, Wilmes S, Gryshkova V, Richter
CP, Hong W-J, et al. Tuning cytokine receptor
signaling by re-orienting dimer geometry with
surrogate ligands. Cell. 2015;160:1196-208.

Poljak RJ. Production and structure of diabodies.
Structure. 1994;2:1121-3.

Mohan K, Ueda G, Kim AR, Jude KM, Fallas JA,
Guo Y, et al. Topological control of cytokine receptor
signaling induces differential effects in hematopoiesis.
Science. 2019;364:eaav7532.

Cui L, Moraga I, Lerbs T, Van Neste C, Wilmes S,
Tsutsumi N, et al. Tuning MPL signaling to influence
hematopoietic stem cell differentiation and inhibit
essential thrombocythemia progenitors. Proc Natl
Acad Sci USA. 2021;118:¢2017849118.

The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



A. McFarlane et al.

165

166

167

168

169

170

171

172

173

174

175

176

177

178

Ihle JN. Cytokine receptor signalling. Nature.
1995;377:591-4.

Yamaoka K, Saharinen P, Pesu M, Holt VET,
Silvennoinen O, O’Shea JJ. The Janus kinases (Jaks).
Genome Biol. 2004;5:253.

Imada K, Leonard WJ. The Jak-STAT pathway. Mol
Immunol. 2000;37(1-2):1-11.

Huang LJ, Constantinescu SN, Lodish HF. The N-
terminal domain of Janus kinase 2 is required for
Golgi processing and cell surface expression of
erythropoietin receptor. Mol Cell. 2001;8:1327-38.
Radtke S, Hermanns HM, Haan C, Schmitz-Van de
Leur H, Heinrich PC, Behrmann I, et al. Novel role of
Janus kinase 1 in the regulation of oncostatin M
receptor surface expression. J Biol Chem.
2002;277:11297-305.

Ragimbeau J. The tyrosine kinase Tyk2 controls
IFNARI cell surface expression. EMBO J.
2003;22:537-47.

Ferrao R, Lupardus PJ. The Janus kinase (JAK)
FERM and SH2 domains: bringing specificity to JAK-
receptor interactions. Front Endocrinol (Lausanne).
2017;8:71.

Ferrao R, Wallweber HJA, Ho H, Tam C, Franke Y,
Quinn J, et al. The structural basis for class II
cytokine receptor recognition by JAK1. Structure.
2016;24:897-905.

Zhang D, Wlodawer A, Lubkowski J. Crystal
structure of a complex of the intracellular domain of
interferon lambda receptor 1 (IFNLR1) and the
FERM/SH2 domains of human JAK1. J Mol Biol.
2016;428:4651-68.

McNally R, Toms AV, Eck MJ. Crystal structure of
the FERM-SH2 module of human Jak2. PLoS One.
2016;11:¢0156218.

He K, Loesch K, Cowan JW, Li X, Deng L, Wang X,
et al. Janus kinase 2 enhances the stability of the
mature growth hormone receptor. Endocrinology.
2005;146:4755-65.

Royer Y, Staerk J, Costuleanu M, Courtoy PJ,
Constantinescu SN. Janus kinases affect
thrombopoietin receptor cell surface localization and
stability. J Biol Chem. 2005;280:27251-61.

Haan C, Hermanns HM, Heinrich PC, Behrmann 1. A
single amino acid substitution (Trp(666)—> Ala) in the
interbox1/2 region of the interleukin-6 signal
transducer gp130 abrogates binding of JAK1, and
dominantly impairs signal transduction. Biochem J.
2000;349(Pt 1):261-6.

Hermanns HM, Radtke S, Haan C, Schmitz-Van de
Leur H, Tavernier J, Heinrich PC, et al. Contributions
of leukemia inhibitory factor receptor and oncostatin
M receptor to signal transduction in heterodimeric
complexes with glycoprotein 130. J Immunol.
1999;163:6651-8.

