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Cytokines are essential mediators ofimmune functions and regulate
many other biological processes, ranging from fetal development

to ageing. Dysregulation of cytokine responses can substantially
increase therisk of disease and so their activity requires tight control.
The formation of cytokine homodimers, heterodimers and multimers
has evolved as a versatile mechanism to regulate cytokine biology, in
which multimerization can enable or attenuate their activity, diversify
signalling outcomes and drive signalling bias. Here, we discuss the
structure-functionimplications of cytokine multimerization for typel
cytokines (for example, the IL-6 and IL-12 cytokine families), type I
cytokines (for example, the IL-10 and interferon families), cytokines
that signal through immunoglobulin-family receptors (for example,
the IL-1and M-CSF families) and also for the IL-17, TNF and TGF[3
cytokine families. We highlight the influence of multimerization on
cytokine activity and receptor engagement, as well as the relevance of
cytokine multimerization for disease development and the resulting
therapeutic opportunities.
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Introduction

Cytokines are small proteins that mediate and control numerous
biological functions, ranging from fetal development to immune
homeostasis, tissue repair and ageing'~. According to their function,
receptor engagement and/or sequence homology and evolutionary
development, cytokines can be grouped into families (Table 1and Sup-
plementary Table1). Tight control of cytokine activity is essential and
aberrant cytokine regulation contributes to the pathophysiology of
many diseases. On the one hand, autoinflammatory and autoimmune
disorders are characterized by excessive, uncontrolled cytokine activity
and are increasingly being targeted with anti-cytokine therapies*. On
the other hand, deficiencies in cytokine abundance or function can
also contribute to disease. For instance, deficiency of IL-1 receptor
antagonist (DIRA) causes severe systemic inflammation’. Similarly,
reduced abundance of the anti-inflammatory cytokine IL-37 has been
identified in necrotizing enterocolitis and in allergic asthma, with a
protective role of IL-37 being demonstrated in mouse models of both
diseases®’. Moreover, loss of function of pro-inflammatory cytokines
canlead to insufficient immune defence. For example, IL-6 receptor
dysfunctionis linked to primary immunodeficiency with recurrent
infections and inadequate acute-phase responses®.

Under physiological conditions, several intrinsic mechanisms
regulate cytokine functions. Such mechanisms include transcrip-
tional, post-transcriptional® and post-translational modification™
and the requirement for cytokine maturation (for example,
inflammasome-mediated cleavage of pro-IL-1B and pro-IL-18 into their
biologically active forms®). The formation of dimers or multimers
represents another mechanism by which cytokine activity is regulated
(Table 1). In this Review, we describe modulation of cytokine func-
tion by cytokine multimerization, and discuss the potential trans-
lational opportunities of harnessing these properties in the design
of next-generation, innovative cytokine-based therapeutics (Box 1).

Chemokines are a subfamily of cytokines that signal predomi-
nantly through G protein-coupled receptors and mediate leukocyte
migration and activation, angiogenesis, haematopoiesis, and cell
survival and proliferation (as reviewed elsewhere ). In general,
structural and biological knowledge on chemokine multimerization
islimited compared to other cytokines. Therefore, we do not address
chemokinesinthis Review; however, they areincludedin Tables1and 2
and Supplementary Table 1for abrief overview.

Important concepts in cytokine biology

Before delving into cytokine structure-function relationships, we
will first introduce some concepts of fundamental importance to
understanding cytokine biology.

Pleiotropism

Most cytokines are multifunctional (that is, pleiotropic™) and par-
ticipate in a wide spectrum of immune and non-immune processes,
includinginflammation, innate and adaptive immunity, metabolism,
morphogenesis, various forms of cell death, fibrosis, development
and homeostasis of multiple systems. The action of a given cytokine
may vary substantially depending on various factors, including its
local concentration, receptor availability, activation state of the tar-
get cell and the local abundance of other cytokines (often termed
‘the cytokine milieu’). For example, type 2 cytokines including IL-4,
IL-5and IL-13 can promote type 2 inflammation in the lung”, but may
reducetype 1inflammation or type 3 inflammation in other organs'.
Notably, pleiotropism can pose a challenge for cytokine-based

therapies and can cause unintended effects. For example, whereas
therapeutic IFNy can activate antitumour responses and contribute
to tumourimmune surveillance, depending on the context IFNy can
also activate immunosuppressive pathways, thus promoting tumour
progression”.

Pleiotropism (see also section ‘Redundancy’) often arises from
shared receptor usage. Examples include members of the IL-2, IL-6
and IL-10 families (Fig. 1), in which common receptor subunits retain
distinct cytokine activities, but also enable activation of overlapping
signalling pathways (reviewed in refs.18-20).

Redundancy

Thesame or highly similar effects can be exerted by multiple cytokines™.
Oneexampleisthe promotion of type 2immune responses by IL-4, IL-5
and IL-13 (ref.15). Redundancyis animportant cause of low efficacy of
some therapeutic strategies targeting single cytokines, as cytokines
withsimilar effects can compensate for reduced activity of the targeted
cytokine. For example, simultaneous blockade of IL-4, IL-5 and IL-13
ameliorated experimental bronchopulmonary dysplasia (a neonatal
cardiopulmonary disease characterized by type 2 immune polariza-
tion), whereas targeting the individual cytokines did not because of
signalling redundancies®.

Immune polarization determines pro-inflammatory or
anti-inflammatory activities

Inline with cytokine pleiotropism and context-dependent functions,
thereis hardly any cytokine orimmune polarization state that is purely
pro-inflammatory or anti-inflammatory in nature. For instance, the
three main types of adaptive immune polarization (type 1, type 2 and
type 3immunity) often antagonize each other. Hence, in the setting of
type-1-driven inflammation, type 2 cytokines such as IL-4, IL-5 or IL-13
may suppress inflammation. However, in the lung, where inflammation
is often underpinned by type-2-polarizing cytokines, the signalling
pathwaysinduced by the same cytokines are often pro-inflammatory,
whereas type 1 and type 3 cytokines, such as IFNy and IL-17A,
may ameliorate pulmonary inflammation.

Cytokinesin cancer

Cytokines are key players in cancer” and some cytokines, including
IL-2, IL-15, TNF and IFNq, are in clinical use as anticancer therapeutics
(Table1). However, the exact effect of any specific cytokine onthe estab-
lishment, progression and metastasis of neoplasms is complex and
highly context-dependent. Therefore, with the exception of certain
selected standout properties, we do not discuss cancer-related activi-
ties of cytokines herein and refer readers to specialized literature on
this topic (see examplesin Table 2).

Cellular sources of cytokines and their target cells

Many cytokines were originally identified as mediators of theimmune
system. However, over time, additional properties have been discov-
ered for many cytokines. Moreover, with the increased availability of
large-scale datasets, particularly those assembled using single-cell-
based technologies, it has become clear that the expression of many
cytokines is more widespread than previously assumed. Therefore,
listing cellular sources and cytokine target cells would produce
unwieldy lists, which are likely to be incomplete even at the time
of writing. Hence, we do not provide such lists, and instead focus
on phenotypes in cytokine-deficient mice and clinical trials using
cytokine-modulating agents.
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Table 1| Structural classification of cytokine families, known receptors, canonical signalling mediators and therapeutic

opportunities
Class Family Cytokines Main receptors and canonical signalling mediators Therapeutic opportunities and drug examples
Type | IL-2 and IL-2%, IL-9, IL-15, IL-2: IL-2Ra, IL-2RB-IL-2RYy, IL-2Ra-IL-2RB-IL-2Ry; IL-2: agonistic for cancers (aldesleukin);
cytokine common IL-21 JAK1/3-STAT5A, STAT5B antagonistic: for transplant rejection
families v-chain (vc) -4 subfamily: IL-O: IL-9R-IL-2Ry; JAK1/3-STAT5A, STAT5B, STAT3 (basiliximab)
signalling receptor IL-4, IL13 IL-15: IL-15Ra-IL-2RB-IL-2Ry; JAK1/3-STAT5A, STATSB IL-15: agonistic for cancers (nogapendekin alfa)
tcT;cs)slgh famity IL-7 subfamily: IL-21: IL-21Ra-IL-2Ry; JAK1/3-STAT3 IL-4/IL-13: antagonistic for type-2-driven
cytokine IL7. TSLP IL-4: IL-4Ra-IL-2Ry, JAK1/3-STATS; IL-4Ra-IL-13Ra, JAK1/ CE DD RN U Tl
receptors TYK2-STAT6 IL-13: antagonistic for type-2-driven diseases
IL-13: IL-4Ra-IL-13Ra; JAK1/TYK2-STATE (et el o
IL7: IL-7Ra-IL-2Ry; JAK1/3-STAT5A, STAT5B TSLP: antagonistic for type-2-driven diseases
(tezepelumab)
TSLP: IL-7Ra-TSLPR; JAK1/2-STAT5A, STAT5B
Common IL-3, IL-5°, IL-3: IL-3Ra-cB-chain, JAK2-STAT5A, STATSB; Src family kinases  IL-3: agonistic for cancers (tagraxofusp)
B-chain GM-CSF IL-5: IL-5Ra-cB-chain; as IL-3 IL-5: antagonistic for type-2-driven diseases
;:mptor GM-CSF: GMRa-cf-chain; as IL-3 (mepolizumab)
Y GM-CSF: agonistic for bone marrow recovery
(sargramostim)
Prolactin G-CSF G-CSF: G-CSFR-G-CSFR; JAK2-STATS3; Src family kinases G-CSF: agonistic for neutrophil recovery
family (filgrastim)
IL-6 family IL-6°, IL-11, IL-31, IL-6: IL-6Ra-gp130; soluble IL-6R; JAK1/2/TYK2-STAT3, to a IL-6: antagonistic for inflammatory diseases
LIF, CNTF?, OSM, lesser extent STAT1 such as rheumatoid arthritis (tocilizumab)
CT'LISLC" ”—;2C7bc’ IL-11: IL-11Ra-gp130; as IL-6 IL-11: agonistic for thrombocyte recovery
Lo s IL-31: IL-31Ra-OSMR; JAK1/2/TYK2-STAT3 (oprelvekin)
LIF: LIFRB-gp130; as IL-6 CNTEF: agonistic for macular telangiectasia
CNTF: CNTFRa-LIFRB-gp130; SCNTFRa; as IL-6 type 2in development
OSM: LIFRB-gp130, OSMRB-gp130; as IL-6
CT-1: LIFRB-gp130; as IL-6
CLC: CNTFRa-LIFRB-gp130; as IL-6
IL-12 family  1L-12°, 1L-23°, IL-12: IL-12RB1-IL-12RB2; JAK2/TYK2-STAT4 IL-12/1L-23: anti-p40 for ulcerative colitis,
IL-27°, IL-30, IL-23: IL-23R-IL-12RB1; JAK2/TYK2-STAT3 psoriasis (ustekinumab)
IL-35, |L-39%° IL-27: IL-27Ra-gp130; JAK1/2/TYK2-STAT1, STAT3 IL-23: anti-p19 for inflammatory bowel disease,
IL-30: gp130, CLF1, IL-6Ra-gp130; as IL-27 plaque psoriasis (guselkumab)
IL-35: IL-12RB2-gp130, IL-12RB2-IL-12RB2, gp130-gp130,
IL-12RB2-IL-27Ra; JAK1/2/TYK2-STAT1, STAT3/4
IL-39: IL-23R-gp130, gp130-IL-12RPB1, IL-23R-IL-12RB2; JAK1/2/
TYK2-STAT3
Type ll IL-10 family  IL-10°, 1L-222, IL-10: IL-10R1-IL-10R2; JAK1/TYK2-STAT3 None approved
cytokine IL-26° IL-22: IL-22R1-IL-10R2; as IL-10
EDEE IL-26: IL-10R2-IL-20R1; as IL-10
signalling
tTfouﬁh IL-19 family 119, IL-20, IL-24  1L-19: IL-20R1-IL-20R2; as IL-10 None approved
class
cytokine IL-20, IL-24: IL-20R1-IL-20R2; IL-22R1-IL-20R2; as IL-10
receptor TypellFNs  IFNa® (including  Alltype I IFNs: IFNaR1-IFNaR2; JAK1/TYK2-STAT1/STAT2/IRF9 IFNa: agonistic for cancers, chronic hepatitis B
at least 13 and C, multiple sclerosis (peginterferon alfa);
subtypes), IFN{3?, antagonistic for systemic lupus erythematosus
IFNg, IFNk, IFNw (anifrolumab)
IENB: agonistic for multiple sclerosis
(peginterferon beta)
Type Il IFN IFNy® IENy: IFNYR1-IFNyR2; JAK1/2-STAT1 IENy: agonistic for chronic granulomatous
disease, osteopetrosis (interferon gamma)
Type Il IFNs  IFNA1? to IFNA4? All type Il IFNs: IFNAR1-IL-TOR2; as type | IFNs none approved
Families Receptor FLt3LP, KitL® FUt3L: Flt3; STAT5A, STAT5B; PI3K-AKT and ERK, p38, JNK Flt3L: antagonistic for cancers (quizartinib)
signalling tyrosine M-CSF subfamily: MAPKs KitL: antagonistic for cancers (imatinib)
tstroeur?am:ﬁ h:?iﬁls:n(c:il:ss IL-34°, M-CSF® KitL: c-Kit; as FIt3L plus PLCy-PKC M-CSF: antagonistic for cancers (pexidartinib)
peframty 9 IL-34: CSFIR, PTP-Z, syndecan-1(CD138), TREM2; STAT3, STATS;
cytokine . .
otherwise as KitL
receptors