179

180

181

182

183

184

185

186

187

188

189

190

Cytokine functional pleiotropy

Gonnord P, Angermann BR, Sadtler K, Gombos E,
Chappert P, Meier-Schellersheim M, et al. A hierarchy
of affinities between cytokine receptors and the
common gamma chain leads to pathway cross-talk. Sci
Signal. 2018;11:eaal1253.

Gauzzi MC, Barbieri G, Richter MF, Uz¢ G, Ling L,
Fellous M, et al. The amino-terminal region of Tyk2
sustains the level of interferon alpha receptor 1, a
component of the interferon alpha/beta receptor. Proc
Natl Acad Sci USA. 1997;94:11839-44.
Frangois-Newton V, Magno de FreitasAlmeida G,
Payelle-Brogard B, Monneron D, Pichard-Garcia L,
Piehler J, et al. USP18-based negative feedback
control is induced by type I and type III interferons
and specifically inactivates interferon alpha response.
PLoS One. 2011;6:¢22200.

Burkart C, Arimoto K, Tang T, Cong X, Xiao N, Liu
YC, et al. Uspl18 deficient mammary epithelial cells
create an antitumour environment driven by
hypersensitivity to IFN-lambda and elevated secretion
of Cxcl10. EMBO Mol Med. 2013;5:1035-50.
Dagenais-Lussier X, Loucif H, Cadorel H, Blumberger
J, Isnard S, Bego MG, et al. USPI18 is a significant
driver of memory CD4 T-cell reduced viability caused
by type I IFN signaling during primary HIV-1
infection. PLoS Pathog. 2019;15:¢1008060.

Potu H, Sgorbissa A, Brancolini C. Identification of
USPI8 as an important regulator of the susceptibility
to IFN-alpha and drug-induced apoptosis. Cancer Res.
2010;70:655-65.

Taylor JP, Cash MN, Santostefano KE, Nakanishi M,
Terada N, Wallet MA. CRISPR/Cas9 knockout of
USP18 enhances type I IFN responsiveness and
restricts HIV-1 infection in macrophages. J Leukoc
Biol. 2018;103:1225-40.

Arimoto K-i, Lochte S, Stoner SA, Burkart C, Zhang
Y, Miyauchi S, et al. STAT2 is an essential adaptor in
USP18-mediated suppression of type I interferon
signaling. Nat Struct Mol Biol. 2017;24:279-89.
Waters MJ, Brooks AJ, Chhabra Y. A new
mechanism for growth hormone receptor activation of
JAK?2, and implications for related cytokine receptors.
JAKSTAT. 2014;3:¢29569.

Wilmes S, Hafer M, Vuorio J, Tucker JA, Winkelmann
H, Lochte S, et al. Mechanism of homodimeric
cytokine receptor activation and dysregulation by
oncogenic mutations. Science. 2020;367:643-52.

James C, Ugo V, Le Couédic J-P, Staerk J,
Delhommeau F, Lacout C, et al. A unique

clonal JAK2 mutation leading to constitutive
signalling causes polycythaemia vera. Nature.
2005;434:1144-8.

Claudinon J, Monier MN, Lamaze C. Interfering with
interferon receptor sorting and trafficking: impact on
signaling. Biochimie. 2007;89(6-7):735-43.

The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 25
Federation of European Biochemical Societies.



Cytokine functional pleiotropy

191

192

193

194

195

196

197

198

199

200

201

202

203

204

26

Duprez V, Smoljanovic M, Lieb M, Dautry-Varsat A.
Trafficking of interleukin 2 and transferrin in
endosomal fractions of T lymphocytes. J Cell Sci.
1994;107(Pt 5):1289-95.

Lauffenburger DA, Fallon EM, Haugh JM. Scratching
the (cell) surface: cytokine engineering for improved
ligand/receptor trafficking dynamics. Chem Biol.
1998;5:R257-63.

Miaczynska M, Pelkmans L, Zerial M. Not just a
sink: endosomes in control of signal transduction.
Curr Opin Cell Biol. 2004;16:400-6.

Uze G, Lutfalla G, Gresser 1. Genetic transfer of a
functional human interferon alpha receptor into mouse
cells: cloning and expression of its cDNA. Cell.
1990;60:225-34.

Lowenthal JW, Castle BE, Christiansen J, Schreurs J,
Rennick D, Arai N, et al. Expression of high affinity
receptors for murine interleukin 4 (BSF-1) on
hemopoietic and nonhemopoietic cells. J Immunol.
1988;140:456-64.

Obiri NI, Debinski W, Leonard WJ, Puri RK.
Receptor for interleukin 13. Interaction with
interleukin 4 by a mechanism that does not involve the
common gamma chain shared by receptors for
interleukins 2, 4, 7, 9, and 15. J Biol Chem.
1995;270:8797-804.

Ohara J, Paul WE. Receptors for B-cell stimulatory
factor-1 expressed on cells of haematopoietic lineage.
Nature. 1987;325:537-40.

Avalos BR, Gasson JC, Hedvat C, Quan SG, Baldwin
GC, Weisbart RH, et al. Human granulocyte colony-
stimulating factor: biologic activities and receptor
characterization on hematopoietic cells and small cell
lung cancer cell lines. Blood. 1990;75:851-7.

Irandoust MI, Aarts LHJ, Roovers O, Gits J,
Erkeland SJ, Touw IP. Suppressor of cytokine
signaling 3 controls lysosomal routing of G-CSF
receptor. EMBO J. 2007;26:1782-93.

Hamilton JA. GM-CSF in inflammation. J Exp Med.
2020;217:1.

Reddy CC, Niyogi SK, Wells A, Wiley HS,
Lauffenburger DA. Engineering epidermal growth
factor for enhanced mitogenic potency. Nat Biotechnol.
1996;14:1696-9.

Takahashi S. Mutations of FLT3 receptor affect its
surface glycosylation, intracellular localization, and
downstream signaling. Leuk Res Rep. 2020;13: 100187.
Liu J, Plotnikov A, Banerjee A, Suresh Kumar KG,
Ragimbeau J, Marijanovic Z, et al. Ligand-
independent pathway that controls stability of
interferon alpha receptor. Biochem Biophys Res
Commun. 2008;367:388-93.

Marijanovic Z, Ragimbeau J, Kumar KGS, Fuchs SY,
Pellegrini S. TYK2 activity promotes ligand-induced
IFNARI proteolysis. Biochem J. 2006;397:31-8.

205

206

207

208

209

210

211

212

213

214

215

216

217

A. McFarlane et al.

Kumar KG, Krolewski JJ, Fuchs SY. Phosphorylation
and specific ubiquitin acceptor sites are required for
ubiquitination and degradation of the IFNARI
subunit of type I interferon receptor. J Biol Chem.
2004;279:46614-20.

Lamken P, Lata S, Gavutis M, Piehler J. Ligand-
induced assembling of the type I interferon receptor on
supported lipid bilayers. J Mol Biol. 2004;341:303—18.
Uze G, Bandu M-T, Eid P, Grutter M, Mogensen KE.
Electrostatic interactions in the cellular dynamics of
the interferon-receptor complex. Eur J Biochem.
1988;171:683-91.

Croze E, Russell-Harde D, Wagner TC, Pu H, Pfeffer
LM, Perez HD. The human type I interferon receptor.
Identification of the interferon beta-specific receptor-
associated phosphoprotein. J Biol Chem.
1996;271:33165-8.

Payelle-Brogard B, Pellegrini S. Biochemical
monitoring of the early endocytic traffic of the type I
interferon receptor. J Interferon Cytokine Res.
2010;30:89-98.

Marchetti M, Monier M-N, Fradagrada A, Mitchell
K, Baychelier F, Eid P, et al. Stat-mediated signaling
induced by type I and type II interferons (IFNs) is
differentially controlled through lipid microdomain
association and clathrin-dependent endocytosis of IFN
receptors. Mol Biol Cell. 2006;17:2896-909.