M-CSF: CSF1R; as IL-34
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Table 1 (continued) | Structural classification of cytokine families, known receptors, canonical signalling mediators and

therapeutic opportunities

Class Family Cytokines Main receptors and canonical signalling mediators Therapeutic opportunities and drug examples
Families Non- IL-1 family: IL-1a and (3: IL-1R1-IL1R3; MyD88-IRAK-TRAF6 IL-1B: antagonistic for inflammatory diseases
signalling ~ receptor ||.1q, IL-1B, IL-IRa?, IL-1Ra: IL-1R1; receptor antagonist (canakinumab)
through |$_3 terSIne 1L-18, IL-33, IL-18: IL-TR5-IL-IR7; MyD88-IRAK-TRAF6 IL-1Ra: mimic for inflammatory diseases
superfamily kinase IL-360, . (anakinra)
q A IL-33: IL-1R4-IL-1R3; MyD88-IRAK-TRAF6
cytokine ligands IL-363, IL-36V, IL-37: agonistic for inflammatory diseases in
receptors ! ’ IL-36a : IL-IR6-IL-1R3; MyD88-IRAK-TRAF6 —
i IL-36Ra, IL-37" . development
(continued) e o IL-36Ra: IL-1R6; receptor antagonist
IL-37: IL-IR5-IL-1R8; STAT3, Mer, PTEN, Smad3
IL-38: candidates: IL-1R6, IL-IR9, IL-IR10; Unknown
IL-16° IL-16: CD4; p56/Lck/Src kinases; PI3K-AKT; ERK and p38 MAPKs; None approved
Ca signalling
HMGB1° HMGBI1: TLR2, TLR4, TLR5, RAGE; MyD88-IRAK-TRAF6; PISK-AKT  None approved
TNF family At least 19 Only selected TNF family ligands are listed TNF: antagonistic for inflammatory diseases
signalling members: TNF: TNFR1, TNFR2; via TNFR1: TRADD-RIPKI-TRAF2-TAK]; (infliximab); agonistic for cancers (tasonermin)
through TNF® (also known  FADD-procaspase 8; via TNFR2: TRAF1-TRAF2 RANKL: antagonistic for osteoporosis
iz k> asTNFa), LTa®, | Tq: LTa1B2: LTRR; LTa3: TNFRI1, TNFR2; similar to TNF (denosumab)
el LTR®, OX40L®, BAFF: antagonistic for systemic lupus
famil b b CD40L: CD40; TRAF2/6 (also TRAF3 and 5)-TAK1; PISK-AKT DArFE: 9 ! Y p
Y CD40L>, FASL”, erythematosus (belimumab)
CD70°, CD30LP FASL: Fas; FADD-procaspase 8; RIPK1-TRAF2-TAK1 o .
TRAIL®, RANKL?,  TRAIL: DR4, DR5, DcR1, DcR2, OPG; FADD-procaspase 8; IRAIL: agonistic for cancers in development
TWEAK®, APRIL®, RIPK1-TRAF2-TAK1
BAFFZ LIGHT®, RANKL: RANK, OPG; TRAF6 (also TRAF2 and 5)-TAK1; PI3K-AKT;
GITRL’andsoon  Ca-calcineurin-NFATc1
APRIL: TACI, BCMA
BAFF: BAFFR, TACI, BCMA, TRAF2,5,6-TAK1; PI3K-AKT
NGF®, GRN® NGF: Trk-A, p75NTR; ERK and JNK MAPKs; PIBK-AKT; PLCy-PKC;  NGF: agonistic for neurotrophic keratitis
RhoA (cenegermin)
GRN: TNFR1, TNFR2, DR3, TLR9, sortilin, Notch receptors,
EphA2; ERK; PIBK-AKT
Chemokine Chemokine At least 28 Receptors for CCL chemokines are highly promiscuous; CCL3, CCL4, CCL5: antagonistic for HIV entry
family CCL family  members, e.g. only the main receptor chains for selected CCL chemokines inhibition (maraviroc)
signalling CCU:bCCLZb: are listed CCL17, CCL22: antagonistic for mycosis
through CCL3 CCL3, CCL4, CCL5: CCRS; for CCL3 and CCL5: PI3K-AKT; ERK  fungoides, Sézary syndrome (mogamulizumab)
chemokine MAPKSs; for CCL4: MEK; JNK MAPKs
receptors CCL17, CCL22: CCR4; ERK MAPKs
CXCL At least 17 Only selected CXCL chemokines are listed CXCLS8 (also known as IL-8): antagonistic for
family membffsl eg.  CXCLB(IL-8): CXCR1, CXCR2; PIBK-AKT; ERK and p38 MAPKSs; cancers in development
CXCLP, CXCL2 FAK-Src CXCL12: antagonistic for stem cell mobilization
CXCL12: CXCR4; PI3K-AKT, ERK MAPKSs; PLCy-Ca-NFAT (plerixafor)
XCL family ~ XCL1°, XCL2° XCL1: XCR1, integrin-a9; PLCy-Ca-NFAT, FAK-Src; ERK MAPKs None approved
XCL2: XCR1; as XCL1:XCR1
CX4C- CX,CL1° CX4CL1: CX,CRI; PI3K-AKT; ERK and p38 MAPKs; PLCy-Ca-NFAT;  None approved
ligand Rho-like GTPases
Other? Chemerin Chemerin: ChemR1, chemerin R2, CCRL2; PI3K-AKT, ERK and None approved
p38 MAPKs; PLCy-Ca-NFAT, Rho-like GTPases
Other IL-17 family  IL-17AP-IL17F®; IL-17A, IL-17F: IL17RA-IL-17RC; all IL-17 family cytokines: IL-17A: antagonistic for inflammatory diseases
cytokine IL-17E® (also Act1-TRAF6-TAK1; Act1-TRAF2/5-C/EBPB and & such as psoriasis (secukinumab)
families known as IL-25) IL-17B: IL-17RB. IL-17C: IL-17RA-IL-17RE IL-17D: CD93. IL-17E: IL-17A/F: antagonistic for inflammatory
and orphan IL-17RA-IL-17RB diseases such as psoriasis (bimekizumab)
cytokines
TGFB TGFB subfamily: TGFB1-TGFR3: TGFBRI-TGFPBR2; Smad2/3-Smad4; TRAF6-TAK1;  TGF(: antagonistic for anaemia associated with
superfamily TGFB1°to TGFB3®  PI3K-AKT; ERK, JNK and p38 MAPKs; Rho-like GTPases myeloid dysplastic syndrome (luspatercept)

Activin subfamily:
Act A®, B®, AB®

Activin A, B, AB: ActRIB or ActRIC-ActRIl or ActRIIA; as TGF[3

Activin A: antagonistic for pulmonary arterial
hypertension (sotatercept)
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Table 1 (continued) | Structural classification of cytokine families, known receptors, canonical signalling mediators and

therapeutic opportunities

Class Family Cytokines Main receptors and canonical signalling mediators Therapeutic opportunities and drug examples
Other Orphan IL-14, 1L-32, IL-14: not reported Thymosin: agonistic to stimulate immune
cytokine cytokines IL-40, IL-41, MIF®,  |L.32: uncertain; proteinase-3 and avB3-integrin suggested; responses in conditions such as hepatitis B and
families OPN® and the RIPK2-TRAF6-TAK1 hepatitis C, melanoma (thymalfasin)

and orphan thymosin® and iE o . . . .

e L 1L-40: signalling still being elucidated

(continued) families

IL-41: KitR; signalling still being elucidated

MIF: CD74, CXCR2, CXCRA4; Src; PISK-AKT; ERK
OPN: CD44, integrins; FAK-Src; Rho family GTPases; PISK-AKT;

ERK, JNK and p38 MAPKs

Thymosin: TLR2, TLR9; MyD88-IRAK-TRAF6
Thymopoietin: receptor not reported; PLCy-Ca-NFAT; STAT5,

STAT1

For an expanded version of Table 1, see Supplementary Table 1. We note that all named drugs are exemplary only, and neither of the drug lists in Table 1 nor Supplementary Table 1are meant

to be comprehensive. A drug being called out in Table 1 or Supplementary Table 1 does not indicate that this drug is preferable to alternative drugs with similar function in any way. APRIL,

a proliferation-inducing ligand; BAFF, B cell activating factor; CCL, CC-motif ligands; CLC, cardiotrophin-like cytokine; CT-1, cardiotrophin-1; CXCL, CXC ligand; CNTF, ciliary neurotrophic
factor; ERK, extracellular signal-regulated kinase 1/2; FIt3L, fms-like tyrosine kinase 3 ligand; HMGB1, high-mobility group box 1; LIF, leukemia inhibitory factor; LTa, lymphotoxin a; MAPK,
mitogen-activated protein kinase; G-CSF, granulocyte colony-stimulating factor; GM-CSF, granulocyte macrophage colony-stimulating factor; GRN, granulin/epithelin; Ig, immunoglobulin; IL,
interleukin; IFN, interferon; JAK, Janus kinase; JNK, c-Jun N-terminal kinase; MIF, macrophage migration inhibitory factor; NGF, nerve growth factor; OPN, osteopontin; RANKL, receptor activator
of nuclear factor-kB; STAT, signal transducers and activators of transcription; TGF, transforming growth factor; TLR, Toll-like receptor; TNF, tumour necrosis factor; TNFR, TNF receptor; TRAF,
TNFR-associated factor; TRAIL, TNF-related apoptosis-inducing ligand; TSLP, thymic stromal lymphopoietin; TYK, tyrosine kinase; XCL, XC ligand. *Cytokines for which multimerization has been
reported but has not been linked to a biological function or has not been reported to occur under physiological conditions. "Cytokines that have been reported to dimerize or multimerize.
°Cytokines sharing features of IL-6 and IL-12 families. “Non-chemokine ligands signalling through chemokine receptors.

Cytokine multimerization

Multimerization facilitates, increases or in rare cases inhibits
cytokine activity, and therapeutically exploitable insights emerge
from examining the role of multimerization in modulating cytokine
function (Table 2).

The simplest form of multimer assembly — cytokine homodimer
formation — is an efficient method of actuating receptor homodi-
merization and instigating signalling cascades. Cytokine homodimers
can lock two identical receptor chains at a fixed distance, enabling
downstream activation; an example is IL-34 homodimers signalling
via colony-stimulating factor 1 receptors (CSF1Rs)?. The next level
of complexity is observed when each cytokine within a homodimer
binds distinct receptor chains, enabling receptor heterodimeriza-
tion and clustering various receptor types at the cell surface. This
architecture provides cytokine homodimers with a greater range of
downstream signalling mechanisms than monomers. An example is
the IL-10 domain-swapped homodimer, which enables the cluster-
ing of multiple copies of IL-10R1 and IL-10R2 (ref. 23). Symmetrical
cytokine assembly expands further with trimeric cytokine combina-
tions. For example, TNF trimers enable trimerization of three receptors
at the cell surface and participate in the clustering of large hexameric
receptor complexes®. Moreover, non-symmetrical instances, whereby
cytokine multimerization expands beyond dimers and trimers, facili-
tate new functions of the cytokine fold that deviate fromdirect receptor
binding. For example, the beads-on-a-string oligomerization of IL-26
is thought to enable immune sensing by driving direct interactions
with non-host DNA%?¢, However, multimerization can also reduce
cytokine function; for example, at physiological concentrations, IL-37
homodimerization acts as a self-limiting mechanism to attenuate
cytokine activity?.

Cytokine heterodimerization is another complex mechanism
of cytokine assembly that offers even greater breadth and flexibility
of receptor targeting than homodimer formation. Heterodimeriza-
tion allows cytokines to bring together two different receptors at
the cell surface to instigate signalling. Furthermore, the ability of

heterodimer subunits to interact promiscuously and form part of dif-
ferent cytokines provides enormous flexibility. For example, the IL-12
family cytokine subunit p40 combines with various other subunits to
formIL-12 (p35/p40) or IL-23 (p19/p40)*** and to induce signalling via
multiple receptor combinations.

Cytokine homodimerization

and homomultimerization

Common B-chainreceptor family

Ligands of the common B-chain (Bc) receptor family signal through
Bc-receptor chains and cytokine-specific a-receptors®® (Table 1).
Bc-cytokines have pleiotropic functions in the activation of haemat-
opoietic cell proliferation and inflammation. For example, granulocyte
macrophage colony-stimulating factor (GM-CSF) drives neutrophil and
monocyte proliferation, IL-3 contributes to the development of haema-
topoietic progenitors, basophils and mast cells, and IL-5 predominantly
stimulates eosinophil proliferation®’. However, except for reduced
eosinophils, mice deficientin GM-CSF, IL-3 or IL-5 display largely nor-
mal haematopoiesis®, suggesting that individual Bc-cytokines are not
essential for haematopoiesis, at least at steady state®.

Homodimerization is reported for IL-5 (ref. 32), and IL-5 signals
through the heterodimeric receptor IL-5Ra-BcR*. Inmice, IL-5induces
class-switching and antibody production in B cell subsets, although
IL-5is not essential for these responses in humans®’. Being important
for eosinophil development and survival, IL-5 is involved in hypere-
osinophilicsyndromes, particularly eosinophilicasthma®. Antibodies
targeting IL-5 or its receptor rapidly reduce numbers of circulating
eosinophils and are increasingly used to treat severe forms of these
diseases®**. Moreover, blocking IL-5, IL-4 and IL-13 is protective in
experimental bronchopulmonary dysplasia®.

EachlIL-5chainis composed of four a-helices that form a domain-
swapped dimer in which the N-terminal a-helix of each monomer is
swapped™®. This highly stable homodimer is the biologically active
conformation, but dimer formation is not required for IL-5 activity.
For example, avoidingIL-5 domain-swapping by lengthening the loop
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Box 1| Structural optimization of cytokines as a tool for the development of therapeutics

Cytokines are key regulators of the immune system and many other
physiological processes. Cytokine dysregulation can lead to many
illnesses, including chronic inflammation, autoimmunity and cancer.
Recent structural insights have unveiled cytokine multimerization
as a natural regulatory mechanism for many cytokines, which

can be strategically leveraged to engineer a new generation of
innovative cytokine-based therapeutics. Engineered cytokines that
are locked in an obligate monomeric, dimeric or hexameric state
can enhance (for example, monomeric IL-37, dimeric interferon-a
(IFNa), hexameric TRAIL receptor agonist) or reduce the original
cytokine's activity (for example, monomeric IL-10 and IFNy, dimeric
IL-6), or turn them into a receptor antagonist to reduce canonical
cytokine signalling (for example, IL-12p40 homodimers, monomeric
IL-17A and transforming growth factor-3 (TGF[3)). Structure-guided
engineering of cytokines represents a powerful and promising
avenue for the development of next-generation therapies with
enhanced precision and efficacy in treating a wide spectrum

of diseases.

Stabilized multimers to increase activity
IFNa: polyethylene glycol (PEG)ylated homodimer with enhanced
anti-viral and anti-proliferative effects

between a-helices C and D forms an IL-5 monomer that retains activ-
ity as determined by cell-proliferation assays*. Indeed, the structural
alignment of domain-swapped IL-5 with GM-CSF in the GM-CSF-
receptor complex reveals thatIL-5 domain swappingis probablyinert,
neither enabling nor clashing with receptor assembly®’.

IL-6 family cytokines

Most IL-6 family members signal through the receptor subunit
gp130 and cytokine-specific receptor chains (Fig. 1a and Table 1).
These cytokines are involved in many biological processes besides
immune-system-related functions, including hepatic acute phase
responses, metabolic regulation and neurotrophic processes'®*%*’,
Homodimerization for functional regulation is described for IL-6,
IL-27, IL-35 and IL-39. IL-27, IL-35 and IL-39 signal through gp130, but,
like IL-12, consist of subunits that resemble IL-12 family members®.
Hence, membership in both families has been suggested (see section
IL-12 family’).

Classical IL-6 signalling is mediated by gp130-IL-6Ra*°. How-
ever, IL-6 can also act on cells devoid of IL-6Ra via trans-signalling,
whereinIL-6 binds to soluble IL-6R and subsequently to ubiquitously
expressed membrane-bound gp130'®, Trans-signalling makes almost
allcells potential IL-6 targets and increases the circulating half-life and
bioavailability of IL-6. Whereas classical IL-6 signalling controls pro-
cesses such as acute-phase responses, glucose metabolism, fatigue
and loss of appetite, trans-signalling mediates T cell-effector func-
tions, initiation and resolution of inflammatory responses in stromal
tissues and leukocyte recruitment*. Although anti-inflammatory
activities are reported for IL-6 (refs. 42,43), under most circum-
stances, IL-6 seems to promote inflammation. For instance, IL-6 is
pathological in many inflammatory diseases such as rheumatoid
arthritis, vasculitis, osteoporosis and fibrotic diseases**. Tellingly,
inhibition of IL-6 signalling with monoclonal antibodies (Table 1)

TRAIL: hexameric TRAIL receptor agonist with increased
pro-apoptotic properties

Stabilized monomers or dimers to reduce activity
IL-10: monomer-stabilized mutants to reduce immuno-suppressive
activity

IFNy: obligate monomeric form for reduced and more targeted
activity

IL-6: engineered dimeric form to decrease pro-inflammatory
functions

Stabilized monomeric or dimeric receptor antagonists
IL-12 family: engineered homodimeric p40 to inhibit canonical IL-12
signalling and IL-12-driven inflammation

IL-17A: obligate monomeric mutants to inhibit IL-17-driven
inflammation

TGFB: locked monomer to inhibit immune suppression or
progression of fibrotic diseases

Stabilized monomers to increase activity
IL-37: monomer-locked crystallizable fragment (Fc)-fusion protein for
enhanced anti-inflammatory effects

is successfully used to treat diseases such as rheumatoid arthritis**
and chimeric antigen receptor (CAR)-T cell-induced cytokine
release syndrome®, and improves survival in critically ill patients
with COVID-19*,

IL-6 forms the classic four a-helical bundle of class I and Il
cytokines with an extra a-helix in the CD-loop*” and signals through
a hexameric complex containing a 2:2:2 assembly of IL-6, IL-6Ra and
gp130*%*°, Each copy of IL-6 binds to the receptor complex at three
sites, enabling receptor assembly, activation of Janus kinases (JAKs)
and cytokine signalling*®. Although there are two copies of IL-6 in the
hexamericreceptor complex, eachIL-6 molecule functions asadiscrete
monomer*®. Nevertheless, IL-6 homodimers have been reported upon
recombinant overexpression®, are secreted by human fibroblasts®'
and endothelial cells** and are the predominant form of IL-6 in human
blood after endotoxin or TNF challenge®***. IL-6 dimers retain binding
tosoluble IL-6R, but show a reduced ability to bind gp130°°, probably
owing to an obstruction of the gp130 binding site on dimeric IL-6—
(solubleIL-6R), (ref. 55); hence, dimeric IL-6 has been suggested to act
as a signalling antagonist®***>*°, However, it was also demonstrated
that monomeric and dimeric IL-6 induce distinct intracellular signal-
ling events, with dimeric IL-6 produced by endothelial cells acting as
asurvival factor for B cell chronic lymphocytic leukaemia cells and
inhibiting spontaneous apoptosis of these cells*’. Notably, antibodies
blockingIL-6 signalling, including tocilizumab, sometimes cause overt
immunosuppression and serious adverse effects”. Thus, engineered
dimeric IL-6 could complement the current repertoire of anti-IL-6
antibodies in appropriate clinical settings (Box1and Box 2).