Raiborg C, Stenmark H. The ESCRT machinery in
endosomal sorting of ubiquitylated membrane
proteins. Nature. 2009;458:445-52.

Zanin N, Blouin CM, de Lesegno CV, Chmiest D,
Johannes L, Lamaze C. STAM interaction with Hrs
controls JAK/STAT activation by interferon-o at the
early endosome. bioRxiv. 2019:509968.

Amano Y, Yamashita Y, Kojima K, Yoshino K,
Tanaka N, Sugamura K, et al. Hrs recognizes a
hydrophobic amino acid cluster in cytokine receptors
during ubiquitin-independent endosomal sorting. J
Biol Chem. 2011;286:15458-72.

Amano Y, Yoshino K, Kojima K, Takeshita T. A
hydrophobic amino acid cluster inserted into the C-
terminus of a recycling cell surface receptor functions
as an endosomal sorting signal. Biochem Biophys Res
Commun. 2013;441:164-8.

Seaman MN, McCaffery JM, Emr SD. A membrane
coat complex essential for endosome-to-Golgi
retrograde transport in yeast. J Cell Biol.
1998;142:665-81.

Chmiest D, Sharma N, Zanin N, Viaris de Lesegno C,
Shafaq-Zadah M, Sibut V, et al. Spatiotemporal
control of interferon-induced JAK/STAT signalling
and gene transcription by the retromer complex. Nat
Commun. 2016;7:13476.

Flynn CM, Kespohl B, Daunke T, Garbers Y,
Diisterhoft S, Rose-John S, et al. Interleukin-6

The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



A. McFarlane et al.

218

219

220

221

222

223

224

225

226

227

228

229

230

controls recycling and degradation, but not
internalization of its receptors. J Biol Chem.
2021;296:100434.

Friedrich K, Kammer W, Erhardt I, Brandlein S,
Arnold S, Sebald W. The two subunits of the
interleukin-4 receptor mediate independent and
distinct patterns of ligand endocytosis. Eur J Biochem.
1999;265:457-65.

German CL, Sauer BM, Howe CL. The STAT3
beacon: IL-6 recurrently activates STAT 3 from
endosomal structures. Exp Cell Res. 2011;317:1955-69.
Flynn CM, Kespohl B, Daunke T, Garbers Y,
Dusterhoft S, Rose-John S, et al. Involvement of the
ubiquitin/proteasome system in sorting of the
interleukin 2 receptor beta chain to late endocytic
compartments. Mol Biol Cell. 2001;12:1293-301.

Shah M, Patel K, Mukhopadhyay S, Xu F, Guo G,
Sehgal PB. Membrane-associated STAT3 and PY-
STATS3 in the cytoplasm. J Biol Chem. 2006;281:7302-8.
Subtil A, Delepierre M, Dautry-Varsat A. An alpha-
helical signal in the cytosolic domain of the interleukin
2 receptor beta chain mediates sorting towards
degradation after endocytosis. J Cell Biol.
1997;136:583-95.

Wang Y, Fuller GM. Phosphorylation and
internalization of gp130 occur after IL-6 activation of
Jak2 kinase in hepatocytes. Mol Biol Cell. 1994;5:819—
28.

Huang B, Bates M, Zhuang X. Super-resolution
fluorescence microscopy. Annu Rev Biochem.
2009;78:993-1016.

Roullier V, Clarke S, You C, Pinaud F, Gouzer GG,
Schaible D, et al. High-affinity labeling and tracking
of individual histidine-tagged proteins in live cells
using Ni2+ tris-nitrilotriacetic acid quantum dot
conjugates. Nano Lett. 2009;9:1228-34.

Kim AR, Ulirsch JC, Wilmes S, Unal E, Moraga I,
Karakukcu M, et al. Functional selectivity in cytokine
signaling revealed through a pathogenic Epo mutation.
Cell. 2017;168:1053-1064 el5.