IL-10 family

Despite signalling through the shared IL-10R2 receptor chain (Fig. 1b),
the biological functions of the class Il helical IL-10 family cytokines
(Table 1) are diverse, ranging from powerful immunosuppression
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Table 2 | Overview of multimerization status and functional consequences of selected cytokines

Family/ Cytokine Multimerization state and functional IL-26 Strong propensity to form homodimers and
subfamily consequences homo-oligomers®
v f 260 Structure of IL-26 and IL-26-receptor
IL-2 or IL-2 Active form: monomer complex not determined yet, thus currently
Gl Homodimer detected in mice; highly cytotoxic, unclear whether monomers, homodimers or
y-chain possibly limiting excessive cell proliferation homo-oligomers confer receptor-dependent
receptor associated with inflammation®*' biological activity
family No homodimer-receptor structures reported, Beads-on-a-string oligomer underlies
thus currently unclear how homodimerization receptor-independent activity?>’%26
affects receptor bindin
. P ” ° Interferons Type | Active form: monomer®*®
Role in cancer IFNs: . . .
IFNS. IFNa and IFNR form zinc-associated dimers
f : 244,245 |
TSLP eV Foiis Mo e ane =S IFNG’ in crystallized f_orm ; likely to be a
. o B crystallographic artefact
Proteolytic cleavage may generate dimer”**; . 260
biological relevance unclear Role in cancer
Role in cancer®™ Type Il Active form: domain-swapped homodimer®
IFN: IFNY  Recombinant monomeric IFNy has limited but
Common IL-5 Active form: domain-swapped, highly stable more targeted bioactivity®®
B-chain homodimer®**® Role in cancer?®
receptor Dimerization neither enables nor clashes with -
family receptor assembly”’ Type Il Active form: monomer””®
Engineered monomeric versions retain activity*® :mi Can homodimerize at high concentrations
Role in cancer” but reverts back to monomer at lower
concentrations®’; thus unlikely to have biological
. . . . . relevance
IL-6 family IL-6 Active form: 2 discrete monomers in a hexameric ) -
cytokine-receptor complex*®4° Role in cancer
Homodimers bind predominantly to soluble M-CSF family IL.-34and  Active form: head-to-head homodimers?
IL-6R; likely acting as a partial signalling M-CSF Role in cancer?”!
antagonist®°'°>¢ - -
. s IL-1 family IL-37 Most active form: monomer
Role in cancer L . .
Head-to-head homodimerization at increasing
CNTF Active form: monomer?® concentrations attenuates bioactivity”
Homodimers reported; likely to be storage IL-1Ra Active form: monomer
artefacts with little biological relevance®* Can form irreversible homodimers with
. . . . reduced bioactivity under storage conditions
IL-12 family 1L-12 Active form: heterodimer (p35/p40) (230°C, 100 mg ml™)?%; relevant for storage
Homodimeric p40 in humans and mice appears of the recombinant IL-1Ra-based medication
to act as IL-12 receptor antagonist'™® anakinra
Role in cancer”” Non-receptor  IL-16 Active form: not determined yet
tyrosine . 258
IL-23 Active form: heterodimer (p19/p40)* k»ilnase T S U U
. o { biological relevance
Role in cancer ligands
: : . : 140
IL-27/ Active form: heterodimer for IL-27 (p28/EBI3)'%; TNF family TNF Active form: homotrimer
1L-30 monomer for IL-30 (p28)'°° Role in cancer?”?
IL-30 can block gp130 and thus inhibit signalling CCL family CCL5 Active form: monomer and homodimer?*?™
of IL-27 and other cytokines signalling via (RANTES)
130"
9p ) 190 CXCL family ~ CXCL8 Active form: monomer and homodimer?’>?’¢
Role in cancer (IL-8) . 277
Role in cancer
IL-35 Active form: heterodimer (p35/EBI3)*** CX3CL family CX3CL1 Active form: monomer
P35 homodimer retains aCtiVit\/263, but biological Some evidence of o[igomerization”gl but full
relevance unclear biological relevance unclear
: 190
Role in cancer XCL family XCL1 Active form: monomer or head-to-tail
. ) h dimer?’®
IL-39 Active form: heterodimer (p19/ EBI3)* omodimer
IL-17 family IL-17A-F Active form: homodimers (e.g., IL-17A/A, IL-17B/B
IL-10 family IL-10 Active form: domain-swapped homodimer’>?*® and so on) or heterodimers (e.g., IL-17A/F)?'02262¢0
Reduced bioactivity of engineered monomeric Role in cancer™
107476
IL 10_ o TGFR family TGFB1- Active form: homodimer'*9?¢?
Role in cancer TGFB3 Engineered monomeric TGFf3 acts as receptor
iat162
1L-22 Active form: monomer?% ST

Role in cancer’>*®

Forms homodimers or homo-tetramers at high
concentrations that dissociate into monomers at

CCL, CC-motif ligands; CXCL, CXC ligand; CNTF, ciliary neurotrophic factor; GM-CSF,

physiological concentrations*® granulocyte macrophage colony-stimulating factor; IFN, interferon; TGF, transforming

Role in cancer®?%’

ligand.

growth factor; TNF, tumour necrosis factor; TSLP, thymic stromal lymphopoietin; XCL, XC
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Fig.1|Shared receptor usage within selected
cytokine families. Signalling through shared
receptor subunits underpins cytokine pleiotropy
and redundancy and is observed to varying degrees
within different cytokine families. a-d, Here, thisis
exemplified for signalling-competent members of
the IL-6 family (a), the IL-10 family (b), the IL-1family
(c) and the IL-2 family (d). Shared receptor usage
within a family is highlighted by colour. Receptor
chains depicted in yellow are the most commonly
shared subunits within their respective families,
whereas aqua depicts cytokine-specific ‘private’
receptor chains. Other shared colours withina
cytokine family denote receptor chains used by

) multiple family members; for example, purple

' ‘ receptor chains within the IL-6 family indicate the
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are some discrepancies in the nomenclature for IL-
1R9 (ref. 283; also known as IL-IRAPL1 or TIGIRR-2),
includingin UniProt. CLC, cardiotrophin-like
cytokine; CNTF, ciliary neurotrophic factor; CT-1,
cardiotrophin-1; LIF, leukemiainhibitory factor.
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mediated by IL-10 to the tissue-protective functions of IL-22 on cells
of mainly epithelial origin®**’.

IL-10.1L-10is considered the prototypical anti-inflammatory cytokine.
It suppresses inflammation by triggering the JAK-STAT (mostly
JAK1-STAT3) pathway and activating genes such as SOCS3 and ILIRN
(which encodes the IL-1R antagonist protein)®°. IL-10 ameliorates
inflammation in various animal disease models, including endotox-
aemia and experimental colitis®*®%, and contributes to maintaining
homeostasis in humans. Mutations affecting IL-10 or its receptor can
cause severe early-onset enterocolitis®’; however, in clinical trials
in patients with active psoriasis®*, rheumatoid arthritis® or Crohn’s
disease®®, treatment with IL-10 failed to deliver substantial reduc-
tions in disease-associated inflammation. The reasons for these
failures remain unclear, but besides pleiotropism and redundancy,
pro-inflammatory consequences of IL-10 signalling are reported
and may have contributed®. For example, in human experimental
endotoxaemia®® and in patients with psoriasis®, IL-10 administration
elicited an increase in pro-inflammatory mediators such as IFNy®®

IL-10 also increased B cell proliferation, differentiation and antibody
production®, and in patients with systemic lupus erythematosus,
serum IL-10 was associated with disease activity’®. Notably, PEGylated,
dimer-stabilized IL-10 (known as pegilodecakin) was reported toinduce
CD8'T cell-mediated antitumour responses in patients with renal cell
cancer’’; however, high toxicity and mixed efficacy saw clinical trials
involving pegilodecakin discontinued.

IL-10 is secreted as a domain-swapped homodimer, with each
chain composed of six a-helices (helices Ato F). Helices Eand F of one
chainbridge across the dimer interface to form contacts with the first
four helices of the second chain (A’D’)” (Fig. 2a). The intertwining of
a-helicesacross the dimer interface helps to stabilize the hydrophobic
core of the IL-10 dimer”?, which signals via high-affinity IL-10R1 and
low-affinity IL-10R2 (ref. 73). IL-10 engineered to bind IL-10R2 with
increased affinity enabled the determination of the complete IL-10-
IL-10R1-IL-10R2 cryo-electron microscopy structure (Fig. 2b,c): the
IL-10 homodimer occupies the centre of the complex, bridging two
copies each of IL-10R1 and IL-10R2 (2:2:2 stoichiometry)*. Although
monomeric IL-10 does not occur naturally, engineered monomeric
IL-10 has reduced activity across various cellular contexts, indicating
that maximal activity depends upon the ability of the IL-10 homodimer
to bridge and cluster multiple IL-10R1 and IL-10R2 receptor chains at
the plasmamembrane’™ 7%, Recombinant monomericIL-10 could there-
fore be used to reduce IL-10 activities when they are pathological, for
example, locally insome cancers (Box1and Table 2). This concept has
beenvalidated pre-clinically (Box 2).

IL-26. 1L-26 was discovered inhuman herpesvirus-transformed T cells”.
Beyond its classical cytokine functions, including the stimulation of
pro-inflammatory responsesin epithelial cellsand innateimmune cells™,
IL-26 also has antimicrobial properties. For example, IL-26 binds to
DNA released from dying bacteria and host cells and induces an
IL-26R-independent antibacterial immune response via Toll-like
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receptor 9 (TLR9)*. Additionally, IL-26 can directly kill extracellular
bacteria (by forming poresin the bacterialmembrane) andintracellular
bacteriathroughinducing autophagy”. AlthoughIL-26 remains uniden-
tified in mice and rats, rodents express IL-26R®’, and mice treated with
human IL-26 displayed reduced bacterial titres in amodel of Klebsiella
pneumoniae-induced sepsis”. In humans, IL-26 promotes inflammation
in diseases like Crohn’s disease, sepsis and rheumatoid arthritis’®.

ThelL-26 structure remains undetermined. Homology modelling®
suggests that IL-26 forms the class Il cytokine family six a-helical-fold
withanunusual positively charged surface. Additionally, low-resolution
small-angle X-ray scattering revealed that IL-26 has a strong propensity
to dimerize and oligomerize with a beads-on-a-string topology*, which
appears to be distinct from the domain-swapped IL-10. The combina-
tion of oligomerization witha positively charged surface may be critical
to the propensity of IL-26 to bind DNA, to forming pores on extracel-
lular bacteria and to mediating cell-surface interactions with heparin
and other glycosaminoglycans®. The lack of an IL-26-receptor-bound
structure incombination with the multitude of non-receptor-mediated
IL-26 activities hinders insight into whether IL-26 monomers, dimers
or oligomers bind IL-10R2-IL-20R1 to drive receptor-mediated activ-
ity. Direct activity comparisons between IL-26 monomers and dimers
illustrate this ambiguity: whereas dimeric IL-26 induced an approxi-
mately 4-fold higher IL-6 response in human primary monocytes than
monomeric IL-26 (ref. 81), Colo205 colon carcinoma cells were more
responsive to monomeric IL-26 (ref. 81).

Interferons
Interferons (IFNs) were the first cytokines to be discovered in the 1950s
and were named because of their ‘interference’ with viral infection®?,
although we now know they mediate diverse biological responses.
IFNs are divided into three subfamilies (typel, type lland type Il IFNs)
and are produced following infection- or tissue-damage-associated
activation of pattern-recognition receptors, including RIG-1, MDAS,
proteinkinase R (PKR), TLR3, TLR7, TLRS, TLR9 and STING®.
Although dimerization has also been reported for some type I IFNs
and for typelllIFN, the biological relevance of these dimersis unclear.
Hence, these IFNs are discussed in the section ‘Multimerization with
uncertain biologicalimportance’.

Type 1 IFN. IFNy is the only type Il IFN and is a central coordinator of
innate and adaptive immune responses. At the cell surface, IFNy can
bind to heparan sulfate which helps toretainit, optimizing binding to
its heterodimericreceptor IFNYR1-IFNyR2 (ref. 84), whichis expressed
onvirtually all nucleated cells®. IFNy links innate and adaptive immune
responses: it enhances antigen presentation and processing through
pro-inflammatory polarization of macrophages and maturation of den-
dritic cells”, and IFNy also ensures rapid recognition of infectious path-
ogens and memory generation. IFNyis a key modulator of cell-mediated
immunity, skewing effector T cells and innate lymphoid cells towards
atype 1 phenotype” and mediating natural killer (NK) cell and CD8"
cytotoxic T cell maturationand functions®. Aswith mostinflammatory

Box 2 | Development status of cytokine engineering concepts and potential applications

Examples of cytokines in their natural multimerization state,
their signalling pathways and opportunities for cytokine
engineering to block or enhance biological functions of these
cytokines based on their multimerization state are summarized
below. Although some modifications are already pre-clinically
validated, others present conceptual ideas with potential for
future application.