Moraga I, Richter D, Wilmes S, Winkelmann H, Jude
K, Thomas C, et al. Instructive roles for cytokine-
receptor binding parameters in determining signaling
and functional potency. Sci Signal. 2015;8:ral14.
Richter D, Moraga I, Winkelmann H, Birkholz O,
Wilmes S, Schulte M, et al. Ligand-induced type 11
interleukin-4 receptor dimers are sustained by rapid re-
association within plasma membrane
microcompartments. Nat Commun. 2017;8:15976.
Wilmes S, Beutel O, Li Z, Francois-Newton V,
Richter CP, Janning D, et al. Receptor dimerization
dynamics as a regulatory valve for plasticity of type |
interferon signaling. J Cell Biol. 2015;209:579-93.
Kurgonaite K, Gandhi H, Kurth T, Pautot S, Schwille
P, Weidemann T, et al. Essential role of endocytosis

231

232

233

234

235

236

237

238

239

240

241

242

Cytokine functional pleiotropy

for interleukin-4-receptor-mediated JAK/STAT
signalling. J Cell Sci. 2015;128:3781-95.

Weidemann T, Worch R, Kurgonaite K, Hintersteiner
M, Bokel C, Schwille P. Single cell analysis of ligand
binding and complex formation of interleukin-4
receptor subunits. Biophys J. 2011;101:2360-9.
Glassman CR, Su L, Majri-Morrison SS, Winkelmann
H, Mo F, Li P. Calibration of cell-intrinsic
interleukin-2 response thresholds guides design of a
regulatory T cell biased agonist. eLife. 2021;10:¢65777.
Jones SA, Rose-John S. The role of soluble receptors
in cytokine biology: the agonistic properties of the
sIL-6R/IL-6 complex. Biochim Biophys Acta.
2002;1592:251-63.

Scheller J, Chalaris A, Schmidt-Arras D, Rose-John S.
The pro- and anti-inflammatory properties of the
cytokine interleukin-6. Biochim Biophys Acta.
2011;1813:878-88.

Nadeau OW, Domanski P, Usacheva A, Uddin S,
Platanias LC, Pitha P, et al. The proximal tyrosines of
the cytoplasmic domain of the beta chain of the type I
interferon receptor are essential for signal transducer
and activator of transcription (Stat) 2 activation.
Evidence that two Stat2 sites are required to reach a
threshold of interferon alpha-induced Stat2 tyrosine
phosphorylation that allows normal formation of
interferon-stimulated gene factor 3. J Biol Chem.
1999;274:4045-52.

Wagner TC, Velichko S, Vogel D, Rani MRS, Leung
S, Ransohoff RM, et al. Interferon signaling is
dependent on specific tyrosines located within the
intracellular domain of IFNAR2c. Expression of
IFNAR2c tyrosine mutants in USA cells. J Biol Chem.
2002;277:1493-9.

Stahl N, Farruggella TJ, Boulton TG, Zhong Z, Darnell
JE, Yancopoulos GD. Choice of STATs and other
substrates specified by modular tyrosine-based motifs in
cytokine receptors. Science. 1995;267:1349-53.

Wang HY, Paul WE, Keegan AD. IL-4 function can
be transferred to the IL-2 receptor by tyrosine
containing sequences found in the IL-4 receptor alpha
chain. Immunity. 1996;4:113-21.

Ho HH, Ivashkiv LB. Role of STAT3 in type I
interferon responses. Negative regulation of STATI1-
dependent inflammatory gene activation. J Biol Chem.
2006;281:14111-8.

Yoshida H, Hunter CA. The immunobiology of
interleukin-27. Annu Rev Immunol. 2015;33:417-43.
Hirahara K, Onodera A, Villarino AV, Bonelli M,
Sciume G, Laurence A, et al. Asymmetric action of
STAT transcription factors drives transcriptional
outputs and cytokine specificity. Immunity.
2015;42:877-89.

Bender H, Wiesinger MY, Nordhoff C, Schoenherr C,
Haan C, Ludwig S, et al. Interleukin-27 displays

The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of 27
Federation of European Biochemical Societies.