Unmodified cytokines, their natural multimerization state,
canonical signalling and predominant function
IL-6 monomer: signals through IL-6Ra-gp130; predominantly
activates STAT3; pro-inflammatory

IL-10 homodimer: signals through IL-10R1-IL-10R2; predominantly
activates STAT3; anti-inflammatory

IL-12 heterodimer (p35-p40): signals through IL-12RB1-IL-12RB2;
predominantly activates STAT4; pro-inflammatory, T helper 1(T,41) cell
polarization

IL-17A homodimer: signals through IL-17RA-IL-17RC; predominantly
activates NF-kB, MAPK; pro-inflammatory, T,,17 cell polarization

IL-37 homodimer: modelling revealed structural clashes with one
of its receptors (IL-1R5); anti-inflammatory

IFNa monomer: signals through IFNaR1-IFNaR2; predominantly
activates STAT1, STAT2; anti-viral, pro-inflammatory

IFNy homodimer: signals through IFNyR1-IFNyR2; predominantly
activates STAT1; pro-inflammatory, T,,1 cell polarization

TGFB homodimer: signals through TGFBR1-TGFR2;
predominantly activates SMAD2/3; anti-inflammatory, pro-fibrotic,
regulatory T (T,,) cell polarization

TRAIL hexameric receptor agonist: signals through DR4/DR5;
activates p38, Janus kinase (JNK)
ERK MAPKs: pro-inflammatory

Preclinically validated modifications of these cytokines and
functional consequences
IL-10: monomer-locked polyethylene glycol (PEG)ylated or crystal-
lizable fragment (Fc)-fusion variants to reduce anti-inflammatory
activity owing to inability to cluster multiple IL-10 receptor complexes
IL-12: p40 homodimers as receptor antagonists to inhibit IL-12-
driven inflammation
IL-37: monomer-locked Fc-fusion variant for optimal signalling
through IL-IR5-IL-1R8 and enhanced anti-inflammatory functions
IFNa: PEGylated homodimers with enhanced anti-viral
and anti-proliferative activity due to increased bioavailability
IFNy: engineered monomers engaging only a single copy of the
IFNy receptors to enhance anti-proliferative activity
TRAIL: engineered hexameric receptor agonist for enhanced
pro-apoptotic activity

Concepts for potential cytokine modifications altering their
multimerization state
IL-6: engineered dimers with antagonistic properties owing to
reduced ability to bind gp130 to inhibit IL-6-driven inflammation
IL-17A: obligate monomers as receptor antagonists to inhibit
IL-17-driven inflammation
TGF(: locked monomers as receptor antagonists to inhibit
immune suppression and fibrotic diseases
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Fig. 2| Cytokine homodimer formation promotes receptor clustering and
signal amplification. a, Cartoon structure of IL-10, highlighting the domain-
swapped architecture of the IL-10 homodimer (Protein Data Bank ID (PDB): 1ILK)”.
b, Structure of the IL-10 receptor complex reveals how IL-10 homodimer
assembly enables the clustering of two copies of IL-10R1and IL-10R2 at the plasma
membrane (PDB: 6X93)%. ¢, Schematic representation of IL-10 homodimer

€ Homodimeric IL-10 signalling

IL-10R1

IFNYR1

signalling via the kinases JAK1 and TYK2. d, Domain-swapped IFNyin cartoon
format (PDB: 6E3K)®. e, Structure of the hexameric 2:2:2 IFNy-IFNyR1-IFNyR2
signalling complex in surface representation (PDB: 6E3K)®. f, Schematic
representation highlighting the role of IFNy dimer formation in assembling the
active hexameric signalling complex.

cytokines, excessive IFNy activity may cause tissue damage, inflamma-
tion and autoimmunity®. Nonetheless, its versatile functions make
IFNy an attractive therapeutic target. In 1999, the US Food and Drug
Administration (FDA) approved IFNy to treat chronic granulomatous
disease, a primary immunodeficiency characterized by recurring
severe infections owing to impaired generation of reactive oxygen
species by phagocytes® (Table 1). By stimulating superoxide release,
IFNyreduces therisk of severe infections in 70% of people with chronic
granulomatous disease®. Notably, IFNy represents animportant exam-
ple for the biological consequences of pleiotropism: although it can
activate antitumour responses, it can also trigger immunosuppressive
and tumour-promoting responses”.

Each IFNy chain comprises six a-helices that form a domain-
swapped dimer in which the final two a-helices of each monomer are
interchanged between subunits®*° (Fig. 2d). Each domain-swapped
IFNy homodimer can bind to two copies of IFNyR1-IFNYR2 to form
the final 2:2:2 hexameric architecture®° (Fig. 2e,f). Dimeric IFNy is
the only form that can assemble the hexameric signalling complex
and induce the full spectrum of IFNy-mediated biological functions®.
Heterodimeric IFNy variants have been engineered through point
mutations to selectively engage only a single copy of both IFNyR1
and IFNYR2 (functionally mimicking a monomer) and assemble one
half of the receptor complex®. In preclinical validation studies, these
engineered IFNy variants retained the ability to augment major histo-
compatibility complex (MHC) class I, but showed a reduced capacity

to stimulate programmed cell death ligand 1 (PD-L1) expression in
cancer cell lines®. Functional consequences of this selective signalling
were enhanced MHC-I-mediated antigen presentation, but blunted
PD-L1-mediated proliferation and survival. Thus, these engineered
IFNy variants could be further exploited for the development of more
effective IFNy-based drugs, for example, for therapeutic application
in cancer (Box1,Box2).

Receptor tyrosine kinase class Il ligands: the M-CSF subfamily
IL-34 and M-CSF (also known as CSF1) are grouped into the M-CSF
subfamily®. They both bind to CSFIR and exert similar biological
functions in monocytes and macrophages’.

IL-34. IL-34 promotes cell proliferation, differentiation, survival,
migration and chemotaxis, mostly by activating CSFIR (also known
as CD115), but also by activating PTP-(, syndecan-1(CD138) and TREM2
(refs. 91,92). In mice, IL-34 was indispensable for the development of
Langerhans cells arising from fetal liver precursors in the embryo, but
was not essential for adult Langerhans cells and microglia, although
IL-34 did contribute to the maintenance of these cells. Other cell types
appear to be largely unaffected by IL-34 deficiency®*.

Throughits effects on microglia, IL-34 contributes to maintenance
of neuronal functions and is protective in animal models of Alzheimer’s
disease and prion disease”. By inducing regulatory T (T,,) cells, IL-34
also mediatesimmune tolerance, for example, in rat allograft models®™.
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M-CSF. Similarly to IL-34, M-CSF signals through CSFIR; however, both
cytokinesbind to discrete regions of this receptor, potentially explain-
ing differences in their gene-induction profiles®. There is functional
overlap between IL-34 and M-CSF”, but broader expression of M-CSF
and unique spatiotemporal expression patternsin organs expressing
both cytokines, such as the brain, prevent functional redundancy®®.
M-CSF has three isoforms: a membrane-spanning cell surface glyco-
protein, which mediates local effects, and secreted glycoprotein and
proteoglycan isoforms, which mediate systemic effects’. Despite
having similar functions, exclusive expression of one isoform can-
not completely compensate for loss of the others: mice only produc-
ing cell-surface-bound M-CSF display osteopetrosis, reduced tissue
macrophage abundance and decreases in peripheral leukocyte counts
and blood and bone marrow B cell numbers'®.

M-CSF contributes to survival and differentiation of myeloid cells
such as monocytes, macrophages, osteoclasts and dendritic cells”'”",
and promotes the differentiation of anti-inflammatory macrophages
(which express IL-10 at high abundance, but IL-12 at low abundance,
and show reduced capacity to co-stimulate and activate T cells) that
contribute to tissue repair and wound healing'®. In vitro, M-CSF is
oftenused to generate bone-marrow-derived macrophages with high
phagocyticactivity”. M-CSF-depleted mice not only showed generally
decreased numbers of tissue-resident macrophages, but awide range
of abnormalities, including osteopetrosis, reproduction deficits and
neurological abnormalities such as impaired hearing and vision'**'%,

Clinical trials have mostly demonstrated limited efficacy of target-
ing the M-CSF-CSFIR axis in diseases such as rheumatoid arthritis,
cutaneous lupus and cancer'®*. However, pexidartinib, a tyrosine kinase
inhibitor targeting CSF1R and preventing M-CSF binding, was approved
in 2019 to treat tenosynovial giant cell tumours'® (Table 1).

IL-34 and M-CSF homodimerization and signalling. Mature IL-34
formsananti-parallel four a-helical bundle-fold thatassemblesintoa
non-covalent head-to-head homodimer driven by symmetrical inter-
actions between the aA-B1loop and aB-aC loop?*'°. M-CSF closely
resembles the IL-34 homodimer structure with an overall root mean
square deviation of 3.2 A (ref. 22). The two structures differ in the
crossing of strands 1and 2, which are shorter and partially replaced
by three short a-helices inIL-34. Additionally, each IL-34 monomer con-
tains two intramolecular disulfide pairs that are not present in M-CSF.
IL-34 and M-CSF homodimerization is central to their ability to signal
through CSFIR?, enabling each cytokine to bind two copies of CSFIR
and assembleintoa2:2 cytokine-receptor architecture, thusinducing
signalling through receptor dimerization®.

Non-receptor tyrosine kinase ligands: the IL-1 family
Insevenoutof the eleven known IL-1family members, pro-inflammatory
functions dominate (thatis, for IL-1a, IL-1B, IL-18, IL-33, IL-36a, IL-363,
IL-36y)'””. However, the IL-1family also has four anti-inflammatory mem-
bers, namely the two receptor antagonists IL-1Raand IL-36Ra'”, and the
two anti-inflammatory receptor agonists IL-37 (refs. 108,109) and IL-38
(refs.110,111). Although receptor subunit sharing is observed among
signalling-competent family members (Fig.1c), theIL-1family does not
have one common receptor subunit shared by most family members
(as, for example, seen for the IL-2, IL-6 and IL-10 families, Fig. 1).

IL-37. We reported the powerful anti-inflammatory properties of
IL-37 in 2010 (ref. 108). Since then, IL-37 has been shown to broadly
inhibitinnate and adaptive immunity and to be protective innumerous

animal models, including lipopolysaccharide (LPS)-induced shock,
obesity-induced inflammation, necrotizing enterocolitis, experimen-
tal colitis, contact hypersensitivity, asthma, ischaemic liver damage,
arthritis, SARS-CoV-2 infection, stroke-associated brain injury and
myocardial ischaemia-reperfusioninjury'®">'" Biological activity is
reported for thelL-37a,IL-37b and IL-37d isoforms, but IL-37b is the best
studied">"*"", Binding of extracellular IL-37 toits cell surface receptor
IL-1R8 (also known as SIGIRR)-IL-1R5 (also known as IL-18Ra) initiates
multiple signalling cascades that inhibitinflammation'’, which makes
IL-37 one of the rare anti-inflammatory receptor-agonists, akin to IL-10.
Hence, IL-37 stands apart from the receptor antagonists IL-1Ra and IL-
36Ra, which competitively inhibit binding to the IL-1receptor or IL-36
receptor'”. Furthermore, IL-37 possesses intracellular, SMAD3-depend-
ent functions'®®"” and can inhibit the inflammasome™®. IL-37 is one of
therare anti-inflammatory alarmins™’, being stored by monocytes and
rapidly released upon activation. In contrast, myeloid dendritic cells
constitutively produce and release IL-37, thus contributing toimmune
homeostasis at steady state™’.

At low abundance, IL-37 is monomeric; however, as its concen-
tration increases, IL-37 forms a head-to-head symmetrical homodi-
meric assembly of the B-trefoil fold that is conserved across all IL-1
superfamily cytokines” (Fig.3a,b). Each B-trefoil fold has 12 B-strands
folded into three connected trefoil (B—3-B-loop-f) units with a cen-
tral dimer interface formed by the ,-, loop across the dimer’s C,
symmetry axis?”. IL-37 dimerization constant measurements range
from 5nM to 300 nM, indicating a physiological role in regulating
cytokine activity”. Structures of IL-37 in complex with either IL-IRS or
IL-1RS remain unreported. However, IL-37 receptor complex modelling
shows likely clashes between the IL-37 homodimer and IL-IR5 upon
assembly, which would limit cytokine function? (Fig. 3¢, Table 2).
Accordingly, mutations producing obligate IL-37 monomers function
asmore potent anti-inflammatory cytokines compared to their dimeric
wild-type counterparts”. Because of its powerful and multifaceted
anti-inflammatory functions, IL-37 holds great promise for the treat-
ment ofinflammatory diseases, especially inan acute setting"?. Nota-
bly, IgG1-FcIL-37 variants that are locked in their monomeric state are
currently in preclinical therapeutic development'° (Box 1and Box 2).

The tumour necrosis factor family

TNF superfamily ligands are primarily expressed as type Il transmem-
brane proteins that mediate their effects by binding to TNF receptors
(TNFRs), but can also be proteolytically cleaved into soluble variants'.,
Intracellular TNFR domains act as adocking site for two distinct groups
of cytoplasmic adaptor proteins, known as death domain (DD) mol-
ecules or TNFR-associated factors (TRAFs). TNFRs lacking signalling
domains act as decoy receptors, competing for cognate ligands with
signalling-competent TNFRs'?,

Members of the TNF superfamily have many immune- and
non-immune-related functions, including regulation of survival,
proliferation, differentiation and apoptosis in secondary lym-
phoid tissues?*'** and the support of lymphoid compartment
homeostasis'?. TNF family ligands promote survival in immature,
transitional and mature B cells’?® and assist crosstalk between T cells
and dendritic cells®*; moreover, they affect non-immune tissues, for
instance, promoting development and differentiation of epithelia'®
and supporting endothelial cell growth',

Several members of the TNF superfamily are exploited for ther-
apeutic application, the most prominent example being TNF itself
(as discussed below), RANKL or BAFF (Table 1). An example that
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IL-37 chain A

IL-37 chain B

TGFRIRII

IL-37 homodimer

Fig.3| Cytokine homodimer formation caninhibit
or activatereceptor assembly. The IL-37 homodimer
structure represented in cartoon format (a) and
surface format (Protein Data Bank ID (PDB): SHN1)
(b)”. ¢, Modelling of the IL-37 homodimer bound

to IL-IRS reveals likely steric clashes upon receptor
assembly****.d,e, Surface (d) and cartoon (e) formats
illustrate how the formation of the TGFf31 homodimer
enables assembly of a 2:2:2 cytokine-receptor
complex (PDB: 3KFD)"',

highlights the therapeutic potential of multimerization-based modi-
ficationis TNF-related apoptosis-inducing ligand (TRAIL). Based on the
naturally occurring TRAIL trimer, a hexavalent TRAIL receptor agonist
(knownas APG350) was generated. APG350 clusters six TRAIL receptors
and demonstrated increased pro-apoptotic and anticancer properties
in preclinical mouse models of pancreatic ductal adenocarcinoma'”
(Table1). Although APG350 has to date not advanced into clinical trials,
itmay hold potential as anovel anticancer therapeutic (Box1and Box 2).

TNF. Formerly known as ‘TNFa, the official name TNF was adopted in
1998 when the cytokine then called TNFf3 was renamed to lymphotoxin
a, leaving ‘TNFa’ as an orphan term'>'%°, As a type Il transmembrane
protein, TNF exists in a membrane-bound form or can be cleaved by
TNF-converting enzyme (TACE) into a soluble form™°. TNF can signal
through two distinct type | transmembrane receptors, TNFR1 (also
known as p55/60 or CD120a) and TNFR2 (also known as p75/80 or
CD120b)", Both receptors can be released from the membrane and
act as soluble decoy receptors'. TNFR1 can be activated by either
membrane-bound or soluble TNF, but TNFR2is only fully activated by
membrane-bound TNF**, TNFRI1 signalling activates NF-kB, MAPKs
and the associated DD, which, depending on the cellular context, can
support cell survival or pro-inflammatory, apoptotic or necroptotic
responses™*. TNFR2 lacks the intracellular DD and promotes cellular
activation™. Increased and dysregulated TNF production can con-
tribute to many autoimmune and inflammatory diseases, including
rheumatoid arthritis, psoriasis, multiple sclerosis, systemic lupus

erythematosus and inflammatory bowel disease'*°. High systemic

abundance of TNF can also cause cachexia and shock'”. Because of
its potency and central role in inflammation, TNF was among the first
cytokinestobe therapeutically targeted with anti-TNF antibodies. This
strategy wasimmensely successful and anti-TNF drugs are among the
most effective and best-selling immunotherapeutics'®®. Etanercept
was the first TNF-blocking medication to be approved in 1998
(ref. 138) and today, anti-TNF antibodies and soluble decoy receptor
fusion proteins are used in inflammatory bowel disease, rheumatoid
arthritis, psoriasis, ankylosing spondylitis and numerous other
diseases. Recombinant TNF itself is approved for the treatment of
soft-tissue sarcomas of the limbs™, albeit confined to the affected limb
viaisolated limb perfusion, to inhibit cancer cell proliferation and to
induce anticancer immunity (Table 1).

TNF forms a homotrimer, with each 17-kDa subunit forming an
elongated, anti-parallel 3-pleated sheet sandwich with a ‘jelly-roll’
topology'*®. The monomeric subunits associate about a 3-fold axis of
symmetry, formingabell-shaped trimer'°, TNFR1or TNFR2 monomers
bindinagroove formed at the interface of two TNF subunits, resulting
in a 3:3 TNF-TNFR assembly*". In contrast to most dimeric cytokines,
the binding of the trimeric cytokine to TNFR1 or TNFR2 is thought to
further involve clustering of receptor arrays at the cell surface, where
cooperative interactions between adjacent signalling units provide a
structural basis for amplifying cellular responses to TNF***2, Indeed,
TNF inhibition by the non-competitive nanobody DOM1h-574-208
occursviadisruption of TNFR1 clustering rather than ligand-receptor
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binding'**, highlighting the key role of receptor clustering in driving
robust TNF signalling.

TGFp

Inmammals, TGF[ has threeisoforms, TGFf1, TGF(32 and TGFf33, with
TGFB1being the most commonisoform'. TGFis released inaninac-
tive form'**. Upon activation, for example, by matrix metalloprotein-
ases, orinteraction withintegrins or reactive oxygen species'*, active
TGFp binds to its ubiquitously expressed receptor (TGFBR)'*, which
consists of two type | TGFf3 receptors (activin receptor-like kinases,
ALKs) and two type Il TGFBRs'**"*°, TGFB2 additionally depends on
atype lll TGFBR, B-glycan, for optimal signalling'*®. TGFf1-deficient
mice succumb to multi-organ inflammation that resembles an auto-
immune disease within the first month of life'*” because they lack
TGFB-mediated immune regulation and immune tolerance*"'*,
Accordingly, TGFp is protective in mouse models of diseases such as
collagen-induced arthritis"° and systemic lupus erythematosus™".
However, many parasites (for example, Leishmania and Toxoplasma
spp.), bacteria (for example, Mycobacteria) and viruses (for exam-
ple, HIV) exploit the anti-inflammatory functions of TGFf3 by induc-
ingitin host macrophages'”. While contributing to wound healing'>?,
TGFpis also amajor driver of fibrosis, with pathological roles in liver,
kidney, cardiac, muscle and lung fibrosis". By inhibiting proliferation
and promoting apoptosis, TGFf is tumour-suppressive in normal and
pre-malignant cells. However, inadvanced cancer stages, TGF3 induces
an epithelial-mesenchymal transition that promotes tumour cell
invasionand metastasis™*, resulting in a disease-aggravating role, for
instance, in non-small-cell lung, colorectal, prostate, stomach and
breast cancers'. Various TGFp antagonists have advanced to clinical
trials but have so far shown only limited benefit in the treatment of
glioblastoma, colon cancer or pancreatic cancer”**’. However, lus-
patercept, a TGFp ligand trap, has received approval from the FDA
for the treatment of anaemia associated with myeloid dysplastic
syndrome™® (Table 1).

TGFpB1, TGFB2 and TGFf3 are functionally active ashomodimers.
TGFf isoforms have a cysteine knot structure characterized by nine
cysteine residues, eight of which participate in disulfide bond forma-
tion to create a cysteine knot-fold, with the ninth cysteine assisting in
homodimer assembly by forming a disulfide bridge between two TGF3
monomers'’. The TGFB3-TGFBRI-TGFBRII structure shows a stoichi-
ometry of 2:2:2 with one TGF33 homodimer binding to two TGFBRIand
two TGFBRII monomeric receptor subunits'®. A comparable overall
assembly is also apparent for TGFB1-TGFBRI-TGFBRII* (Fig.3d,e). TGF
isoform homodimerization enables recruitment of multiple copies of
target receptorsinto anactive receptor complex.Indeed, engineered
TGF( locked in a monomeric form acts as a receptor antagonist to
block TGFB signalling'®, and could be a candidate for developing new
therapeutics for TGFB-mediated diseases (Box 1, Box 2).

Cytokine heterodimerization

Cytokine heteromer formation and use of subunits to generate multiple
functional cytokines offers unsurpassed flexibility regarding receptor
recruitment and distinct activation of signalling cascades.

IL-12 family

The IL-12 family is unique in that its members typically comprise an
«-chain (p19, p28 (also known as IL-30) or p35) and a 3-chain (p40 or
EBI3)°%; however, some family members can act as monomers. IL-12,
IL-23 and IL-39 are mainly pro-inflammatory cytokines that promote

type 1immune responses, type 3 immune responses and neutrophil
activation, respectively'®'%’, By contrast, IL-27 and IL-35 inhibit type 3
immune responses'®®and suppress T cell proliferation'®’, respectively.

IL-12. The pro-inflammatory IL-12 signals via IL-12RB1-IL-12Rf32 and
promotes the development of T, 1 cells, inducing substantial IFNy pro-
duction and immunity in response to intracellular pathogens such as
bacteria, parasites, fungi and viruses’%"”*, Besides this classic function
of IL-12, the cytokine alsoinduces proliferation, increased cytotoxicity
and production of IFNy in NK cells and NK T cells. Moreover, in B cells
IL-12 is known to increase immunoglobulin production”. For along
time, the IL-12-mediated promotion of T,1 cells was thought to con-
tribute to the pathology of several autoimmune diseases including
autoimmune uveitis”?, rheumatoid arthritis'”?>, multiple sclerosis and
experimental autoimmune encephalomyelitis”*""°. However, in2003
it was discovered that IL-23 (which shares a subunit with IL-12) drives
pathology in experimental autoimmune encephalomyelitis'”’, and
similar findings were made for other autoimmune diseases'’®. Notably,
IL-12 did enter clinical trials in patients with advanced malignancies, but
caused excessive IFNy production and severe inflammatory toxicity.

IL-12 is a 1:1 heterodimer consisting of the four a-helical bundle
subunit p35 and the p40 subunit, the latter having structural similar-
ity to class I cytokine receptors® (Fig. 4a). Within the IL-12 receptor
complex, p35 and p40 directly bind to the N-terminal immunoglob-
ulin domain of IL-12R32 (refs. 179,180) (see Fig. 4b,c). In contrast,
only p40 engages with domains 1-3 of IL-12RB17°'%°, Hence, the IL-12
heterodimer bridges each receptor, enabling receptor activation'®.
Notably, p40 can form homodimers that were shown to stimulate
cytotoxic T cell differentiation in vitro'". However, p40 homodimers
in humans and mice may act as a receptor antagonist by blocking
canonical IL-12 signalling through IL-12RB1-IL-12R2 (ref. 181) and
could thus be exploited for therapeutic inhibition of IL-12-driven
inflammation (Box 1, Box 2).