Cytokine functional pleiotropy

243

244

245

246

247

28

interferon-gamma-like functions in human hepatoma
cells and hepatocytes. Hepatology. 2009;50:585-91.
Owaki T, Asakawa M, Morishima N, Mizoguchi I,
Fukai F, Takeda K, et al. STAT3 is indispensable to
IL-27-mediated cell proliferation but not to 1L-27-
induced Thl differentiation and suppression of
proinflammatory cytokine production. J Immunol.
2008;180:2903-11.

Umeshita-Suyama R, Sugimoto R, Akaiwa M, Arima
K, Yu B, Wada M, et al. Characterization of I1L-4 and
IL-13 signals dependent on the human IL-13 receptor
alpha chain 1: redundancy of requirement of tyrosine
residue for STAT3 activation. Int Immunol.
2000;12:1499-509.

Rolvering C, Zimmer AD, Kozar I, Hermanns HM,
Letellier E, Vallar L, et al. Crosstalk between different
family members: 1L27 recapitulates IFNgamma
responses in HCC cells, but is inhibited by IL6-type
cytokines. Biochim Biophys Acta Mol Cell Res.
2017;1864:516-26.

Isaacs A, Lindenmann J. Virus interference. 1. The
interferon. Proc R Soc Lond B Biol Sci. 1957;147:258—
67.

O’Shea JJ, Murray PJ. Cytokine signaling modules in
inflammatory responses. Immunity. 2008;28:477-87.

248

249

250

251

252

253

A. McFarlane et al.

Turner MD, Nedjai B, Hurst T, Pennington DJ.
Cytokines and chemokines: at the crossroads of cell
signalling and inflammatory disease. Biochim Biophys
Acta. 2014;1843:2563-82.

Hunter CA, Kastelein R. New paradigms in
inflammation: where to next? Immunol Rev.
2008;226:6-9.

Mendoza JL, Escalante NK, Jude KM, Sotolongo
Bellon J, Su L, Horton TM, et al. Structure of the
IFNgamma receptor complex guides design of biased
agonists. Nature. 2019;567:56—60.

Livingstone M, Sikstrom K, Robert PA, Uzé G,
Larsson O, Pellegrini S. Assessment of mTOR-
dependent translational regulation of interferon
stimulated genes. PLoS One. 2015;10:e0133482.
Martinez-Fabregas J, Wang L, Pohler E, Cozzani A,
Wilmes S, Kazemian M, et al. CDKS fine-tunes 1L-6
transcriptional activities by limiting STAT3 resident
time at the gene loci. Cell Rep. 2020;33:108545.
Steinparzer I, Sedlyarov V, Rubin JD, Eislmayr K,
Galbraith MD, Levandowski CB, et al.
Transcriptional responses to IFN-gamma require
mediator kinase-dependent pause release and
mechanistically distinct CDK8 and CDK 19 functions.
Mol Cell. 2019;76:485-499 e8.

The FEBS Journal (2022) © 2022 The Authors. The FEBS Journal published by John Wiley & Sons Ltd on behalf of

Federation of European Biochemical Societies.



	Outline placeholder
	febs16420-aff-0001

	 Intro�duc�tion
	 Cytokine-re�cep�tor bind�ing param�e�ters con�tribut�ing to sig�nalling diver�si�fi�ca�tion
	 Cytokine-re�cep�tor com�plex sta�bil�ity/ki�net�ics and sig�nalling
	 Dis�con�nect between cytokine-re�cep�tor com�plex sta�bil�ity, sig�nalling and bioac�tiv�ity potency
	febs16420-fig-0001
	 Manip�u�lat�ing cytokine-re�cep�tor com�plex sta�bil�ity to fine-tune sig�nalling responses
	febs16420-fig-0002
	 Cytokine-re�cep�tor com�plex geom�e�try and sig�nalling responses

	 Cytokine-re�cep�tor - JAK inter�ac�tion and sig�nalling
	 JAKs and cytokine-re�cep�tor sur�face den�sity
	 JAKs and cytokine-re�cep�tor com�plex sta�bil�ity