IL-23. IL-23 signalling through IL-23R and IL-12Rp1 augments pro-
liferation and production of IL-17 and IFNy in memory T cells’®?
and drives type 3 immune polarization'®®. Moreover, IL-23 induces
pro-inflammatory cytokines in macrophages and increases antigen
presentation by dendritic cells®. IL-23 drives the pathology of vari-
ous autoimmune diseases, including psoriasis, rheumatoid arthri-
tis, systemic lupus erythematosus and experimental autoimmune
encephalomyelitis””'**, and contributes to inflammatory bowel disease
pathogenesis, although constitutive IL-23 production isimportant for
gut homeostasis (for example, by inducing antimicrobial peptides and
IL-22)', The therapeutic potential of IL-23 has been extensively stud-
ied and IL-23-blocking antibodies, such as ustekinumab, have proved
effective in patients with inflammatory bowel disease'®, psoriasis
and psoriatic arthritis'®® (Table 1). Some IL-23 blocking antibodies,
including ustekinumab, also block IL-12 (ref. 187); however, it is the
blockade of IL-23, not of IL-12, that achieves therapeutic benefitsin the
aforementioned diseases”*'%,

IL-23 is a 1:1 disulfide-linked heterodimer of the four a-helical
bundle subunit p19 and the p40 subunit shared with IL-12 (ref. 29)
(seeFig.4d).p19 binds directly to domain1ofIL-23R and, analogously
tolL-12, p40 binds to domains 1-3 of IL-12RB17***° (Fig. 4¢,f). This archi-
tecture bridges IL-23R and IL-12R[1, initiating receptor heterodimeriza-
tion and signalling. Notably, p40 heterodimerization with either p19
(for IL-23) or p35 (for IL-12) enables IL-12Rp1 to partner with different
secondary receptors (IL-23R or IL-12R[32) to drive distinct signalling
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a IL-12 heterodimer

d IL-23 heterodimer

Fig. 4| Cytokine heterodimers expand receptor complexity and flexibility.
a, Structure of the IL-12 heterodimer in cartoon format with the p35 (grey)

and p40 (blue) subunits highlighted (Protein Data Bank ID (PDB): 1F45).

b, IL-12receptor complex in surface representation highlighting the topology
of the IL-12-1L-12RB1-IL-12RB2 receptor complex (PDB: 80DZ)"*". ¢, Schematic
representation of the IL-12 receptor complex. d, Structure of the IL-23
heterodimer in cartoon format with the p19 (purple) and p40 (blue) subunits
highlighted (PDB: 3DUH)”. e, IL-23 receptor complex in surface representation
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highlighting the topology of the IL-23-IL-23R-IL-12RB1receptor complex (PDB:
80E4)'®°, f, Schematic representation of the IL-23 receptor complex. g, IL-27 isa
heterodimeric cytokine consisting of p28 (grey) and EBI3 (blue) subunits (PDB:
7U7N)*°. h, p28 binds tightly to gp130 through a conserved tryptophan residue
inasimilar manner to the interaction of gp130 with IL-6. IL-27Ra binds to both
p28 and EBI3 to assemble the complete IL-27 receptor complex (PDB: 7U7N)™,
i, Schematic representation of the IL-27 heterodimer bridging both gp130 and
IL-27Ra to form a complete IL-27 receptor complex.

outcomes. Indeed, IL-12 and IL-23 provide an excellent example of
how cytokine heterodimerization creates a mechanism to increase
the number of receptor combinations to fine-tuneimmune responses.

IL-27.1L-27 signals through the heterodimeric complex IL-27Ra-gp130
(ref. 189). Because gp130 is ubiquitously expressed, IL-27 responsive-
ness is determined by IL-27Ra availability, which is largely limited to
lymphocytes'°. Notably, both receptor chains also exist in soluble
form (as sgp130 and sIL-27Ra), with sIL-27Ra, but not sgp130, acting as

asignalling antagonist™°

.IL-27 promotes IFNy production and type 1
inflammation™’; however, IL-27 also has anti-inflammatory properties,
including suppression of proliferation and type 2 cytokines™”, induc-
tion of IL-10 in T cells'”® and suppression of T, 17 cell polarization'**.
Moreover, IL-27 was required for T, cell development** and has been
implicated in pain control and stromal tissue responses'”. IL-27-related
genetic polymorphisms predispose to certain types of cancer, viral
infections, asthma, inflammatory bowel disease, autoimmunity or
rheumatoid arthritis'*"°. In mice, IL-27 was protective in a range of
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models, including parasitic infections, experimental autoimmune

encephalomyelitis, collagen-induced arthritis and colitis'*°.

IL-30. The IL-27 subunit p28 is also called IL-30'"° because it can func-
tion independently of IL-27. IL-30 blocks gp130 signalling, thereby
inhibiting IL-27 and other cytokines that use gp130, including IL-6
family members'°. Accordingly, mice overexpressing IL-30 show a
range of B cell defects linked to impaired gp130 signalling, including
alack of germinal centres, class switching and affinity maturation'”.
Moreover, IL-30 was reported to mediate signalling via cytokine-like
factor 1(CLFI) or IL-6Rax and gp130; and at high concentrations, IL-30
cansignal viagp130 homodimers without additional receptor chains'.
Inmouse models, IL-30 protected against cytokine-induced liver injury
and fibrosis™°.

IL-27 and IL-30 receptor interactions. IL-27 comprises an a-subunit
(p28) and a B-subunit (EBI3)"® (Fig. 4g and Table 2). The quaternary
structure of IL-27 in complex with IL-27Ra-gp130 reveals a tightly
packed complex, with p28 forming close contacts with domains1and 2
of IL-27Ra and domain 1 of gp130"?2%° (Fig. 4h). EBI3 also makes close
contact with domain 1of gp130 and domain 2 of IL-27Ra'*, thus coor-
dinating the close packing of each receptor chain to instigate signal-
ling (Fig. 4h-i). When it is not bound to EBI3, the p28 subunit (IL-30) is
thought toinhibit gp130-dependent cytokines, including IL-6"°. In the
IL-27 receptor complex, IL-30 interacts with gp130 through a conserved
tryptophanresidue within helix D, forminginteractions with tyrosine
on domain 1 of gp130'’. However, kinetic analysis of IL-30 binding
demonstrated negligible affinity of the isolated subunit to gp130°°°.
Here, the p28-EBI3 heterodimer (IL-27) was required for high affinity
binding to either gp130 or IL-27Ra*°°. As such, it is currently unclear
how IL-30 functions to inhibit gp130-dependent cytokines.

IL-35. IL-35 converts naive and stimulated CD4*FOXP3™ T cells into
highly effective induced T, cells. Independently of IL-10 or TGFB,
IL-35-induced T, cells suppress effector T cell proliferation (for exam-
ple, of T,1and T,17 cells) and further promote T, cell proliferation
and function™®?°, Hence, IL-35 is protective in several experimen-
tal diseases, including collagen-induced arthritis and inflammatory
bowel disease’”.

IL-35 comprises an a-subunit (also known as p35 or IL-12f3) and a
B-subunit (EBI3)'***°*, whose structures have been determined as part
of IL-12 and IL-27 (refs.179,180,199). However, the structure of the IL-35
heterodimer — p35-EBI3 — remains unreported. Functional studies
suggest IL-35 mediates itsimmunosuppressive functions through four
different receptor complexes: one, IL-12Rf32-gp130; two, IL-12R32-
IL-12RB2 (mediating partial signalling); three, gp130-gp130 (ref.204);
and four, IL-12RB2-1L-27Ra*®.

IL-39. IL-39 was first described in mice in 2016 (ref. 206). In MRL/Ipr
mice, which develop asystemic-lupus-erythematosus-like phenotype
driven by overactivated and hypersensitive B cells, IL-39 promoted
inflammation and IL-39 depletion ameliorated disease severity****”’,
Inhumankeratinocytes, TLR3 ligation induced the heterodimeric
IL-39 formed by the a-subunit p19, which has the classic four a-helical
fold, and the B-subunit EBI3. The IL-39 structures remain unreported,
although each subunit was solved as part of IL-23 and IL-27"7%15°%% ] -39
probably signals through IL-23R-gp130; however, chimeric cytokine
receptor engineering revealed two additional bioactive IL-39 receptor
combinations, namely gp130-IL-12RB1 and IL-23R-IL-12R(32, thereby

demonstrating IL-6 and IL-12 cytokine receptor shuffling of extracellular
and intracellular domains®®, as reported for IL-35 (ref. 208).

Heteromultimerization and homomultimerization
IL-17 family

ThelL-17 cytokine family is evolutionarily ancient, being found in primi-
tive vertebrates and even some invertebrates (for example, mollusca
and sea urchins). Canonical IL-17 signalling, mediated by the struc-
turally conserved IL-17 receptors (namely IL-17RA, IL-17RB, IL-17RC,
IL-17RD and IL-17RE), leads to NF-kB- and MAPK-mediated production
of pro-inflammatory cytokines and antimicrobial peptides and awide
spectrum ofimmune functions?’.IL-17A and IL-17F are well studied, but
knowledge onIL-17B, IL-17C, IL-17D and IL-17E is scarce.

IL-17A and IL-17F. IL-17A and IL-17F share 55% sequence homology
and signal through the heterodimeric IL-17RA-IL-17RC receptor*°.
The sequence of IL-17A (initially named CTLAS) is distinct from other
known mammalian cytokines, but exhibits 57% homology with an open
reading frame of Herpesvirus saimiri, a T cell-tropic virus*’. In 2005,
IL-17A was described as the signature cytokine of a new type of polar-
ized T cell”?, subsequently termed T,,17 cells, and later also of group 3
innate lymphoid cells (ILC3s).Indeed, although T,,17 cells also produce
other cytokines, including IL-21 and IL-22, they are a major source of
IL-17A and IL-17F**?,1L-17A and IL-17F induce antimicrobial peptides,
such as 3-defensins and S100 proteins, thus promoting epithelial
barrier functions and protective immunity against pathogens such
as Klebsiella pneumoniae, Pseudomonas aeruginosa, Staphylococcus
aureus, Citrobacter rodentium and Candida albicans™*. 1L-17A and IL-
17F also induce inflammatory responses at sites of infection involving
Ty17 cells, ILC3s and neutrophils®*. Whereas the role of IL-17 in auto-
immune and inflammatory diseases is overall variable (as shown, for
example, in the gut?™), its activities are usually pathogenicin the skin.
Inapsoriasis model, IL-17RA-deficient mice showed reduced erythema,
scaling and skin thickening™°. Moreover, IL-17 is pathological in human
psoriatic diseases and following convincing results in clinical trials*”,
the FDA approved blocking antibodies against IL-17A and IL-17RA, such
as secukinumab, for psoriasis treatment (Table 1).

IL-17B. IL-17B signals via IL-17RB to induce pro-inflammatory immune
responses”®. However, IL-17B counteracts IL-17E-driven mucosal inflam-
mationinexperimental colitis, possibly by inhibiting IL-17E-mediated
induction of IL-6 (refs. 214,219).

IL-17C. Signalling through IL-17RA-IL-17RE, IL-17C exerts functions
similartoIL-17A and IL-17F. For instance, IL-17C stimulated antimicrobial
B-defensins in keratinocytes and contributed to skin inflammationin
murine dermatitis®*°. However, similarly to IL-17A and IL-17E, IL-17C
was shown to be protective in experimental colitis and maintained
intestinal homeostasis*.