	 Cytokine-re�cep�tor endo�so�mal traf�fic and sig�nalling
	febs16420-fig-0003

	 STATs levels and func�tional pleiotropy
	 Con�clu�sions
	 Acknowl�edge�ments
	 Con�flict of inter�est
	 Author con�tri�bu�tions
	 Data avail�abil�ity state�ment
	febs16420-bib-0001
	febs16420-bib-0002
	febs16420-bib-0003
	febs16420-bib-0004
	febs16420-bib-0005
	febs16420-bib-0006
	febs16420-bib-0007
	febs16420-bib-0008
	febs16420-bib-0009
	febs16420-bib-0010
	febs16420-bib-0011
	febs16420-bib-0012
	febs16420-bib-0013
	febs16420-bib-0014
	febs16420-bib-0015
	febs16420-bib-0016
	febs16420-bib-0017
	febs16420-bib-0018
	febs16420-bib-0019
	febs16420-bib-0020
	febs16420-bib-0021
	febs16420-bib-0022
	febs16420-bib-0023
	febs16420-bib-0024
	febs16420-bib-0025
	febs16420-bib-0026
	febs16420-bib-0027
	febs16420-bib-0028
	febs16420-bib-0029
	febs16420-bib-0030
	febs16420-bib-0031
	febs16420-bib-0032
	febs16420-bib-0033
	febs16420-bib-0034
	febs16420-bib-0035
	febs16420-bib-0036
	febs16420-bib-0037
	febs16420-bib-0038
	febs16420-bib-0039
	febs16420-bib-0040
	febs16420-bib-0041
	febs16420-bib-0042
	febs16420-bib-0043
	febs16420-bib-0044
	febs16420-bib-0045
	febs16420-bib-0046
	febs16420-bib-0047
	febs16420-bib-0048
	febs16420-bib-0049
	febs16420-bib-0050
	febs16420-bib-0051
	febs16420-bib-0052
	febs16420-bib-0053
	febs16420-bib-0054
	febs16420-bib-0055
	febs16420-bib-0056
	febs16420-bib-0057
	febs16420-bib-0058
	febs16420-bib-0059
	febs16420-bib-0060
	febs16420-bib-0061
	febs16420-bib-0062
	febs16420-bib-0063
	febs16420-bib-0064
	febs16420-bib-0065
	febs16420-bib-0066
	febs16420-bib-0067
	febs16420-bib-0068
	febs16420-bib-0069
	febs16420-bib-0070
	febs16420-bib-0071
	febs16420-bib-0072
	febs16420-bib-0073
	febs16420-bib-0074
	febs16420-bib-0075
	febs16420-bib-0076
	febs16420-bib-0077
	febs16420-bib-0078
	febs16420-bib-0079
	febs16420-bib-0080
	febs16420-bib-0081
	febs16420-bib-0082
	febs16420-bib-0083
	febs16420-bib-0084
	febs16420-bib-0085
	febs16420-bib-0086
	febs16420-bib-0087
	febs16420-bib-0088
	febs16420-bib-0089
	febs16420-bib-0090
	febs16420-bib-0091
	febs16420-bib-0092
	febs16420-bib-0093
	febs16420-bib-0094
	febs16420-bib-0095
	febs16420-bib-0096
	febs16420-bib-0097
	febs16420-bib-0098
	febs16420-bib-0099
	febs16420-bib-0100
	febs16420-bib-0101
	febs16420-bib-0102
	febs16420-bib-0103
	febs16420-bib-0104
	febs16420-bib-0105
	febs16420-bib-0106
	febs16420-bib-0107
	febs16420-bib-0108
	febs16420-bib-0109
	febs16420-bib-0110
	febs16420-bib-0111
	febs16420-bib-0112
	febs16420-bib-0113
	febs16420-bib-0114
	febs16420-bib-0115
	febs16420-bib-0116
	febs16420-bib-0117
	febs16420-bib-0118
	febs16420-bib-0119
	febs16420-bib-0120
	febs16420-bib-0121
	febs16420-bib-0122
	febs16420-bib-0123
	febs16420-bib-0124
	febs16420-bib-0125
	febs16420-bib-0126
	febs16420-bib-0127
	febs16420-bib-0128
	febs16420-bib-0129
	febs16420-bib-0130
	febs16420-bib-0131
	febs16420-bib-0132
	febs16420-bib-0133
	febs16420-bib-0134
	febs16420-bib-0135
	febs16420-bib-0136
	febs16420-bib-0137
	febs16420-bib-0138
	febs16420-bib-0139
	febs16420-bib-0140
	febs16420-bib-0141
	febs16420-bib-0142
	febs16420-bib-0143
	febs16420-bib-0144
	febs16420-bib-0145
	febs16420-bib-0146
	febs16420-bib-0147
	febs16420-bib-0148
	febs16420-bib-0149
	febs16420-bib-0150
	febs16420-bib-0151
	febs16420-bib-0152
	febs16420-bib-0153
	febs16420-bib-0154
	febs16420-bib-0155
	febs16420-bib-0156
	febs16420-bib-0157
	febs16420-bib-0158
	febs16420-bib-0159
	febs16420-bib-0160
	febs16420-bib-0161
	febs16420-bib-0162
	febs16420-bib-0163
	febs16420-bib-0164
	febs16420-bib-0165
	febs16420-bib-0166
	febs16420-bib-0167
	febs16420-bib-0168
	febs16420-bib-0169
	febs16420-bib-0170
	febs16420-bib-0171
	febs16420-bib-0172
	febs16420-bib-0173
	febs16420-bib-0174
	febs16420-bib-0175
	febs16420-bib-0176
	febs16420-bib-0177
	febs16420-bib-0178
	febs16420-bib-0179
	febs16420-bib-0180
	febs16420-bib-0181
	febs16420-bib-0182
	febs16420-bib-0183
	febs16420-bib-0184
	febs16420-bib-0185
	febs16420-bib-0186
	febs16420-bib-0187
	febs16420-bib-0188
	febs16420-bib-0189
	febs16420-bib-0190
	febs16420-bib-0191
	febs16420-bib-0192
	febs16420-bib-0193
	febs16420-bib-0194
	febs16420-bib-0195
	febs16420-bib-0196
	febs16420-bib-0197
	febs16420-bib-0198
	febs16420-bib-0199
	febs16420-bib-0200
	febs16420-bib-0201
	febs16420-bib-0202
	febs16420-bib-0203
	febs16420-bib-0204
	febs16420-bib-0205
	febs16420-bib-0206
	febs16420-bib-0207
	febs16420-bib-0208
	febs16420-bib-0209
	febs16420-bib-0210
	febs16420-bib-0211
	febs16420-bib-0212
	febs16420-bib-0213
	febs16420-bib-0214
	febs16420-bib-0215
	febs16420-bib-0216
	febs16420-bib-0217
	febs16420-bib-0218
	febs16420-bib-0219
	febs16420-bib-0220
	febs16420-bib-0221
	febs16420-bib-0222
	febs16420-bib-0223
	febs16420-bib-0224
	febs16420-bib-0225
	febs16420-bib-0226
	febs16420-bib-0227
	febs16420-bib-0228
	febs16420-bib-0229
	febs16420-bib-0230
	febs16420-bib-0231
	febs16420-bib-0232
	febs16420-bib-0233
	febs16420-bib-0234
	febs16420-bib-0235
	febs16420-bib-0236
	febs16420-bib-0237
	febs16420-bib-0238
	febs16420-bib-0239
	febs16420-bib-0240
	febs16420-bib-0241
	febs16420-bib-0242
	febs16420-bib-0243
	febs16420-bib-0244
	febs16420-bib-0245
	febs16420-bib-0246
	febs16420-bib-0247
	febs16420-bib-0248
	febs16420-bib-0249
	febs16420-bib-0250
	febs16420-bib-0251
	febs16420-bib-0252
	febs16420-bib-0253