IL-17D. IL-17Dis poorly understood. It does not use the canonical IL-17Rs
butinteracts with CD93 (ref. 221). In experimental colitis, CD93 activa-
tion by IL-17D maintained intestinal homeostasis and promoted ILC3-
mediated production of IL-22 and downstream antimicrobial peptides
such as RegllIp and Regllly**. Also, IL-17D-deficient mice were more
susceptible to vaccinia virus and murine cytomegalovirus infections*?,

IL-17E. Amongall IL-17 family members, IL-17E (also known as IL-25) shows
thelowest sequence homology (16%) withIL-17A?>. Exertingits functions
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Glossary

Acute-phase responses

A rapid, evolutionarily conserved
systemic reaction triggered by
inflammation, infection or tissue
injury that starts within a few hours
of the insult and can last for days;
the acute-phase response is a
nonspecific defence mechanism,
characterized by the synthesis of
acute-phase proteins primarily by
the liver, for example, C-reactive
protein, serum amyloid A, fibrinogen
and haptoglobin.

CD-loop
The loop between helix C and helix D.

Type 1inflammation
Inflammation driven by the activation
of T helper 1-(Ty1)-polarized T cells

and type-1-polarized innate lymphoid
cells (ILC1s) and characterized by

the transcription factor T-bet and

the signature cytokine IFNy; type 1
inflammation contributes to host
defence in many ways, for example,

by contributing to the elimination of
intracellular pathogens (such as viruses
and bacteria) and tumour surveillance;
it has pathophysiological roles in
autoimmune diseases such as type 1
diabetes mellitus and multiple sclerosis.

Cytokine release syndrome
Systemic inflammation caused

by the rapid and excessive release
of pro-inflammatory cytokines,
whose clinical presentation can
range from mild flu-like symptoms
to severe, life-threatening organ
dysfunction; cytokine release
syndrome is a potential complication
of some immunotherapies, such

as chimeric antigen receptor
(CAR)-T cell therapy or monoclonal
antibody therapies, and can also
occur as a complication in severe
infections, for example with
SARS-CoV-2.

Type 2 inflammation
Inflammation characterized by the
activation of T,2-polarized T cells and
type-2-polarized innate lymphoid cells
(ILC2s) and by the transcription factor
GATAS3 and the signature cytokines IL-4,
IL-5 and IL-13; physiologically, type 2
inflammation is important for the elim-
ination of extracellular pathogens such
as helminths; and pathologically it is
associated, for example, with allergies
and asthma.

Type 3 inflammation
Inflammation driven by the activation

of T,17-polarized T cells and type-3-
polarized innate lymphoid cells (ILC3s),
characterized by the transcription factor
rRORyt and the signature cytokine IL-17A;
type 3inflammation participates in elim-
ination of extracellular bacteria and fungi;
it has pathophysiological roles in diseases
of the skin such as psoriasis and the gut
such as inflammatory bowel disease.

vialL-17RA-IL-17RB*”, IL-17E induces inflammatory responses character-

ized by neutrophiliaand elevated granulocyte colony-stimulating factor
(G-CSF) abundance**. However, a key function of IL-17E is stimulation
of type 2immunity: it promotes type 2 cytokines, such as IL-4, IL-5 and
IL-13 (ref.209), immunoglobulin class switching to IgE, IgGland IgA and
eosinophil recruitment andactivation?*. Accordingly, IL-17E contributes
to defence against helminth infections?.

IL-17 family dimerization. IL-17 family cytokines form homodimers
(for example, IL17A-1L-17A, IL17B-IL-17B), but heterodimeric com-
binations are reported (for example, IL-17A-1L-17F)** (Table 2).
IL-17 monomers comprise two pairs of anti-parallel 3-strands that
arrangeinparallel to formahomodimer or heterodimer (for example,
IL-17A-1L-17F)*7?%, Structural studies have demonstrated how IL-17

family dimerization enables the assembly of active receptor complexes.
For example, in the IL-17E receptor complex, an IL-17E homodimer is
positioned at the core of the receptor structure, enabling two copies
of IL-17RB to bind on either side?”. Two copies of IL-17RA further flank
either side of the complex, associating with the IL-17RB receptors
in a tip-to-tip arrangement®?’, This 2:2:2 architecture creates a large
(190 A x 93 A) assembly that positions the IL-17RA and IL-17RB trans-
membrane regions a surprisingly large distance apart, compared to
the close association usually seen in other cytokine families?. IL-17A
homodimerizationisalso critical for IL-17R assembly, mediating inter-
actions with IL-17RA and IL-17RC in a larger receptor assembly with a
2:2:4 stoichiometry (IL-17RA-IL-17RC-IL-17A)**°. Thus, obligate mono-
mericIL-17A could potentially be exploited as areceptor antagonist to
ameliorate IL-17-driven diseases (Box 1 and Box 2).

Multimerization with uncertain

biological importance

For some cytokines, multimerization has been reported without clear
association with biological functions, or without occurring under physi-
ological conditions. Such multimerization events — particularly under
storage conditions such as high cytokine concentrations — can have
implications for biological activity, therapeutic likeness, storage and
handling of cytokines used as therapeutics.

IL-2 and the common y-chain receptor family

Most common y-chain (yc) receptor family members use the
yc-receptor alongside cytokine-specific receptor chains toinduce sig-
nalling (Fig. 1d and Table 1) and elicit context-dependent functions**.
Homodimerization was described for IL-2*' and TSLP**2. However, no
reported structures of an IL-2 homodimer exist, and both cytokines
bind their receptors as a monomer®, Therefore, it remains unclear
how dimer formation may promote or inhibit IL-2 and TSLP receptor
assembly and biological functions.

IL-6 family: ciliary neurotrophic factor

For CNTF, dimerization hasbeenreported, but dimersappeartoform
onlyinvitro at concentrations greater than 40 pM (ref. 234) and have
not been detected in vivo. Thus, CNTF dimerization is probably only
relevant for storing CNTF-based recombinant therapeutics and is

unlikely to have other biological relevance*.

IL-10 family: IL-22

Although IL-22 is predominantly produced by activated leukocytes?®,
these cells do not express IL-22R. Instead, IL-22 acts on cells of mainly
epithelial and mesenchymal origin®®, promoting tissue regeneration
and protection in settings of microorganism-driven inflammation®”,
but also exacerbating autoimmune diseases, including rheumatoid
arthritis and psoriasis?****°,

IL-22 signals as a monomer, with a single IL-22 subunit forming a
ternary complex with IL-22R1-IL-10R2 (refs. 240,241). At high concentra-
tions or upon recombinant expression, IL-22 readily forms homodimers
that can further associate into tetramers*****, However, unlike IL-10,
IL-22 does not form a stable domain-swapped dimer, but dissociates into
amonomer at physiological concentrations®, Thus far, no functional
roles have been identified for IL-22 homodimers or homotetramers.

Interferons: typeland type Il IFNs
For some type I IFNs (for example, IFNa and IFN), zinc-associated
dimersarereported in crystallized form***?* (Tables1and 2). However,
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these dimers are likely to be a crystallographic artefact, as there are
no reports of naturally occurring dimeric type I IFNs. In addition,
structures of IFNaR complexes reveal that only monomeric IFN«a is
required to assemble a functional complex**. Likewise, type lll IFN
(IFNA) can homodimerize in solution at concentrations above 1 mg ml ™,
but reverts back to the functional monomeric state at biologically
relevant concentrations®”. Therefore, it is unlikely that type I and
type Il IFN dimerization has physiological relevance. However, the
therapeutic strategy of linking two IFNa molecules by PEGylation
(Box1and Box2) appears to provide comparable or greater anti-viral
and anti-proliferative activity than monomeric IFNa**® — which is
probably because PEGylation enhances local IFNa concentrations
andincreases bioavailability. Such increased bioavailability is desirable
in the therapeutic setting, because it allows less frequent dosing and
improves pharmacokinetic properties of IFNa-based drugs®’ (Table 1).

IL-1family: IL-1receptor antagonist

The almost ubiquitously expressed IL-1 receptor antagonist (IL-1Ra)*°
can bind IL-1R1, thus blocking IL-1a and IL-1f binding and dampening
IL-1-induced inflammation™". A recombinant form of IL-1Ra s success-
fully used to treat auto-inflammatory diseases such as DIRA, gout,
cryopyrin-associated periodic syndrome, familial Mediterranean
fever and adult-onset Still’s disease®°, and has also shown prom-
ise in experimental bronchopulmonary dysplasia and pulmonary
hypertension®* >,

Under storage conditions at high concentrations (=30 °C,
100 mg ml™), recombinant IL-1Ra can form irreversible dimers with
reduced bioactivity?”. Although IL-1Ra homodimerization is unlikely
to have a physiological role, it must be considered when storing
recombinant IL-1Ra for therapeutic use (Table 1).

Non-receptor tyrosine kinase ligands: IL-16

IL-16 was described as lymphocyte chemoattractant factorin1982and
mediates its effects through CD4*°. Expressed in mammalian cells,
but not in bacterial cells*”, IL-16 was reported to oligomerize to form
homo-tetramers®® (Table 2); however, it remains unclear whether IL-16
oligomerization has a physiological role.

Conclusions and outlook

Cytokines are highly versatile regulators not only of the immune
system and immune-related processes, but of nearly every aspect of
life. Because many are active in minuscule concentrations, cytokine
functions need to be tightly controlled and many diseases, including
inflammatory ailments, autoimmunity and even cancer, exemplify
the devastating consequences if such control mechanisms fail or are
insufficient. To mitigate the consequences arising from inadequate
cytokine responses, cytokine-based therapeutics have long found
their way into clinical application. They either exploit natural cytokine
functions to combat infections or cancer (for example, recombinant
IL-12) or block them to curb excessive inflammation or autoimmunity
(for example, recombinant IL-1Ra). Although the therapeutic profile
of cytokine-based medications is often compromised by their short
half-lives and unwanted side effects, engineering of cytokines with
optimized properties has started to address these shortcomings”’.
Moreover, technological advances have facilitated remarkable discov-
eriesabout cytokinestructures and receptor engagement, and revealed
that many cytokines can exist in diverse multimerization states that
actas natural regulators of their activity. Leveraging these structural
insights on cytokine multimerization and the resulting functional

consequences offers attractive opportunities for the development
of innovative therapeutics (Box 1, Box 2, Table 2). By locking them
into aspecific configuration, cytokines can be forced into an obligate
activeorinactive state, thus harnessing desired functions. For example,
producing IL-37 as a monomer-locked Fc-fusion protein prevents its
naturally occurring inactivation through dimerization*'*°, render-
ing such IL-37-Fc-fusion proteins promising candidates for a novel
class of anti-inflammatory therapeutics. Other examples of cytokines
potentially amenable to development as therapeutics with improved
properties could include obligate dimeric IL-6 as an inhibitor of
IL-6-mediated inflammation, dimeric IFNa with enhanced anti-viraland
anti-proliferative activity, monomeric IFNy to deliver more targeted
bioactivity, monomericIL-10 with decreased immunosuppressive activ-
ity,and monomeric TGF3, monomericIL-17A or homodimericIL-12p40
as receptor antagonists (Box 2).

New insights into structure-function relationships increasingly
demonstrate the substantial promise of cytokine engineering for
the development of novel, highly efficient cytokine-based therapeu-
tics. Although this field is still in its infancy, it is clear that targeted
approaches offer a powerful means of refining cytokine-based treat-
ments to maximize efficacy and minimize harmful adverse effects, thus
bringing relief to millions of patients worldwide.
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